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ABSTRACT The endoplasmic reticulum (ER) is the site for Zika virus (ZIKV) replica-
tion and is central to the cytopathic effects observed in infected cells. ZIKV induces
the formation of ER-derived large cytoplasmic vacuoles followed by “implosive” cell
death. Little is known about the nature of the ER factors that regulate flavivirus rep-
lication. Atlastins (ATL1, -2, and -3) are dynamin-related GTPases that control the
structure and the dynamics of the ER membrane. We show here that ZIKV replica-
tion is significantly decreased in the absence of ATL proteins. The appearance of in-
fected cells is delayed, the levels of intracellular viral proteins and released virus are
reduced, and the cytopathic effects are strongly impaired. We further show that
ATL3 is recruited to viral replication sites and interacts with the nonstructural viral
proteins NS2A and NS2B3. Thus, proteins that shape and maintain the ER tubular
network ensure efficient ZIKV replication.

IMPORTANCE Zika virus (ZIKV) is an emerging virus associated with Guillain-Barré
syndrome, and fetal microcephaly as well as other neurological complications. There
is no vaccine or specific antiviral treatment against ZIKV. We found that endoplasmic
reticulum (ER)-shaping atlastin proteins (ATL1, -2, and -3), which induce ER mem-
brane fusion, facilitate ZIKV replication. We show that ATL3 is recruited to the viral
replication site and colocalize with the viral proteins NS2A and NS2B3. The results
provide insights into host factors used by ZIKV to enhance its replication.

KEYWORDS atlastin, Zika, endoplasmic reticulum

laviviruses are transmitted to vertebrate hosts by mosquitoes or ticks. Dengue virus

(DENV), Yellow fever virus (YFV), West Nile virus (WNV), and Zika virus (ZIKV) are
highly pathogenic to humans and constitute major international health problems. The
recent ZIKV epidemics, associated with neurological disorders such as Guillain-Barré
syndrome and microcephaly, provoked a public health emergency in 2016 (1, 2). An
intensive research effort led to important progress regarding ZIKV epidemiology,
diagnosis, and potential therapeutic and prophylactic strategies (3-5). The mechanisms
involved in ZIKV replication, host responses, and pathogenesis have also been exten-
sively studied (6, 7). However, the role of cellular proteins, in particular those present in
the endoplasmic reticulum (ER), where viral production occurs, remains only partly
characterized.

The ZIKV genome consists of a single-stranded positive-sense RNA encoding a
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polyprotein precursor that gives rise to seven nonstructural (NS) and three structural
proteins (capsid C, premembrane prM, and envelope E). Cellular receptors for the virus
include AXL and Tim-1 (8, 9). After endocytosis, pH-dependent fusion of viral and
endosomal membranes, uncoating, and release of the viral material into the cytoplasm,
the subsequent steps of the viral life cycle, including RNA replication, synthesis of viral
proteins, and particle assembly, take place in the ER (10-15). The viral genome serves
as mRNA for protein synthesis (16, 17). The viral polyprotein is processed by cellular and
viral (NS3/NS2B, also termed NS2B3) proteases. NS proteins form a replication complex
(RC) with cellular factors that induces membrane rearrangements and formation of
novel organelles (14, 18, 19). NS2A and NS4A/B proteins contain helices that reside in
the plane of the ER-luminal membrane leaflets, thereby increasing their surface. The
membrane curvature is further induced by oligomerization of NS4A, which interacts
with NS4B and NS1. There, the viral positive-strand RNA is copied into a negative-strand
intermediate that serves as a template for RNA replication performed by NS5 polymer-
ase and NS3 helicase (14, 20).

Remodeling of the ER and accumulation of viral proteins trigger a stress pathway
and activate the unfolded protein response (UPR) (21-23). Uncontrolled UPR response
leads to cell death and instigate inflammation. We recently showed that ZIKV induces
massive ER-derived vacuolization and UPR, followed by paraptosis, a nonapoptotic form
of cell death (23). Therefore, in addition to serving as the site for virus replication and
production, the ER is central to the death of infected cells.

The ER is a complex architecture of membranes comprising the nuclear envelope,
peripheral sheets, and an interconnected network of tubules. The structure and dy-
namic nature of the ER allow it to be involved in many processes, including protein
production and degradation, cell signaling, and the synthesis and distribution of lipids.
Several proteins that shape the ER have been identified. Proteins of the reticulon (RTN)
and receptor expression enhancing protein (REEP) families generate curves in mem-
branes and act to maintain the tubules (24-26). Atlastin proteins (ATLs) mediate the
tethering and fusion of tubules to one other to form three-way junctions (27, 28), which
are stabilized by the Lunapark protein (26). ATLs are large dynamin-related GTPases
that dimerize in cis and trans to allow fusion of adjacent ER membranes. Humans have
three ATLs (ATL1, ATL2, and ATL3), with redundant activities and various levels of
expression in different cell types (29). Several other proteins help the ER to maintain
contact with the plasma membrane, other compartments, and the cytoskeleton (25).
Mutations in ATL1 and ATL3 or other ER-shaping proteins are associated with neuro-
logical diseases, such as hereditary sensory neuropathy and spastic paraplegia, and are
characterized by axon and dendrite growth deficits (30-36).

Reticulon 3.1A (RTN3.1A) is used by flaviviruses to facilitate ER membrane remod-
eling (37), but the role of other ER-shaping proteins is uncharacterized. Here, we report
that ATL proteins enhance ZIKV replication and cytopathic effects. We further charac-
terize the underlying viral and cellular mechanisms and report that ATL3 is recruited to
viral replication sites and interacts with NS2A and NS2B3.

