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Dengue virus (DENV) is the most important human virus transmitted by mosquitos.
Dengue pathogenesis is characterized by a large induction of proinflammatory cytokines.
This cytokine induction varies among the four DENV serotypes (DENV1 to 4) and poses
a challenge for live DENV vaccine design. Here, we identify a viral mechanism to limit
NF-«B activation and cytokine secretion by the DENV protein NS5. Using proteomics,
we found that NS5 binds and degrades the host protein ERC1 to antagonize NF-«B acti-
vation, limit proinflammatory cytokine secretion, and reduce cell migration. We found
that ERC1 degradation involves unique properties of the methyltransferase domain of
NS5 that are not conserved among the four DENV serotypes. By obtaining chimeric
DENV2 and DENV4 viruses, we map the residues in NS5 for ERC1 degradation, and
generate recombinant DENVs exchanging serotype properties by single amino acid
substitutions. This work uncovers a function of the viral protein NS5 to limit cytokine
production, critical to dengue pathogenesis. Importantly, the information provided
about the serotype-specific mechanism for counteracting the antiviral response can be
applied to improve live attenuated vaccines.

dengue virus | host-virus interactions | evasion of innate antiviral responses |
NS5 viral protein activation | dengue virus pathogenesis

Dengue is the most important viral disease in humans transmitted by mosquitos. Despite
its global burden, there are no antiviral agents or universal vaccines available to cope with
dengue virus (DENYV) infections. Vaccine development has been a great challenge due to
the presence of four DENV serotypes (DENV1-DENV4). One important feature of
DENYV infection is that a previous exposure to any of the four serotypes can lead to a
more severe clinical manifestation upon infection with a heterologous serotype (1-3), a
phenomenon that requires effective tetravalent vaccines. A great limitation in vaccine
development is the different properties of the distinct serotypes. They differ in how they
trigger and counteract antiviral responses, which complicates the design of live attenuated
tetravalent vaccine formulations. Previous experience has shown that DENV?2 is difficult
to include in tetravalent formulations due to unbalanced replication, and chimeric viruses
with other serotypes were required (4). In this regard, it is important to understand the
molecular differences among the four DENV serotypes and how they lead to infection
and pathogenesis.

DENYV is a member of the Flavivirus genus, together with other emerging and reemerg-
ing pathogens such as Zika virus (ZIKV), yellow fever virus (YFV), West Nile virus
(WNV), and Japanese encephalitis virus. Flaviviruses are positive sense, single-stranded
RNA viruses. Their genome encodes a single polyprotein that is cleaved by viral and cellular
proteases into three structural (C, prM, and E) and at least seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (5). NS5 is the largest viral protein
and displays multiple enzymatic activities. It contains two domains, the N-terminal meth-
yltransferase (MTase) domain, essential for viral RNA capping, and the C-terminal
RNA-dependent RNA-polymerase (RdRp) responsible for viral RNA synthesis (6-8).
NS5 also contains an extraordinary set of tools to dismantle the innate host antiviral
response. One crucial cellular defense mechanism targeted by NS5 is the interferon
(IFN)-signaling pathway. It has been documented that DENV NS5 from all serotypes
blocks type I IFN signaling by proteasome-mediated human STAT?2 degradation (9, 10).
This process requires binding of UBR4 to an in situ proteolytically cleaved DENV NS5
(9, 11). In contrast, ZIKV NS5 mediates STAT2 degradation in a UBR4-independent
manner and does not require proteolytic processing of the NS5 N terminus (12). In the
case of YFV, NS5 protein also binds STAT2 but only after IFN stimulation, and the
binding does not mediate STAT2 degradation (13-15). Also, the NS5 from WNV,
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tick-borne encephalitis and Langat viruses suppress expression of
the IFN receptor, activity that involves the NS5 RdRp domain
(13, 14). Therefore, NS5 protein from different flaviviruses uses
different strategies to subvert type I IFN signaling, limiting the
expression of several antiviral genes and generating a more favora-
ble environment for viral replication.

To dig deeper into the multiple functions of NS5, we previously
performed a proteomic study in the context of DENV infection,
and constructed a host protein—-NS5 interaction map (16). We
found an interplay between NS5 and the cellular splicing machin-
ery, which resulted in an increase in intron retention and modu-
lation of IFN-stimulated gene expression. Mechanistically, we
found that NS5 directly interacts with core components of the
U5 small nuclear ribonucleoprotein complex (snRNP) to alter the
splicing process (16). In this regard, alteration of SAT1 mRNA
alternative splicing by NS5 was also found to reduce the abun-
dance of this antiviral protein (17). Here, we further explore the
NS5 interactome map to validate the binding and relevance of
additional host proteins in the context of viral infection. We iden-
tified the host protein ERC1 with antiviral activity.

ERC]1 is a regulatory subunit of the IKK complex involved in
the nuclear factor-kB (NF-«B) activation pathway (18, 19), it par-
ticipates in the docking and/or fusion of Rab6-positive vesicles at
the cell cortex (20) and it forms a functional complex that drives
cell motility together with LL5 proteins, LL5a and LL5p, and
liprin-al (21). We found that ERC1 disappears during DENV2
infection and that protein degradation is mediated by the methyl-
transferase domain of NS5 in a proteasome-dependent manner.
Interestingly, although the four DENV serotypes degrade STAT?2,
ERCI was not degraded by DENV4 infection, suggesting mech-
anistic differences between STAT2 and ERC1 degradation. By
designing a battery of recombinant DENVs, we separated the
molecular determinants required for ERC1 and STAT?2 degrada-
tion. In addition, usinga DENV2 with a single-residue substitution
in NS5, without the ability to degrade ERC1, we found signifi-
cantly higher levels of NF-xB dependent proinflammatory cytokine
expression and secretion during infection, higher IFN-f expression,
and increased cell motility compared with the WT DENV2. This
work provides an additional function of NS5 in modulating host
innate antiviral responses and uncovers molecular differences
between DENV serotypes relevant for vaccine formulations.