RESULTS

Silencing of the ATL proteins impairs ZIKV replication and vacuole formation.
We first sought to determine whether ATLs impact ZIKV spread. HeLa cells express ATL2
and ATL3 and background levels of ATL1 (29). We silenced ATL1, -2, and -3 (ATL1/2/3)
by using small interfering RNA (siRNA) in these cells. As a positive control, we silenced
dolichyl-diphosphooligosaccharide protein glycosyltransferase (DDOST), an ER enzyme
required for ZIKV replication (38-41). Silencing reduced by 80 to 90% the levels of
ATL1/2/3 or DDOST mRNA, respectively, as measured by quantitative reverse transcription-
PCR (RT-qPCR), without affecting cell viability (Fig. 1A and B). Hela cells were then
challenged with an African isolate of ZIKV (HD78788, referred to as HD78) at different
multiplicities of infection (MOIs). Viral replication was followed over time by flow
cytometry, by measuring the frequency of cells harboring the viral envelope (E) protein,
using the pan-flavivirus anti-E antibody 4G2 (Fig. 1C). Silencing of ATL significantly
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FIG 1 Silencing of ATL impairs ZIKV replication. (A) HeLa cells were transfected with siRNAs targeting a control
scrambled RNA (siSCR), dolichyl-diphosphooligosaccharide-protein glycosyltransferase RNA (siDDOST), or tar-
geting ATL1, ATL2, and ATL3 (siATL1/2/3). The efficiency of the silencing was checked by RT-qPCR at 3 days
posttransfection. The relative expression of each RNA compared to GAPDH is shown. (B) Cell viability was
assessed by flow cytometry after 4 days of siRNA treatment using forward- and side-scatter parameters. (C) Cells
were infected with ZIKV HD78 (at the indicated MOI), and the percent E-positive cells was determined by flow
cytometry at 48 h p.i. using 4G2 antibody. (Upper panel) Representative experiment (MOl of 1 at 48 h p.i.)
showing fluorescence-activated cell sorting (FACS) dot plots. (Left panel) Representative experiment showing
kinetics (MOI of 1). (Right panel) Means = the standard errors of the mean (SEM) of five independent experiments
at 48 h p.i. (D) Supernatants from infected cells (at 24 h p.i.) were used to infect fresh Hela cells. The percent
E-positive cells was determined at 24 h p.i. The means =+ the SEM of three independent experiments are shown.
Statistical significance was determined by using analysis of variance (ANOVA) and Bonferroni posttests. ***, P <
0.001; **, P < 0.01; *, P < 0.05.

decreased viral replication. The effect of ATL silencing was more marked at a low
MOI. As expected, ZIKV replication was abrogated in the absence of DDOST. We
next assessed the release of infectious virus in the medium. To this aim, superna-
tants were harvested at 24 h and exposed to fresh cells. The release of infectious
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particles was significantly decreased in cells where ATL or DDOST had been silenced
(Fig. 1D).

We previously described the appearance of large ER-derived cytoplasmic vacuoles in
ZIKV infected cells (23). In ATL-silenced ZIKV-infected Hela cells, the formation of these
vacuoles was strongly decreased at 24 h, as assessed by light microscopy and visual
scoring (Fig. 2A and B). The fraction of cells displaying vacuoles remained low, even at
a high viral inoculum (MOI of 10) and at a later time point (48 h postinfection [p.i.]),
when about 60% of the cells were 4G2*. To provide ultrastructural detail, we per-
formed transmission electron microscopy of ZIKV-infected cells at 24 h p.i. (MOI of 10)
(Fig. 2C). As expected, large intracellular vacuoles were observed in control infected
cells. These vacuoles were much smaller and rarer in the absence of ATL (Fig. 2). In
infected cells treated with the control RNAi, we observed membrane alterations and
electron-dense structures with enlarged ERs, convoluted membranes, and spherule-
like structures (Fig. 3). Virions were observed in these rearranged structures as
single or clustered particles within membrane invaginations (Fig. 3). A similar
alteration of the ER morphology and the presence of virus particles were observed
in ATL-silenced cells. It was difficult to precisely quantify the number of vesicle
pockets containing virions with this technique. However, at the high MOI required
for transmission electron microscopy experiments, we observed a trend to a
decreased number of pockets in the absence of ATL (Fig. 3).

We next examined the role of ATL1/2/3 in primary human adult dermal fibro-
blasts (HDFa), which represent natural target cells for the virus upon mosquito bite.
Silencing of ATL1/2/3 by siRNA resulted in decreased production of viral proteins
(Fig. 4A to C). The large intracellular vacuoles were no longer visible in the absence
of ATL (Fig. 4D).

ZIKV replication and cytopathic effects in ATL KO cells. To further characterize
the role of ATL, we generated an ATL 2/3 double-knockout (dKO) Hela cell clone,
termed 21/1 dKO (and referred to here as dKO) by CRISPR-mediated gene editing (42).
We did not target ATL1, which is expressed at background levels in Hela cells. In dKO
cells, DNA sequencing revealed mutations prematurely truncating ATL proteins (42;
also, data not shown). Western Blot with an anti-ATL3 antibody confirmed a strong
decrease of protein levels in dKO cells, compared to parental (WT) cells (Fig. 5A). We
could not assess ATL2 levels, due to the lack of commercially available antibodies. As
controls, we stably reexpressed a wild-type (WT) or a GTPase-deficient (ATL3 KA) mutant in
dKO cells. We also introduced a wild-type myc-tagged protein (ATL3 myc) to facilitate
imaging studies. These proteins were readily detected by Western blotting in recon-
stituted cells (Fig. 5A). As previously described in another cell line (3T3-derived cells)
(42), the shape of the ER was modified in dKO cells (Fig. 5B). Staining of the cells with
a red fluorescent ER tracker and analysis by super-resolution microscopy demonstrated
a disrupted peripheral ER tubular network. These morphology changes were rescued by
WT ATL3 or ATL3-myc, whereas cells expressing the GTPase-defective ATL3KA mutant
retained an abnormal ER (Fig. 5B).

We then assessed ZIKV replication in these cells. Viral spread was decreased by more
than 2-fold in dKO cells compared to WT cells (Fig. 6A), confirming the results obtained
with siRNAs. Viral replication was rescued in dKO reexpressing WT ATL3 and not the KA
mutant (Fig. 6A). We also observed a marked decrease of vacuole formation in dKO-
infected cells (Fig. 6B). Again, reexpression of WT, but not that of ATL3 KA mutant,
restored a rapid appearance of vacuoles. At a later time point (72 h p.i.), the fraction of
dying cells was augmented in the presence of functional ATL3 proteins (Fig. 6C). As
observed with siRNAs, the release of infectious particles was also significantly
decreased in dKO cells and rescued with ATL3, as assessed by a flow-cytometry
based assay. These results were also supported by a traditional plaque assay (data
not shown). In addition to the African ZIKV strain HD78, replication of three
Asian-lineage strain (FG16, PF13, and NC14) ZIKV isolates was also impaired in the
absence of ATL (Fig. 6D).
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FIG 2 Silencing of ATL impairs ZIKV-induced vacuoles. (A) HeLa siSCR or siATL1/2/3 cells infected or not
with ZIKV (MOI of 10) were observed by light microscopy at 24 h p.i. to visualize virus-induced vacuoles.
(B) Cells infected with ZIKV were observed by light microscopy at 24 h p.i, and the percentage of
vacuole-positive cells was calculated. (C) Hela siSCR or siATL1/2/3 cells infected or not with ZIKV (MOI
of 10) were observed by transmission electron microscopy at 24 h p.i. to visualize virus-induced vacuoles.
(Left) Percent vacuoles and cells quantified at 24 h p.i. at the indicated MOI. (Right) Percent vacuoles and
cells at the indicated times (MOI of 1). The means * the SEM of three independent experiments are
shown. Statistical significance was determined by using ANOVA and Bonferroni posttests. ***, P < 0.001.

To rule out a clone-dependent effect on ZIKV replication, we used another HeLa dKO
clone. In the absence of infection, the viability and growth kinetics of the two dKO

clones were similar to the parental Hela cells. ZIKV replication was impaired in both
clones (not shown).
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FIG 3 Ultrastructural analysis of ZIKV-infected Hela cells. HeLa siSCR or siATL1/2/3 cells infected with ZIKV (MOI of
10) were observed by electron microscopy at 24 h p.i. Two representative pictures are shown for each condition.
White arrows, examples of ZIKV-induced spherules (vRNA replication); white asterisks, examples of viral particles.

Altogether, our results obtained in either silenced or knocked out cells indicate that
ATL proteins facilitate the replication of ZIKV strains of different origins and enhance
the formation of ER-derived vacuoles in infected cells.

ER modifications in ZIKV-infected WT and dKO cells. ZIKV infection induces a
profound modification of the topography of ER that can be visualized by immunoflu-
orescence or transmission electron microscopy. To study the impact of ATL on these
changes, we generated WT or dKO cells stably expressing a fluorescent Sec61B-
mEmmerald protein (Fig. 7). Sec61 is the main protein translocation complex of the ER
membrane. As expected, in the absence of infection, in HeLa WT cells, Sec68 was
mainly detected in a perinuclear region, associated with a dispersed staining through-
out the cytoplasm. A similar global pattern was observed in dKO cells. Analysis by
super-resolution confirmed the presence of an abnormal tubular ER (not shown).

We visualized cells using time-lapse fluorescence microscopy after incubation with
virus, with images acquired every 5 min for up to 24 h. Representative examples are
shown in Fig. 7A (see also Videos S1 and S2 in the supplemental material). In both WT
and dKO cells, ZIKV modified the aspect of the ER, with a condensation and intensifi-
cation the Sec61p signal that was visible at 12 to 16 h p.i. In WT cells, this contraction
of the ER was followed by formation of cytoplasmic vacuoles and cell death (Fig. 7A; see
Videos S1 and S2). The vacuoles were surrounded by Sec61p, supporting our finding
that they originate from the ER (23). In dKO cells, the changes in ER topology were
much less associated with vacuolization (Fig. 7), confirming our results obtained by
optic and electron microscopy (Fig. 2). We then examined viral production sites and ATL
localization by confocal microscopy. As expected, in both WT and dKO cells, the viral
protein E accumulated in the ER, in a region enriched for Sec61p (Fig. 7B). In nonin-
fected cells, ATL3, visualized with an anti-myc antibody, appeared as a dispersed signal
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throughout the cytoplasm, with dots that likely correspond to three-way ER junctions
(26) (Fig. 8). ZIKV induced a profound modification of ATL3 repartition, corresponding
to ER morphological changes (Fig. 8).

Therefore, ATL3 is present at viral replication or viral production sites. In infected
cells, ATLs are not required for global ER rearrangements triggered by the virus but
enhance the formation of vacuoles and cytopathic effects.