Results

ERC1 Has an Antiviral Function and Is Degraded after DENV2
Infection. We have previously developed a genetic system for
mapping physical interactions of NS5 with host proteins using
an NS5 tagged DENV2 infectious clone. Employing affinity-
purification mass spectroscopy, we constructed an NS5-host
protein interactome map using infected human cells (S/ Appendix,
Fig. S1), and validated the functionality of a number of NS5
ligands (16, 17). To identify relevant binders of NS5, we carried
out a knockdown screening assay of a set of NS5-interactors and
assessed viral replication after infection with a reporter DENV2
encoding Renilla luciferase gene (RepDENV) (22). We focused
on cellular proteins with potential antiviral activity and identified
a host protein named ERC1. Knockdown of this protein enhanced
viral replication, which was measured by RepDENV luciferase
activity reflecting viral RNA replication (Fig. 1A4). The increased
level of reporter activity was similar to that observed by silencing
proteins previously reported to display antiviral functions, STAT2
and CD2BP2 (Fig. 14). To further confirm this observation,
infections with WT DENV2 at multiplicity of infection (MOI)
of one were performed in ERCI silenced human A549 cells.

20f12 https://doi.org/10.1073/pnas.2220005120

Viral RNA was assessed in cells at 8 and 24 h postinfection. A
fourfold increase in viral replication was observed when compared
to replication levels in cells silenced with a nonrelated siRNA
control (Fig. 1B). These results suggest an antiviral role of the host
protein ERC1 during infection.

To study ERC1 localization during the infection process, indi-
rect immunofluorescence (IF) assays were carried out in DENV2
or mock infected human A549 and Huh7 cells. Interestingly, the
ERCI signal was undetectable in infected cells, suggesting
viral-induced protein degradation (Fig. 1C). To further explore
this possibility, western blot assays (WB) were performed in cyto-
plasmic extracts obtained as a function of time from infected A549
and Huh7 cells with MOI of 5. The data indicate that ERC1
disappears in the course of infection in both human cells (Fig. 1D).
To expand this observation, we used BHK cells and human
monocyte-derived dendritic cells (DCs), which are rodent and
primary targets for DENV infection, respectively (Fig. 1D). The
results showed that ERCI1 protein levels greatly decrease, while
the viral proteins accumulate in all the infected cell lines analyzed.
Together, we identified a protein with possible antiviral activity
that is degraded during the course of DENV?2 infection.

Multiple Functions of the Cellular ERC1 Protein. ERC1 is a
ubiquitous protein with multiple coiled-coil motifs that enable
interaction with many proteins. ERC1 has been previously
implicated in the activation of NF-kB through both the canonical
(mediated by Toll-like and cytokine receptors) (19) and the
atypical pathway (activated by genotoxic stress, DNA damage) (18)
(Fig. 1E). ERC1 has also been involved in intracellular membrane
trafficking. It participates in the docking and/or fusion of Rab6-
positive vesicles at the cell cortex and in secretion by its binding
with LL5 proteins, LL5a and LL5f (20, 23). Its interaction
with the latter together with lipirin-o has been implicated in the
regulation of cell motility (21, 24) (Fig. 1E). In order to further
evaluate the roles of ERCI1, we either overexpressed or knocked
down its expression in HEK 293T and A549 human cell lines.

ERCI involvement in the NF-kB activation pathway was eval-
uated by overexpression of the host protein and subsequent meas-
urement of NF-kB reporter activation. Overexpression of ERC1
increased more than 20-fold the luciferase activity of the NF-kB
reporter compared to that of the control vector (Fig. 24). On the
other hand, silencing ERC1 in A549 cells stimulated with 5 ng/mL
TNF-q, significantly reduced IL6 and TNF-o mRNA, as well as
IL6 secretion (Fig. 2B). Given that NF-kB is involved in the IFN-f
pathway (25), we activated cells by 10 pg/mL poly I:C treatment
(double-stranded RNA analog) in ERC1 knockdown or control
conditions, and evaluated cytokine and IFN-f expression. In the
presence of poly I:C, induction of IL6, TNF-a and IFN-f mRNA
expression was observed, which was greatly reduced upon ERC1
silencing (Fig. 2C). The cytokines were also detected at significantly
lower levels in the supernatant of ERC1-depleted cells (Fig. 2 C,
Lower). These results support a role of ERC1 on expression of
NF-kB dependent proinflammatory genes and IFN-f. To evaluate
the role of ERCI on cell motility, we determined the impact of
ERCI knockdown in a wound-healing assay. Wounds were made
on a monolayer of A549 cells following ERCI silencing or treatment
with a nonrelated siRNA control. Images of the gaps were recorded
immediately after the wound (0 h) and 24h postwound.
Measurement of the distance migrated by cells within 24 h demon-
strated that cell invasion into the cell-free region was significantly
promoted in the presence of ERC1, supporting a role of this protein
in cell migration in A549 cells (Fig. 2D). Taken together, our obser-
vations confirmed previous reports regarding the ERC1 role in the
NF-kB pathway and in cell migration.
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Fig.1. Thehost ERC1 protein has an antiviral activity and is degraded during DENV2 infection. (A) ERC1 has an antiviral function. Luciferase activity showing the
replication of DENV2 reporter (RepDENV) 36 hpi in A549 cells transfected 48 h previously with siRNAs directed to ERC1 (blue) or directed to two antiviral proteins:
STAT2 and CD2BP2, as indicated. Two additional controls were included, a nonrelated siRNA (NR) and a positive siRNA control directed to Renilla luciferase
(Luc). WB assays indicate the levels of silenced proteins. Statistical significance is shown with the following notation: *P < 0.05. (B) ERC1 silencing reduces DENV
replication. Viral replication is shown by qRT PCR (mean + SD) at 8 and 24 hpi (MOI 1) in A549 cells previously transfected with a nonrelated siRNA (NR), or a
SiRNA directed to ERC1. WB shows the levels of ERC1 in each condition. Statistical significance is shown with the following notation: *P < 0.05. (C) ERC1 levels
are reduced in DENV2-infected human cells. Immunofluorescence (IF) assays against ERC1 (red) and the viral protein NS3 (green, to label infection), are shown
in human A549 and Huh7 cells either mock infected or infected with DENV2 (MOI 3). Objective: 40x (D) ERC1 protein is degraded upon DENV2 infection at MOI
of five in different cell lines. WB analyses showing the levels of ERC1 as a function of time postinfection, as indicated in each panel. Cytoplasmic extracts from
infected A549 (human), BHK (hamster), Huh7 (human), DCs (monocyte-derived human DCs) are shown. (E) Schematic description of the multiple functions of
ERC1. (/) ERC1 is involved in NF-kB activation by Toll-like and cytokine receptors (TNF-o, ILT) or by DNA damage. ERC1 interacts with the IKKy/NEMO regulatory
subunit of IkB kinase (IKK) complex and enhances IKK activation. This activation induces IkBa phosphorylation, followed by ubiquitination and proteasome
degradation of NF-kB inhibitory protein IkBa. NF-kB complex is then translocated to the nucleus and acts as a transcription factor that induces genes related
to immune responses, such as proinflammatory cytokines (TNF-a, IL6). (//) ERC1 is involved in secretion. It interacts with Rab6-dependent vesicles acting as a
docking and/or fusion protein in the cell cortex, where it tags the site of arrival of Rab6- vesicles for secretion. (/l) ERC1 is involved in cell migration. The host
protein forms a functional complex with LL5 proteins LL5a and LL5b and liprin-a1 that drives cell motility.