ATLs enhance viral production after ZIKV entry and interact with NS proteins.
We next studied how ATL positively impacts ZIKV spread. We first measured viral
binding and entry in HeLa WT and dKO cells. The cells were exposed to ZIKV for 1 h at
4°C at two MOIs. The viral input was then removed, and half of the cells were harvested
to quantify bound particles. The other half was kept at 37°C for two additional hours to
allow endocytosis and fusion, and extracellular bound particles were removed with a
trypsin treatment. Trypsin eliminated >90% of bound viral RNA (not shown). Viral RNA
was quantified by RT-qPCR (Fig. 9A and B). The signal was proportional to the MOI,
indicating that nonsaturating conditions were used. We did not observe any difference
in viral binding and entry between the two cell types. To further study the impact of
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FIG 5 Characterization of ATL KO Hela cells. (A) HeLa cells were knocked out for ATL2 and ATL3 genes (dKO) using
CRISPR. HeLa WT or dKO cells were then transduced to express exogenous ATL3-myc, ATL3 WT, or ATL3 mutated
in the GTPase activity domain (ATL3KA). ATL3 expression was assessed by Western blotting. Actin was used as a
loading control. (B) HeLa WT or dKO cells transduced with control (ctrl), ATL3 WT, or ATL3KA vectors and expressing
an ER-tracker dsRed2 were examined by confocal microscopy to observe the structure of the peripheral ER tubular
network. Three-way junctions were quantified as previously described (42). At least three cells per condition per
experiment from three independent experiments were analyzed and plotted. Statistical significance was deter-
mined by using a one-way ANOVA test and a Dunnett posttest. ***, P < 0.001.

ATLs on viral RNA amplification, we transfected WT and dKO cells with RNA produced
from a ZIKV infectious clone expressing a reporter luciferase (43). The ZIKV RNA
triggered a luciferase signal that increased over time in WT cells and remained low in
dKO cells (Fig. 9C). Similar results were obtained when cells were treated with NH,CI,
an inhibitor of vesicular acidification that prevents secondary cycles of viral replication
(Fig. 9C). Therefore, ATLs do not improve the early steps of the viral life cycle but
facilitate viral RNA production and/or accumulation after viral entry.

We hypothesized that ATL may interact with NS proteins, as previously suggested in
an interactome study (44). To test this hypothesis, we performed a coimmunoprecipi-
tation of ATL3-myc and individual NS-HA proteins upon transfection in 293T cells. This
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or ATL3KA vectors were infected with ZIKV (MOI of 0.1). The percentage of E* cells was monitored over time by
flow cytometry using 4G2 antibody. (Upper panels) Representative FACS dot plots. (Lower left panel) A represen-
tative experiment. (Lower right panel) Means * the SEM of five independent experiments at 48 h p.i. (B) Percent
vacuoles and cells quantified at 24 h p.i. (MOI of 1). The means =+ the SEM of three independent experiments are
shown. (C) The percent dead cells were quantified at 72 h p.i. (MOl of 0.1) by Live/Dead staining and flow cytometry.
The means *+ the SEM of three independent experiments are shown. (D) HeLa WT or dKO cells transduced with
control (ctrl) or ATL3 WT vectors were infected with ZIKV PF13, NC14, or ZIKV FG16 (MOI of 0.01), and the percent
E* cells was determined by flow cytometry at 48 h p.i. The means = the SEM of three independent experiments

are shown. Statistical significance was determined by using a t test in comparison to the WT+Ctrl condition.

P < 0.001; **, P < 0.01; *, P < 0.05.
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FIG 7 Impact of ATL on ZIKV-induced ER relocation. HeLa WT or dKO cells expressing a fluorescent
Sec61B-mEmmerald ER protein (green) were infected with ZIKV (MOI of 1). (A) The ER structure was
observed by time-lapse microscopy for 24 h. Still images extracted from Video S1 in the supplemental
material are shown for transmitted light and Sec61p at the specified time points. White arrows indicate
ZIKV-induced ER relocation. (B) HeLa WT or Hela cells expressing Sec61B8-mEmmerald (green) were
infected or not for 24 h with ZIKV (MOI of 1). Cells were fixed and stained for the viral E protein (red) and
observed by super-resolution imaging (SIM). A representative image is shown.
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FIG 8 ATL3 is recruited to the viral replication site. HeLa cells expressing ATL3-myc were infected or not
with ZIKV (MOI of 1) for 24 h. The cells were then fixed and stained for ATL3-myc (green) and viral E
protein (white) and analyzed by confocal microscopy. A representative image is shown.

demonstrated an interaction between ATL3 and the NS2A and NS2B3 proteins, whereas
the other NS proteins either did not associate or only poorly associated with ATL3 (Fig.
10A). Hemagglutinin (HA)-tagged NS2B3 and NS1 proteins were then transiently trans-
fected in Hela cells stably expressing ATL3-myc, and we examined the intracellular
localization of the proteins by immunofluorescence. NS1 and NS2B3 displayed a punctuate
staining which resembled that of ATL (Fig. 10B). Deconvolution of the images demon-
strated a strong colocalization of ALT3 with NS2B3, and, to a much lower extent, with
NS1 (Fig. 10B). To analyze NS3 and ATL3 localization in the context of viral infection, we
infected Hela dKO cells stably expressing ATL3-myc with ZIKV (MOI of 1 for 24 h) and
stained the cells for NS3 and ATL3. We observed a strong colocalization between the
two proteins (Fig. 11).

Altogether, these results indicate that ATL facilitates ZIKV production at the level of
viral RNA and protein synthesis. ATL colocalizes and interacts with different NS proteins,
mostly NS2A and NS2B3.

DISCUSSION

Flaviviruses such as ZIKV replicate their genomes in remodeled ER membranes (13,
18, 20). These viral factories allow the spatiotemporal control of the viral life cycle,
ensures RNA amplification and production of viral proteins, and protects the viral RNA
from the cytoplasmic environment and detection by sensors (13, 14). The ER is also
central to ZIKV-induced cytopathic effect, which includes massive cellular vacuolization,
triggering of an UPR response, and paraptosis-like cell death (21-23).

Genome-scale CRISPR and siRNA screens and proteomic analysis of cellular proteins
associated with ZIKV or DENV proteins identified numerous host factors required for
viral replication (38-41, 44-46). A large part of these host dependency factors are
localized in the ER. For instance, (i) the ER membrane protein complex (EMC), which
promotes the maturation of polytopic membrane proteins, (ii) the ER-associated pro-
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FIG 9 ATLs facilitate ZIKV replication after viral entry. (A) HeLa WT or dKO cells were exposed to ZIKV for 1 h at 4°C
to allow viral binding. Viral input was washed out, and bound viral particles were quantified by RT-qPCR. The data
are means * the SEM of three independent experiments. (B) HeLa WT or dKO cells were exposed to ZIKV for 1 h
at 4°C, washed out, and treated with trypsin to remove the bound viral particles. The cells were incubated at 37°C
for 2 h to allow endocytosis and/or viral fusion. Intracellular viral RNA was quantified by RT-gPCR. Means * the SEM
of three independent experiments are shown. (C) HeLa WT or dKO cells were transfected with RNA from a ZIKV
infectious clone expressing luciferase. The results are expressed in relative light units (RLU). The means =+ the SEM
of at least three independent experiments are shown. Statistical significance was determined using a t test, and
each group was compared to the WT+ctrl condition. ***, P < 0.001; **, P < 0.01; *, P < 0.05.

tein degradation (ERAD), which targets misfolded proteins of the ER for ubiquitination
and degradation by the proteasome, and (iii) the retrotranslocon Sec61, an oligosac-
charyl transferase complex (OST) that glycosylates nascent proteins, are all required for
ZIKV replication (38-41).

The role of ER-shaping proteins is less characterized. Reticulons (RTNs), atlastins
(ATLs), receptor expression enhancing proteins (REEPs), and Lunapark regulate the
structure and the dynamics of the ER compartment (25). These proteins were not
identified in genomic screens of flavivirus infections. This suggests either that they are
not important for viral replication or that the screening procedure may have missed this
category of proteins for different reasons. One possible reason could be that their
long-term deletion is deleterious to cell growth, independent of any infection. With
other approaches than genome-wide screenings, it has been reported that RTN are
required for the replication of enterovirus 71 and brome mosaic virus but negatively
regulates hepatitis C virus (47-49). The RTN protein family is a large group of membrane-
associated proteins involved in vesicle formation and membrane morphogenesis. RTNs
control the formation of ER tubules and increase peripheral ER sheets (24, 50). Muta-
tions in RTN2 are associated with hereditary spastic paraplegia disorders similarly to
ATL1 (34). RTN3.1A is also required for the efficient replication of WNV, DENV-2, and
ZIKV (37). In the absence of RTN3.1A, the number and size of ER membrane structures
in flavivirus-infected cells are reduced (37). The impact of RTN3.1A on the viability of
infected cells remains unknown.

We report that ATL enhance ZIKV spread by 2- to 3-fold. Reexpression of ATL3 in
cells devoid of ATL restores viral replication. The three ATL display extensive homology,
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FIG 10 ATL3 colocalizes and interacts with ZIKV NS proteins. (A) Hela cells expressing ATL3-myc were
transfected with plasmids coding for individual NS-HA tagged proteins. NS proteins were eluted with an
anti-HA antibody, and elution fractions were stained with an anti-myc antibody to detect coimmunopre-
cipitated ATL3. A representative blot from three independent experiments is shown. (B) Hela cells
expressing ATL3-myc were transfected with plasmids coding for HA-tagged NS1 or NS2B3 ZIKV proteins.
The cells were fixed, stained for ATL3-myc (green) and NS-HA (red), and observed by confocal microscopy.

(Continued on next page)
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with ATL1 being prominently expressed in neurons, and ATL2 and ATL3 more broadly
in different cell types (51). It will be of interest to determineg whether the three ATL
redundantly facilitate ZIKV replication. We further show that ATLs act after viral entry by
increasing the levels of viral RNA and proteins. In the absence of ATL, the amounts of
infectious virus released in the supernatants are strongly reduced. Our analysis of
ZIKV-infected cells by confocal microscopy, video-microscopy, and electron microscopy
indicates that intracellular structures associated with viral production are formed both
in the presence and in the absence of ATL. We observed a similar condensation of the
ER by immunofluorescence, with the appearance of an electron-dense region and
vesicle pockets carrying viral particles. Distinct types of flavivirus-induced membrane
alterations have been observed by electron tomography and other techniques (13, 18).
The alterations include single-membrane invaginations of the ER, which may be associated
with RNA synthesis, convoluted double membrane structures containing nonstructural
proteins found in the vicinity of ER membranes, and invaginated vesicles (13, 18). Our
electron microscopy results suggest that in the absence of ATLs, the number of such
structures is decreased. Thus, since our results suggest a role for ATL at the replication
step (Fig. 9), and given the endogenous role of ATL in ER membrane fusion/curvature,
ZIKV likely overcomes the absence of ATL by replicating in viral factories that are much
less efficiently formed than in presence of these proteins. It will be worth determining
more precisely, by electron tomography and three-dimensional reconstruction, the
characteristics and number of viral factories in cells that are either expressing or are
deficient in ATL.