The Methyltransferase Domain of NS5 Is Responsible for ERC1 previously reported that NS5 was necessary but not sufficient
Degradation Mediated by UBR4. Because ERC1 was found to for STAT2 degradation. In that case, a precursor of NS5 was
be a binder of NS5, we hypothesized that this viral protein was ~ required (9). We thus evaluated whether NS5 was sufficient
responsible for ERC1 degradation during infection. It has been ~ for ERC1 fate during infection. To this end, NS5/GFP, which

PNAS 2023 Vol.120 No.23 e2220005120 https://doi.org/10.1073/pnas.2220005120 3 of 12



B SIRNA

siRNANR
siRNA ERC1

Transfection
pFLUcNFkB Rep Relative
pERC1 or pControl - FLuc/RLuc
pRLuc

TNF-a ERC1

Cytokine expression
NFkB reporter and secretion

2.37

3 )
6x10 - mRNA TNF-a 4x10”°; MRNA IL6
3x10°
3
2x10

1x10°

Luciferase (FL/RL)
mRNA / GAPDH

Relative Units

NR_ERC1

-o- siRNANR

- i
GAPDH- siRNA ERC1

100 Secreted IL6*
£80
260
9 40

20

0

T T T T T
-TNF 2h  4h 6h

TNF

T T T T T
-TNF 2h 4h 6h
TNF

pControl pERC1

C sk

siRNA ERC1

y v
B

SiRNA
NR_ERC

ERC1 | e

poly I:C

Cytokine expression

and secretion GAPDH | ey e

mRNA
2_TNF-a

8x10°4 IL6
-2
6x10

2.5%10 T_IFN-B

2x102

-1
; . 2 4x10
4x16° 156107

1x10°
-2
2x10 ,'L 5 j 30

e 5x10° [/

6x10

-1
2x10

mRNA/ GAPDH

—e— siRNANR
-48-- siRNA ERC1

T T T T T
-TNF_2h _4h_6h
TNF

Fig.2. ERC1 enhances NF-kB-dependent cytokine
production and is necessary for cell motility in
human cells (A) ERC1 overexpression activates NF-
kB reporter activity. The luciferase activity of the
NF-kB reporter was measured in cells expressing or
not ERC1. On the top, schematic representation of
the experiment. 293T cells were cotransfected with
10 ng of the NF-kB reporter plasmid (pFLucNFkB
Rep), 4 ng Renilla luciferase expression plasmid
(pRLuc) as control to standardize transfection
and either, 26 ng ERC1 plasmid (pERC1) or
26 ng of an empty control plasmid (pControl).
Relative luciferase activity (FLuc/RLuc) is shown

T T T T 0
-poly 16h 24h
I:C  poly I:C
Secreted Cytokine

3001 |6 s 10y TNF-a

-poly 16h 24h

I1:C  poly I:C

1501 1FN-B

IL6 (pg/ml)
TNF (pg/ml)
'l

i1 T
-poly 16h 24h
I:.C  poly I:C

at 16 h posttransfection. (B) ERC1 is involved
in proinflammatory cytokine expression and
secretion. On the top, schematic representation of
the protocol used and WB showing the efficiency of
ERC1 silencing. At the bottom, cytokine expression
(mRNA of TNF-aand IL6) relative to GAPDH is shown
measured by RT-qPCR, and secreted IL6 protein
measured by ELISA, in ERC1 silenced or control A549
human cells treated with 5 ng/mL TNF-a during 2, 4,

T’ T T
-poly 16h 24h
I:=C poly I:C Ic
siRNA
ERC1 NR

-poly 16h 24h

I:C  poly I:C

D Wound
siRNA NR

v size
siRNA ERC1 measurement
t } i
Oh 24h

ERC1
GAPDH [0 0

Wound size
Oh 24h

NR

siRNA

ERC1

4

NR ERC1
siRNA

contained a self-cleaving 2A peptide to release the reporter protein,
was overexpressed in A549 cells, and ERC1 was examined by
immunofluorescence (Fig. 34). As a control, a plasmid expressing
NS3/GFP was used.

We observed that transfected cells expressing NS5/GFP displayed
almost undetectable ERC1 fluorescent signal when compared with
cells expressing NS3/GFP protein control (Fig. 34). To confirm
this observation, sorted GFP-positive (NS5+) from GFP-negative
(NS5-) cells were collected and used for ERC1 detection in each
population by WB. ERC1 protein levels were greatly reduced in
NS5 expressing cells, suggesting that DENV2 NS5 is the only viral
component required for ERC1 degradation (Fig. 34).

NS5 protein contains two defined domains, the methyltrans-
ferase (MTase) of 32 kDa and the RNA-dependent RNA poly-
merase (RdRp) of 75 kDa. To determine which of these domains
was responsible for ERC1 degradation, they were independently
cloned in expression plasmids with GFP, containing a 2A cleav-
age site. Overexpression of the two domains of NS5 in A549
cells showed that the MTase was responsible for ERC1 disap-
pearance, while cells expressing RdRp domain retained similar
ERC1 levels to that observed in cells expressing GFP alone
(Fig. 3B). WBs of cytoplasmic extracts of 293T cells expressing

40f12 https://doi.org/10.1073/pnas.2220005120
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and 6 h. (C) TNF-q, IL6, and IFN-Bp mRNA expression
and protein secretion after 16 and 24 h of 10 pg/mL
poly I:C treatment in ERC1 silenced or control A549
cells. On the Top panel, schematic representation of
the protocol used and WB showing the efficiency of
ERC1 silencing. (D) ERC1 role on A549 cell motility.
On the top, schematic representation of the
protocol used and WB showing the efficiency of
ERC1 silencing. Wound-healing assays are shown in
ERC1 silenced or control A549 cells. Representative
images of scratched monolayer at 0 and 24 h are
shown for each condition. Objective: 5x. The wound
closure was quantified by measuring the distance
covered by the migrated leading edge using Zen 2.3
lite software. Statistical significance is shown in the
different panels with the following notations: ****p
<0.0001; *P < 0.05.

GFP alone, MTase, or RdRp confirmed that ERC1 levels were
significantly reduced when the MTase domain was expressed
(Fig. 3B). We conclude that the viral protein NS5 is responsible
for ERC1 degradation and that this property resides in its M Tase
domain.

To evaluate whether the ubiquitin proteasome pathway is
involved in ERC1 degradation, the proteasome inhibitor MG132
was used during DENV2 infection in a controlled manner since it
is a potent inhibitor of viral replication. Either MG132 or DMSO
(control treatment) was added 12 h postinfection, once the viral
infection was established. Cells were then harvested every two hours
to detect NS5 and ERC1 levels by WB (Fig. 3C). MG132 prevented
ERC1 degradation during infection between 6 and 10 h after drug
addition, supporting proteasome involvement.

Protein degradation by the proteasome pathway requires a E3
ubiquitin ligase. UBR4 was identified as binder of NS5 in our
proteomic studies (S/ Appendix, Fig. S1). In addition, UBR4 was
previously found to interact with DENV NS5 for STAT?2 degra-
dation (11). Thus, we hypothesized that UBR4 might be required
for ERC1 degradation. We evaluated the ability of DENV2 infec-
tion to degrade ERC1 in UBR4 silenced cells. UBR4 was knocked
down with specific siRNAs and A549 cells were infected with

pnas.org
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control plasmid (pCL), as indicated in each case. (C) ERC1 degradation is proteasome-dependent. WB showing expression of ERC1 or the viral NS5 protein in
DENV2-infected A549 cells with an MOI of 3 during 12 h and subsequently treated with 20 uM MG132 or DMSO as control during 2, 6, and 10 h. (D) UBR4 E3
ubiquitin ligase mediates ERC1 degradation. The levels of ERC1 and viral proteins are shown in UBR4-silenced A549 cells infected or not with DENV2. Samples
at 24 h postinfection with an MOI of 5 are shown. On the Right panel, levels of UBR4 mRNA relative to GAPDH measured by qPCR are included. (E) DENV2 T2A
and G3A mutant viruses are replication competent. On the right, DENV NS5 sequence alignment of the first N-terminal eleven amino acids of the four serotypes.
Two N-terminal NS5 amino acid substitutions were introduced independently in the DENV2 infectious clone: T2A or G3A. The amino acid change is shown in
red. On the left, IF assays showing that T2A and G3A viruses replicate in A549 cells 24 h post infection with an MOI of 10. The viral NS3 protein is shown in green
and DAPI in blue. Objective: 20x. (F) T2A or G3A substitutions in NS5 prevent ERC1 degradation. WB showing ERC1 at 24 h postinfection with DENV2 WT, T2A, or
G3A. The viral proteins NS5 and NS3 as well as GAPDH are also shown, as indicated in each case. (G) DENV2 WT degrades mouse ERC1 protein. Quantification
of ERC1-positive and -negative melanoma mouse cells (B16-F10) infected during 24 h with an MOI of 10 of WT, T2A, or G3A viruses is shown. The percentage of
ERC1-positive cells was calculated for each viral infection.

DENV?2 (Fig. 3D). Control cells were treated with a nonrelated ~ recombinant DENV?2 viruses carrying the single substitutions, T2A
siRNA previous infection. UBR4 mRNA levels were greatly or G3A, in NS5 (Fig. 3E). To characterize the replication of the
reduced upon silencing, thus ERCI protein levels were assessed ~ two mutants, we performed growth curves in mosquito and
24 h post DENV infection by WB. Viral infection was evaluated ~ human cells. While in mosquito cells, the two viruses displayed
by the levels of the viral proteins NS3 and NS5 in the same sam-  the same replication ability than the WT virus (S/ Appendix,

ples. We observed that UBR4 knockdown prevented ERC1 deg-  Fig. S2), a lower replication was observed when the mutants were
radation upon viral infection, suggesting the involvement of this ~ used to infect human cells (57 Appendix, Fig. S3).
E3 ubiquitin ligase in degradation of the host protein (Fig. 3D). We then generated viral stocks of T2A and G3A viruses in

It has been previously shown that T2A and G3A substitutions ~ mosquito cells and used them to infect A549 cells at high (MOI
in NS5 affect UBR4 binding, while retaining interaction with of 10) (Fig. 3E). In these conditions, in which the complete mon-
STAT?2 in overexpressed NS5 conditions (11); however, this has not olayer of human A549 cells was infected, DENV2 T2A and
been evaluated in the context of an infectious clone. Thus, we designed ~ DENV2 G3A were unable to degrade ERC1 as shown by WB
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analysis (Fig. 3F). This was also true in B16-F10 mouse cells, in
which ERCI remained present in DENV2 T2A- or G3A-infected
cells (Fig. 3G). We thus conclude that T2 and G3 residues of NS5
are required for ERC1 degradation, likely due to their participa-
tion in UBR4 interaction as previously reported (11).

DENV Serotypes Differently Degrade ERC1 Protein during
Infection. To determine the extent of ERC1 degradation by different
DENV serotypes, IF and WB analyses were carried out in A549
cells infected with each of the four DENV serotypes. IF assays
(Fig. 4A4) and WB analysis (Fig. 4B) indicated that DENV1, 2, and
3 efficiently degraded the host protein, while DENV4 infections
show mock levels of ERC1. In contrast, degradation of STAT2 was
observed with all four DENV serotypes (Fig. 4B), as previously
reported (11). This result was intriguing and revealed differences
among the DENV serotypes in the ability to degrade STAT2 and
ERC1 (Fig. 4B). DENV4 NS5 must retain the ability to bind
UBRA4 for STAT2 degradation (11), but there must be an additional
requirement in the viral NS5 for ERC1 association, which appears
to be different among the four DENV serotypes (Fig. 4C).