Membrane remodeling and accumulation of viral proteins in the ER trigger a stress
pathway and activate the unfolded protein response (UPR) (5, 21, 23, 52). Knockout of
ATL genes in mammalian cells alters ER sensitivity to UPR stress independently of any
viral infection (42). We show here that in the absence of ATL, the appearance of large
ER-derived vacuoles is strongly reduced, even at a high MOI. Moreover, the death of
infected cells is attenuated without ATL. These observations strongly suggest that ATLs
are key players in ZIKV-induced cytopathic effects, either directly or as a consequence
of reduced viral replication. A decrease in the efficiency of cell death may also limit the
release of infectious virus and further viral spread. Future work will help to determine
whether the UPR response in ZIK-infected cells is impaired in the absence of ATL.

We report a recruitment of ATL3 to viral production sites and an interaction and
colocalization of ATL3 with some NS proteins, mostly NS2A and NS2B3. We also show
that the GTPase activity of ATL3 is required to enhance ZIKV replication and cytopathic
effects. These observations raise interesting questions about the consequences of the
interaction between NS proteins and ALT3. It will be worth determining whether this
interaction modifies the enzymatic activity of ATL or stabilizes the formation or the
function of the viral replication complex. RTN3.1 interacts with NS4A and protects NS4A
from proteasomal degradation (37). It is tempting to speculate that the interaction of
different NS proteins with various ER-shaping proteins may stabilize the docking of
replication complexes and/or modulate the dynamics and structure of the ER to
facilitate formation of viral factories. Alternatively, ER-shaping proteins could provide a
dynamic environment for the creation of viral replication complexes, without requiring
a direct interaction with NS proteins. Future work will help understanding the func-
tional consequences of ATL-NS protein interaction. Furthermore, a recent study shows
a role for ATL3 in ER export of cargo proteins into COPII vesicles (53). It would be of
interest to determine whether ATL play also a role the transport or release of viral
particles.

During flavivirus replication, a double-stranded intermediate RNA is produced and
can be sensed in the cytoplasm by RIG-I-like receptors such as MD5 or RIG-I (54-57). It

FIG 10 Legend (Continued)

One field from a representative experiment is shown. Colocalization (Pearson’s coefficient) was determined
after deconvolution with Imaris software. At least 10 cells per condition (from three independent experi-

ments) were plotted. Statistical significance was determined by using a t test ***, P < 0.001.
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FIG 11 ATL3 colocalizes with NS3 in ZIKV-infected cells. HeLa dKO cells transduced with a control vector (dKO+ctrl) or stably expressing
ATL3-myc (dKO+ATL3) were infected with ZIKV (MOI of 1) for 24 h. The cells were then fixed and stained for ATL3-myc (green) and NS3
(red). One field from a representative experiment is shown. Colocalization (Pearson’s coefficient) was determined after deconvolution

with Imaris software. At least 10 cells were plotted from three independent experiments. Statistical significance was determined using
a t test. ****, P < 0.0001.
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may be of interest to analyze how viral sensing and production of type | IFN is
modulated by ATL and other ER-shaping proteins.

Hereditary sensory and autonomic neuropathies (HSAN) and spastic paraplegia
(HSP) involve genes controlling the architecture of the ER and coding for proteins with
RTN-like domain, namely, ARL6IP1, ATL1 and -3, FAM134B, REEP1, RTN2, and SPAST (33,
58). These mutations induce length-dependent axonopathy of projecting neurons. ZIKV
infection during pregnancy leads to severe fetal abnormalities, including debilitating
neuropathological outcomes and microcephaly (59). In adults, ZIKV infection can also
result in peripheral neuropathy and meningoencephalitis (60). In some individuals, ZIKV
accesses the central nervous system, where it infects neurons and neural progenitor
cells (61). Experiments with cultured human neuroprogenitor stem cells, organoids,
brain slices, and mouse inoculation studies demonstrated that ZIKV (i) targets neural
progenitor cells of the cortex, neurons, microglial cells, and astrocytes, (ii) reduces cell
proliferation and differentiation, and (iii) modulates inflammation and cell death (62—
75). In ZIKV-Infected neurons, BP1/RIPK1/RIPK3 induces a transcriptional response that
reprograms neuronal metabolism in a manner that further restricts viral replication (76).
Future ZIKV infection experiments with cells from healthy individuals or from patients
with HSP or HSAN should allow further characterization of the role of ATL and other
ER-shaping proteins during ZIKV replication and will help to determine whether the
virus may impact axonal growth.

MATERIALS AND METHODS

Cells, lentivectors, and viruses. Hela cells (ATCC) and primary human adult dermal fibroblasts
(HDFa; ATCC) were cultured in Dulbecco modified Eagle minimal essential medium supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at 37°C with 5% CO,. HelLa cells stably expressing
a fluorescent, calreticulin-based ER marker were established via transfection with pDsRed2-ER Vector
(Clontech 632409) and G418 selection. HeLa knockouts for ATL2/ATL3 (dKO cells) were generated using
a CRISPR strategy as previously described (42). HelLa cells stably expressing the mEmmerald Sec61f3
protein were generated by transduction with a lentivector expressing Sec61-mEmmerald. HeLa dKO cells
were transduced with lentiviral vectors to stably express ATL3 WT, ATL3-myc, or ATL3KA.