To confirm the differential ability of the NS5 protein from
DENV2 and DENV4 to degrade ERC1, we cloned and overex-
pressed NS5 of these two viruses and evaluated their capacity to
degrade ERCI. The proteins were expressed in fusions with GFP
in 293T cells. Transfected cells were sorted in GFP-positive (NS5+)
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in cells infected with an MOI of 5 with DENV1, DENV2, DENV3, or DENV4, as
indicated. Objective: 40x (B) DENV4 infection differentially degrades STAT2 and
ERC1. WB assay showing ERC1, STAT2, NS5, and GAPDH control in extracts
from cells infected during 24 h with an MOI of 5 with each of the four DENV
serotypes, as indicated. (C) STAT2 and ERC1 degradation by the four DENV
serotypes. Schematic representation of the ability of NS5 from different
serotypes to degrade STAT2 and ERC1. (D) DENV4 NS5 lacks the ability to
degrade ERC1. Levels of ERC1 in cytoplasmic extracts of 293T sorted cells
expressing or not GFP from cells transfected during 24 h with 15 pg DENV2-
NS5-GFP, DENV4-NS5-GFP, or GFP plasmids. Cytoplasmic extracts from equal
amounts of cells were loaded in each lane. Levels of ERC1, GFP, and GAPDH
are shown. (£) The MTase domain of DENV4 NS5 lacks the ability to degrade
ERC1. Levels of ERC1 in cytoplasmic extracts of 293T sorted cells expressing or
not GFP from cells 24 h posttransfection with 15 pg DENV2-MTase-GFP, DENV4-
MTase-GFP, or GFP plasmids. Cytoplasmic extracts from equal amounts of cells
were loaded in each lane. Levels of ERC1 and GAPDH are shown. (F) Schematic
representation of the differential degradation of ERC1 by the MTase of DENV2
and DENV4.
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and -negative (NS5-) cells and protein levels assessed by WB.
DENV2 NS5-positive cells showed consistently lower amounts of
ERCI- than DENV2 NS5-negative ones, while DENV4
NS5-positive and -negative cells had similar levels of ERC1, sug-
gesting the inability of DENV4 NS5 to degrade ERC1 (Fig. 4D).
We also evaluated whether the NS5 MTase domain from DENV2
and DENV4 retained the differential ability to degrade ERC1. To
this end, we constructed and cloned the two MTase domains. WB
analyses showed that expression of the DENV4 protein did not
alter the levels of ERC1 (Fig. 4E). Based on these results, we pro-
pose a model in which DENV2 MTase domain is the one respon-
sible for interacting with both UBR4 and ERCI1 for protein
degradation via proteasome. In contrast, DENV4 protein would

bind UBR4 but lacks the ability to degrade ERC1 (Fig. 4F).

Mapping Structural Determinants within DENV NS5 for ERC1
Degradation. We then searched for the molecular determinants
that could explain the serotype-specific degradation of ERC1. We
aligned and compared the amino acid sequence of the MTases
from the four DENV serotypes. Additionally, we used the crystal
structure of DENV2 MTase to identify solvent-exposed regions,
which could potentially interact with ERC1 (Fig. 54). Based on this
analysis, we designed and cloned three chimeric DENV2-DENV4
MTases: DENV2 MTase R1 (DENV4 14-27), DENV2 MTase
R2 (DENV4 43-52), and DENV2 MTase R3 (DENV4 173-176)
(Fig. 5A4), which were expressed fused to a self-cleaving 2A peptide
and GFP. The ability of these chimeric proteins to degrade ERC1
was tested in transfected cells by IF and WB analyses. M Tase R1
and MTase R2 showed no ERC1 degradation, whereas MTase R3
showed similar ERC1 levels as the DENV2 MTase (Fig. 5 Band C).

To determine whether chimeric R1 and R2 MTases were func-
tional in the context of the infectious DENV clone, we generated
recombinant viruses replacing the specific regions of DENV2
MTase. It is important to highlight that viruses in which the com-
plete MTase was exchanged between DENV2 and DENV4 were
nonviable (26). Thus, we generated the DENV2 carrying only the
R1 and R2 regions of the DENV4 protein. Viral full-length RNA
from WT and, R1 and R2 chimeric viruses were transfected in
BHK cells and their replication capacity was assessed by IF assay.
R1 chimeric virus produced lower levels of progeny detected after
48 h posttransfection, whereas the R2 chimera was replication
impaired (Fig. 5D). In order to evaluate possible defects in the
enzymatic activities of NS5 in the chimeric viruses, the repli-
cation kinetics were evaluated in mosquito C6/36 and human
cells (SI Appendix, Figs. S2 and S3). The R2 chimeric virus was
replication-impaired in both cell lines while the R1 virus showed
10 and 30 fold reduced replication in mosquito and human
cells, respectively, in comparison to the WT virus, suggesting
that both chimeras displayed defects in the RNA replication
functions of NS5. Chimeric R1 viral stocks were generated in
C6/36 cells and used to infect A549 cells at high MOI. NS5
from the WT and R1 chimera showed a preponderant nuclear
localization in infected cells (Fig. SE). Interestingly, the replicat-
ing R1 virus lost the ability to degrade ERC1 (Fig. 5 £ and F).
This observation suggests that amino acids replaced in the R1
region of the MTase could be involved in the different pheno-
types observed between serotypes DENV2 and DENV4 regard-
ing ERC1 degradation.

Asingle Amino Acid Substitution in the DENV2 NS5 Recapitulates
the Phenotype of DENV4 regarding ERC1 and STAT2 Degradation.
The chimeric DENV2 R1 virus contains four residues that are
unique for DENV4 (Fig. 5G). To narrow down the requirements
for ERC1 degradation, we generated a battery of recombinant
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four DENV serotypes are shown. R1, R2, and R3 in green boxes show solvent-exposed regions of the MTase domain with significant sequence differences between
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secondary structure below in red. Below: MTase chimeras R1, R2, and R3 are shown based on DENV2 protein crystal structure (DENV2 in green and the DENV4
region in red). (B) Chimeric R1 and R2 MTase proteins lack the ability to degrade ERC1. Representative images of A549 cells transfected with 250 ng chimeric MTase-
GFP (R1-R3), DENV2 MTase-GFP, DENV4 MTase-GFP, or GFP control plasmids are shown by IF. Detection of GFP and ERC1 is indicated in each case. Objective: 63x.
(C) ERC1 protein levels by WB in cytoplasmic extracts of 293T cells expressing the chimeric MTase-GFP is shown. Proteins NS5 and GAPDH for each sample are also
shown. (D) Replication and propagation of chimeric DENV2 viruses. Viral RNA from R1 and R2 chimeras were transfected in BHK cells, and viral propagation was
evaluated by detecting NS3 protein using IF. DAPI-staining nucleus shows the integrity of the monolayer. Objective: 20x. (F) DENV2 chimeric virus R1 lacks the ability
to degrade ERC1. A549 cells were infected during 24 h with DENV2 (MOI:3) and chimeric virus R1 (MOI:20). IF showing NS5 in green indicating DENV2-infected cells
and ERC1 in red showing degradation of the host protein in infected cells. Objective: 63x (F) WB showing ERC1 levels in cytoplasmic extracts of A549 cells infected
during 24 h with DENV2 (MOL:5), DENV4 (MOI:5), or R1 chimeric virus (MOI:20). (G) Amino acid sequence alighment of the four DENV serotypes and seven recombinant
DENV?2 viruses. In red, the amino acid substitution is shown in each recombinant virus. (H) ERC1 degradation during infection with each recombinant DENV. WB of
cytoplasmic extracts of A549 cells infected during 24 h with the recombinant viruses as indicated on the top of the gel. For each infection, ERC1 levels are shown and
viral replication evaluated by NS3. DENV2 WT and mock infections were used as controls. (/) G21D and T2A recombinant DENV2 viruses are unable to degrade ERC1.
IF showing that infection with an MOI of 5 of DENV2 WT degrades ERC1, while G21D and T2A do not alter ERC1 staining compared to the mock infection. In red ERC1
and in green NS3. Objective: 63x (/) Infection with DENV2 G21D differentially degrades STAT2 and ERC1. WB of cytoplasmic extracts of A549 cells infected during 24 h
with an MOI of 5 of WT, G21D, or T2A DENV2. ERC1, STAT2, NS3, NS5, and GAPDH are indicated. (K) G21D amino acid change in NS5 protein alters ERC1 binding.
Immunoprecipitation analyses are shown. A549 cells were infected with DENV2 WT, G21D, or T2A viruses (MOI: 5), as indicated on the top of the gels. Eight hours
postinfection cells were treated with 20 uM MG132 for 6 h. Lysates were immunoprecipitated with anti-ERC1 antibody (indicated as IP: ERC1), and WB were performed
using anti ERC1 and anti NS5, as shown. Before the IP assay, an aliquot of the whole-cell extract (WCE) was spared as input control of the IP, shown on the left.
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viruses containing single amino acid changes and combinations of
2 or 3 substitutions in NS5. We evaluated viral replication capacity
in mosquito C6/36 and A549 cells (SI Appendix, Figs. S2 and
S3), and the ability of the battery of mutated viruses to degrade
ERCI1 in A549 cells (Fig. 5 G and H). Two recombinant viruses,
DENV2 A19S and G21D, showed efficient replication, while the
others showed a different degree of impairments (S/ Appendix,
Figs. S2 and S3, see also levels of NS3 in Fig. 5H). Interestingly,
the mutant DENV2 G21D also lost the ability to degrade ERC1
(Fig. 5H). Thus, changing a single amino acid at position 21 of the
DENV2 NS5 MTase domain mimicked DENV4 in preventing
ERCI1 degradation.

DENV2 T2A virus displays a defect in ERC1 and STAT2
degradation, which can be attributed to a reduced UBR4 bind-
ing, previously shown by Morrison etal. (11). On the other
hand, because DENV4 infection leads to STAT2 degradation,
we hypothesize that the DENV2 G21D virus should retain the
ability to degrade STAT2. To evaluate this hypothesis, A549 cells
were infected with either DENV2 WT, DENV2 G21D, or
DENV2 T2A viruses using MOI of 10. Replication and protein
levels were assessed by IF and WB. IF assays showed that cells
infected with either virus, T2A or G21D DENV2, displayed
mock levels of ERC1 (Fig. 5/). In addition, WB analysis of
extracts from T2A or G21D DENV2-infected cells indicated
that T2A virus showed a reduced ability of degrading STAT2
and ERC1, while G21D virus efficiently degraded STAT2 but
not ERC1. The data show a dissociation of the molecular require-
ments for ERC1 and STAT?2 degradation within NS5. Evaluation
of the timing of degradation of the two host proteins during
DENV?2 infection also shows differences between these two pro-
cesses (SI Appendix, Fig. S4). We observed that while most of
STAT2 is degraded 4 hpi, ERC1 degradation is evident after 8 h
of infection.

The mutation G21D in NS5 prevents ERC1 degradation, thus
we evaluated a possible impact of this mutation on ERC1 binding.
To analyze this, we carried out immunoprecipitation (IP) assays
of ERCI in mock and infected A549 cells with WT, G21D and
T2A viruses and evaluated complex formation with the different
NS5 proteins. Because ERC1 is degraded during infection with
the WT virus, we used MG132 to inhibit host protein degradation
(20 pM of MG132 added 8 h after infection). In these conditions,
while the input levels of ERC1 were comparable (Fig. 5 K, Leff)
a significant reduction of G21D NS5 protein was observed in the
IPs in comparison to WT and T2A-infected cells (Fig. 5 K, Righs).
These results suggest that mutation G21D and not T2A affects
the interaction of NS5 with ERC1.

In summary, by comparing DENV2 and DENV4 NS5
sequences and constructing chimeric viruses, we identified a single
residue in NS5 that is necessary for efficient ERC1 binding and
degradation, allowing us to design a DENV2 virus that resembles
DENV4 regarding the described NS5 properties.

Lack of ERC1 Degradation in DENV2 G21D Results in Higher
Expression and Secretion of Cytokines upon Infection. Infections
with DENV2 or DENV4 produce significantly different amounts of
proinflammatory cytokines (27). In this regard, DENV4 infections
were associated with a higher level of cytokine production. Taking
into account the role of NS5 and the relevance of dissecting molecular
differences between DENV serotypes, we further investigated the
implication of the differential ERC1 degradation in the activation
of the NF-kB pathway during infection.

We compared the WT and the G21D viruses assessing replica-
tion kinetics, cytokine production, and cell motility of the infected
cells. Viral stocks were produced in mosquito C6/36 cells, and
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one-step replication curves were carried out in both mosquito and
human cells. Viral infection and replication in mosquito cells
showed indistinguishable RNA replication and infectious viral
progeny production when the G21D mutant was compared to
the WT virus (Fig. 64). In contrast, replication attenuation was
observed with the G21D virus in human cells (Fig. 6B). A delayed
viral RNA synthesis and lower infectious particle production was
observed when G21D virus was compared with the WT. In human
cells, viral protein accumulation and ERC1 levels were also evalu-
ated as a function of time. The results showed complete ERC1
protein degradation at 16 h postinfection with the WT virus, while
with DENV2 G21D ERCI1 levels were similar to mock-infected
cells even at 48 h postinfection with high MOI (Fig. 6C). In addi-
tion, to characterize the replication of the G21D virus, we per-
formed infections in ERC1-silenced cells. The results show that
the G21D replicates similar to WT in ERC1 KD A549 cells,
confirming the role of ERC1 in the differential replication of the
two viruses (Fig. 6D).