ZIKV strains HD78788, PF13, NC14, and FG16 were previously described (8, 77-80). Virus stocks were
produced on C6/36 cells, and titers were determined on Vero cells. Cells were seeded 1 day prior to
infection and overlaid with ZIKV at the desired MOI in a final volume of 200 ul. After 2 h at 37°C, the
inoculum was removed and replaced with fresh medium.

Plasmids. The Sec61-mEmmerald was amplified using PCR from the pUC_CMV-mEmmerald-Serc61
plasmid (Addgene, catalog no. 90992) and cloned into the pLV-EF1a-IRES-Puro Addgene (catalog no.
85132) using EcoRl to generate the pLV-EF1a-Sec61-mEmmerald-IRES-Puro plasmid. The pLVX-ATL3 is
derived frompLVX-IRES-ZsGreen1 (Clontech, catalog no. 632187) and encodes WT AXL3. pLVX-ATL3-myc
and pLVX-ATL3KA were generated as follows: restriction sites, Kozak sequence, and myc tag were added
to ATL3 or ATL3KA from pGW1-ATL3 or pGW1-ATL3KA by PCR. The myc-ATL3 fragment was then inserted
into pLVX-IRES-ZsGreen1.

Flow cytometry analysis. Cells were fixed with 4% paraformaldehyde (PFA) and permeabilized with
1% Triton X-100, followed by 30-min incubations with anti-E protein (4G2, purified from the ATCC
hybridoma) and anti-mouse secondary antibodies. A Live/Dead Fixable Aqua dead cell stain kit (Thermo
Fisher, catalog no. L34965) was used for cell death analysis. Samples were acquired with an Attune NxT
flow cytometer (Becton Dickinson), and data were analyzed using FlowJo software. The gating strategy
used to determine 4G2-positive cells is outlined in Fig. S6 in the supplemental material.

RNA measurement by RT-qPCR. Total RNA was extracted from cells using a QIAamp RNeasy
extraction kit (Qiagen). RNA (500 ng) was used for cDNA synthesis using SuperScript Il reverse transcrip-
tase (Life Technologies) in an Eppendorf EP Mastercycler Gradient S thermocycler. The following primers
were used to amplify viral cDNA as described previously (9): forward (AARTACACATACCARAACAAAGT
GGT) and reverse (TCCRCTCCCYCTYTGGTCTTG). cDNAs corresponding to cellular transcripts were am-
plified using the following primers: ATL1, forward (TTG GCT ACT TAG TCC CGA GAG) and reverse (TGT
AAC ATG GAT TTG GGA TGT GG); ATL2, forward (AGT AGT GGT ATC TGT GGC AGG) and reverse (CAC CTC
GCC ATG TAA AGC CT); ATL3, forward (ACA GCC AGT CAA CTG TGA AAG) and reverse (CCA GAC GAC CGT
ATT CTG TGA); DDOST, forward (GAG ACT CAT TCG CTT TTC TTC CG) and reverse (CTC CAA AAT CTT CTA
CCG AAG GG); and RLP13, forward (AGG CAT CAA CAT TTC TGG CA) and reverse (CCA TCC GCT TTT TCT
TGT CQG).

cDNA amplification was performed by qPCR using 500 nM concentrations of each primer, 25 ng of
cDNA, and 10 ul of SYBR green. An activation step of 15 min at 95°C was followed by 40 amplification
cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 30 s. The levels of viral RNA or cellular transcripts were
normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or to RLP13.

Transmission electron microscopy. Hela siSCR or Hela siATL1/2/3 cells were fixed for 24 h in 4%
PFA and 1% glutaraldehyde (Sigma) in 0.1 M phosphate buffer (pH 7.2). Cells were washed in PBS and
postfixed with 2% osmium tetroxide (Agar Scientific) for 1 h. The cells were fully dehydrated in a graded
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series of ethanol solutions and propylene oxide. The impregnation step was performed with a mixture
of (1:1) propylene oxide/Epon resin (Sigma) and left overnight in pure resin. The cells were then
embedded in resin blocks, which were allowed to polymerize for 48 h at 60°C. Ultrathin sections (70 nm)
of blocks were obtained with a Leica EM UC7 ultramicrotome (Wetzlar). Sections were stained with 5%
uranyl acetate (Agar Scientific) and 5% lead citrate (Sigma), and observations were made with a JEOL
1011 transmission electron microscope.

Western blotting. Cells were lysed in 1% radioimmunoprecipitation assay (RIPA) buffer in the
presence of protease inhibitor cocktail (Sigma, catalog no. R0278), and 10 to 20 g of protein lysates was
loaded into 12% Bis-Tris SDS-PAGE gels. The following antibodies were used: anti-ATL3 (Atlas Antibodies,
catalog no. HPA065702) and mouse anti-cMyc (Fisher Scientific, catalog no. 10416023). DyLight-coupled
secondary antibodies (Thermo Fisher) were used for protein detection on a Li-Cor Odyssey imaging
system.

Confocal microscopy and structured illumination microscopy. For ER morphology analysis, Hela
WT, dKO, dKO+ATL3, and dKO+ATL3KA cells stably expressing the red ER-tracker were plated on
coverslips and fixed with 4% PFA for 10 min at room temperature. The coverslips were then mounted on
slides with Fluoromount-G with DAPI (Thermo Fisher Scientific, catalog no. 00-4959-52). The cells were
analyzed using confocal microscopy (Leica SP5 HyD inverted), a 63X oil immersion objective, and LAS AF
software. The ER-tracker signal was analyzed and normalized to the selected area of the cells after
background subtraction using ImageJ software.