We then compared the cytokine expression and secretion after
WT and G21D viral infections in A549 cells. Although DENV2
WT replicated to higher levels than the G21D in human cells,
the mutant virus induced significantly higher levels of proinflam-
matory cytokines (TNF-a and IL6) and IFN-p mRNA than the
WT virus (Fig. 6E), supporting a role of ERC1 in this process.
The level of secreted cytokines was also assessed in cell supernatants
by ELISA assays, showing significantly higher levels in the
G21D-infected cells in respect to that with the WT virus. Because
the two viruses only differed in a single amino acid and had iden-
tical replication in mosquito cells, the differential expression and
secretion of cytokines could be attributed to the lack of ERC1
degradation. The results support the idea that DENV2 infection
limits the production of proinflammatory cytokines by eliminat-
ing ERCI, providing a possible molecular explanation to the dif-
ferent properties of DENV serotypes.

Because ERCL1 has been implicated in cell migration (21), we
also hypothesized that DENV?2 infection would impair this func-
tion. To examine this possibility, we performed a wound-healing
assay after mock, DENV2 WT, or DENV2 G21D infection
(Fig. 6F). The wound size was registered immediately after the
wound was generated (0 h) and 24 h postwound. Infection of
complete monolayers was verified by IF analysis using anti-NS3
antibodies. While uninfected cells showed complete wound heal-
ing at 24 h, the DENV2-infected cells showed significant retarded
cell migration (Fig. 6F). In addition, when infected cells with the
two viruses WT and G21D were compared, the mutant virus
showed significantly higher cell migration than WT. We conclude
that ERC1 degradation during DENV2 infection reduces cell
migration, phenotype that is mitigated in the D21G mutant.

Discussion

Here, we identified a function of the DENV NS5 protein in
modulating NF-kB activation by degradation of the cellular pro-
tein ERCI. This mechanism is mediated by the proteasome,
requires UBR4, and involves the M Tase domain of the viral pro-
tein. Importantly, we uncovered molecular details of how different
DENV serotypes differentially control ERC1 degradation, and
separated this function from STAT?2 degradation. Because DENV
infection is characterized by induction of large amounts of proin-
flammatory cytokines, our findings are relevant for understanding
viral pathogenesis and defining the molecular bases of how distinct
DENV serotypes limit NF-kB activation (28-32).

NS5 is a potent antagonist of type I IFN signaling of the DENV
proteins by suppressing the human JAK-STAT signaling. NS5
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Fig. 6. ERC1 degradation limits cytokine production and cell motility. (A) G21D and WT DENV2 show similar replication kinetics in mosquito C6/36 cells. Viral
replication as a function of time is shown in one-step growth curve (MOI: 10). (A, Left) RT qPCR of intracellular viral RNA relative to 18S. (A, Right) Plaque assay of
infectious viral particles in the supernatant of infected cells. PFU: plaque-forming units. (B) G21D DENV2 is attenuated in human A549 cells. Viral replication as a
function of time is shown in one-step growth curve (MOI: 10). (B, Left) RT qPCR of intracellular viral ARN relative to GAPDH. (B, Right) Plaque assay of infectious viral
particles in the supernatant of infected cells. (C) ERC1 degradation upon WT or G21D virus infection. WB analysis of cytoplasmic extracts of A549 cells infected with
an MOI of 10 with either WT or G21D DENV2 as a function of time. Mock infections were used as a control of ERC1 levels. (C, Left) WB of cytoplasmic extracts of
A549 cells infected with WT DENV2 as a function of time is shown. A sample of G21D at 48 h postinfection is included for comparison. (C, Right) WB of cytoplasmic
extracts of A549 cells infected with G21D virus as a function of time is shown. A sample of WT at 48 h postinfection is included for comparison. Viral replication
is shown by NS3 protein accumulation. (D) G21D virus replication is enhanced in ERC1 knockdown cells to WT levels. G21D and WT viral replication is shown
by gqRT PCR (mean + SD) at 24 hpi (MOI 5) in A549 cells previously transfected with an ERC1 siRNA or a nonrelated siRNA (NR). (E) Expression and secretion of
cytokines during infection with an MOI of 1 of WT or G21D DENV2s. (E, Upper) replication curve and cytokine mRNA expression of WT and G21D DENV infections.
Viral RNA levels are shown as a function of time after infection and measured by RT qPCR and normalized to GAPDH. IL6, TNF-o, and IFN-p mRNA expression as
a function of time of infected cells was measured by RT gPCR and expressed relative to GAPDH, as indicated in each case. (£, Lower) IL6, TNF-o, and IFN-B protein
secretion measured by ELISA in the supernatant of infected cells. (F) Increased cell motility by G21D DENV infection. (F, Left) schematic representation of the
protocol used. (F, Middle) representative images of the wound-healing assays in A549 cells previously infected with an MOI of 3 with either WT or G21D viruses.
Images of the wounds at 0 and 24 h are shown in mock or infected cell monolayers. Objective: 5x. (F, Right) the wound closure was quantified by measuring the
distance covered by the migrated leading edge using Zen 2.3 lite software. Additionally, an IF assay to detect NS3 viral protein is shown, which was performed
once the wound-healing assay was concluded. Statistical significance is shown with the following notations: ****p < 0.0001; *P < 0.05.

from different flaviviruses evolved remarkable convergent strate- 202 to 3006, leading to STAT2 degradation (33). Here, we found
gies to interfere with this pathway, but using distinct mechanisms. that UBR4 is also involved in ERC1 degradation; however, in this
In the case of DENV, the process is mediated by STAT2 degra- case, the MTase domain is also responsible for ERC1 binding.
dation through the ubiquitin-proteasome pathway via UBR4 E3 ~ Thus, NS5 functions as a scaffold protein with different binding
ubiquitin ligase (9-11). UBR4 binds to the MTase domain of sites for the host STAT2 and ERC1 proteins, but sharing a require-
NS5, while STAT? interacts with the RdRp domain, at residues ~ ment for UBR4.
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Proteolytic cleavage of NS5 N terminus in the context of the
viral polyprotein was reported to be necessary for STAT2 degra-
dation (9), presumably due to the requirement of determinants
at the N terminus of NS5 for UBR4 binding (11). Our data
indicate that the matured NS5 is capable of binding in a functional
manner to UBR4 for host protein degradation in the absence of
in situ N-terminal processing of NS5. Thus, the reported NS5
proteolysis required for STAT2 degradation must have another
requisite. Interestingly, while mouse STAT2 is not degraded by
DENV NS5 (34), the mouse ERC1 was efliciently degraded dur-
ing DENV infection. This information is relevant when evaluating
animal models for viral infection and pathogenesis, and for further
analyses of ERCI1 function in in vivo models.