Sec61p relocation and viral replication site: HeLa WT or dKO cells stably expressing mEmmerald-
Sec61p protein were plated on coverslips in 24-well plates and challenged with ZIKV (MOI of 1) for 24 h.
The cells were fixed 30 min at room temperature with 4% PFA, permeabilized with Triton 1% for 10 min
blocked with 1% PBS-BSA for 30 min, and stained for viral E protein using 4G2 antibody (1 ug/ml) for
45 and 30 min with an anti-mouse secondary antibody. The coverslips were mounted on slides using
Fluoromount-G with DAPI and analyzed using confocal microscopy or super-resolution microscopy
(structured illumination microscopy [SIM]; Zeiss LSM 780-Elyra PS.1). A Plan Apo 63X/1.4 oil objective
with a 1.518 refractive index oil (Zeiss) and an EMCCD Andor Ixon 887 1K camera were used. Fifteen
images per plane per channel (five phases, three angles) were acquired to obtaine SIM images. The SIM
images were processed with Zen software and then aligned with Zen using 100-nm TetraSpeck
microspheres (Thermo Fisher Scientific) embedded under the same conditions as the sample. The
acquired pictures were analyzed using ImageJ software.

For colocalization of ATL3-myc and NS-HA proteins, HeLa dKO or HeLa dKO+ATL3-myc cells were
transfected with plasmids coding for individual viral NS-HA proteins with TurboFect (Thermo Fisher
Scientific, catalog no. 0531). After 40 h, the cells were fixed 30 min at room temperature with 4% PFA,
permeabilized with Triton 1% for 10 min at room temperature, blocked with 1% PBS-BSA for 30 min at
room temperature, and stained with rat anti-HA antibody 3F10 (Roche, catalog no. 11867423001) and
mouse anti-cMyc (Fisher Scientific, catalog no. 10416023) antibody. For colocalization of ATL3 and NS3
in the context of viral infections, HeLa dKO or dKO+ATL3-myc cells were infected with ZIKV at an MOI
of 1 for 24 h and stained with a rabbit anti-NS3 antibody kindly provided by Andres Merits (81). The cells
were analyzed using confocal microscopy (Leica SP5 HyD inverted), a 63X oil immersion objective, and
LAS AF software. The acquired pictures were deconvoluted using Huygens software, and the colocal-
ization was quantified with Imaris software.

Time-lapse microscopy. Hela cells stably expressing Sec61B-mEmmerald were plated in Hi-Q4
microdishes (10,000 cells per chamber; Ibidi). The following day, the cells were infected with ZIKV (MOI
of 1). Transmission and fluorescence images were taken every 5min for up to 48 h using a Nikon
Biostation IMQ, with three fields captured simultaneously for each condition. The images were analyzed
with Fiji software.

ZIKV cell attachment and entry. Hela cells were plated in 24-well plates (50,000 cells/well) with at
least four wells/condition. The cells were challenged with ZIKV (MOI of 1 or 10) for 1 h at 4°C. The viral
input was removed, and the cells were washed with PBS to remove the unbound particles. Half of the
wells were treated with PBS-EDTA to gently detach the cells. The other half of the wells were kept at 37°C
for 2 h to allow viral endocytosis/fusion. The cells were then treated with trypsin for 30 min at 37°C to
remove the bound particles. The cells were pelleted for lysis, RNA extraction, and RT-qPCR to quantify the
viral RNA.

Reporter viral RNA transfection and replication kinetics. To assess ZIKV RNA amplification, Hela
WT and dKO cells were transfected with a genomic viral RNA expressing Renilla luciferase (R-Luc), kindly
provided by Pei-Yong Shi (University of Texas Medical Branch) (43). The ZIKV R-Luc reporter viral RNA was
generated as previously described (43). A total of 3 X 10* cells were plated on a 48-well plate and
transfected with 100 ng of RNA using Lipofectamine MessengerMax (Thermo Fisher). At the indicated
time points, cells were lysed with 1X Renilla lysis buffer (Promega). The lysates were kept at —20°C until
all of the samples were collected. Viral replication was measured with the Renilla luciferase assay (E2820;
Promega) on a TriStar2 LB942 microplate reader (Berthold Technologies).

Coimmunoprecipitation. 293T cells were plated in 10-cm dishes and transfected with 7.5-ug
portions of each indicated plasmid. After 24 h, the cells were washed and collected with a scrapper, and
the pellets were lysed for 30 min in cold immunoprecipitation lysis buffer supplemented with Halt
protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific) and cleared by centrifugation
(15min at 6,000 X g). Supernatants were incubated overnight at 4°C with anti-HA magnetic beads
(catalog no. 88837; Thermo Fisher Scientific). Beads were washed three times with BO15 buffer (20 mM
Tris-HCI [pH 7.4], 150 mM NaCl, 5 mM MgCl,, 10% glycerol, 0.5 mM EDTA, 0.05% Triton, 0.1% Tween 20).
The retained complexes were eluted twice with HA peptide (400 ng/ml; Roche, catalog no. 11666975001)
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for 30 min at room temperature. Samples were then subjected to immunoblotting with the following
antibodies: mouse anti-GAPDH (SC-47724, 1:5,000; Santa Cruz), rabbit anti-HA (catalog no. 3724, 1:5,000;
Cell Signaling Technology), and mouse anti-Myc (catalog no. 2276S, 1:2,000; Cell Signaling Technology).

The signals were acquired by using a Fusion Fx camera (VILBERT Lourmat).
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