Although the four DENV serotypes degrade STAT2, ERCI is
not degraded by DENV4 infection, indicating differences between
the MTase domains of NS5 from DENV2 and DENV4. This
observation is particularly important because ERC1 degradation
significantly reduced NF-xB dependent cytokine expression and
secretion. In this regard, DENV4 replication promotes stronger
innate immune responses, with increased dendritic cell activation,
expression of migration markers, and cytokine production, com-
pared with DENV2 (27). Epidemiological data also suggest that
DENV2 secondary infections are associated with more severe
disease than DENV4 infections (30, 31, 35). The pathogenic
versus protective roles of cytokines during DENV infection are
not completely understood and a “cytokine storm” may result in
more severe disease (36). Our findings comparing DENV2 and
DENV4 NS5 properties explain, at least in part, the distinct anti-
viral innate immune induction by distinct serotypes that can be
associated with different viral fitness and pathogenesis.

Unveiling differences among serotypes is key for developing
effective tetravalent vaccines. Here, we dissected the molecular
determinants within the NS5 protein associated to the different
abilities of DENV2 and DENV4 to degrade ERC1. Through the
generation of NS5 chimeras and recombinant DENVs, we show
that UBR4 and ERCI binding require residues that are both at
the N terminus of the viral protein. NS5 with point mutations
T2A or G3A have been reported to impair UBR4 interaction, and
here we have observed that these mutants in the context of the
infection clone affect STAT2/ERCI degradation. In addition, a
DENV2 carrying the D21 residue from DENV4 MTase replicated
to WT levels in mosquito cells, while it was attenuated in human
cells, inducing increased expression and secretion of proinflam-
matory cytokines and IFN-f when compared to the WT DENV2.
This mutant virus degraded STAT2 but lacked the ability to
degrade ERCI1. This finding further supports the role of ERC1 in
the NF-kB activation pathway. In line with our findings, it has
been previously shown that DENV2 can block NF-«B activation
to down-regulate cytokine production, although the mechanism
of this process was not described (37).

NF-kB regulates the expression of hundreds of genes related to
avariety of cellular processes such as apoptosis, inflammation, and
immune responses. It is activated within minutes after viral expo-
sure. Therefore, many viruses have evolved different strategies to
modulate NF-kB activation cascade (38, 39). For instance, measles
virus V protein directly binds to NF-kB to suppress its activity
(40); cowpox virus can inhibit NF-kB gene induction by inter-
fering with TkBat degradation process (41). Likewise, HIV type 1
(HIV-1) Vpu protein inhibits IkBa degradation by preventing its
ubiquitination (42). Another mechanism involves interaction with
IKK complex. HCV NS5B protein binds to IKKa and blocks
IKK activation (43), whereas membrane M protein of SARS-CoV
interacts with IKK and thus precludes NF-kB activation cascade
(44). Our data provide an additional mechanism by which DENV

100f 12 https://doi.org/10.1073/pnas.2220005120

prevents NF-kB activation by degrading a factor that enhances
the activity of IKK complex (19). We hypothesize that the result-
ing decrease in cytokine expression may be favorable for DENV2
replication and propagation in in vivo infections. Given the role
of ERC1 in cell motility, its degradation might even have a major
impact in natural infections. Reduction of the infected cell mobil-
ity could be relevant for limiting the migration of DCs to the
lymph nodes for T cell activation. Further studies will be necessary
to evaluate the impact of ERCI degradation on dendritic cell
migration in infected animals.

One drawback in the formulation of DENV tetravalent vac-
cines is the inability to properly attenuate DENV2 (45). Therefore,
recombinant DENV2/DENV4 viruses are being used in current
formulations for clinical trials (4, 46). The generation here of a
mutant DENV?2 that is attenuated due to its incapacity to degrade
ERC1, resembling DENV4, provides a strategy that could be taken
into consideration for the design of live-attenuated vaccines.

This work discloses an additional function of the DENV NS5
in limiting the cellular innate antiviral response. Importantly, we
defined molecular bases for differences among DENV serotypes,
which could be of use for tetravalent vaccine development.

Materials and Methods

Cells and Viruses. Mammalian cells: A549 cells (human lung adenocarcinoma
epithelial cell line, ATCC, CCL- 185) and Huh7 cells (human hepatoma cell line,
JCRB Cell Bank #0403) were maintained in Dulbecco’s Modified Eagle's Medium/
F-12 (Ham's), HEK 293 cells (human embryonic kidney cell lines, ATCC CRL-1573)
were maintained in Dulbecco’s Modified Eagle's Medium high glucose, BHK-21
cells (baby hamster kidney cell line, ATCC, CCL-10) were maintained in Minimum
Essential Medium Alpha. All the media were supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin. Human DCs were
obtained from peripheral blood mononuclear cells (PBMC) from healthy volunteer
donors. Samples were deidentified prior to processing. Monocytes were purified
by positive selection using anti-CD14 antibodies immobilized on magnetic beads
(Miltenyi, USA). DCs were obtained by culture of monocytes with IL-4 + GM-CSF
(30 ng/mL) for 5 d. Mosquito cells: C6/36HT (Aedes albopictus cells ATCC, CRL:
1660 were adapted to grow at 33 °C) were maintained in Leibovitz's L-15 Medium,
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, 100 pg/mL
streptomycin, 0.3% tryptose phosphate, 0.02% glutamine, and 1% MEM nones-
sential amino acid solution. Stocks of wild-type, chimeric, and mutated DENV2
(16681) were prepared in mosquito C6/36 cells and used to infect the different
cell lines as indicated in each case. DENV2 D2S10 (47) was kindly provided by
Dr. Sujan Shresta and was used to infect DCs.

Recombinant DENVs. The desired chimeric viruses or mutations were intro-
duced in a DENV2 c¢DNA clone (48) (GenBank accession number U87411).
Chimeric DENV2-DENV4 ¢DNA clones were obtained by replacing amino acids
from 14 to 27 of NS5(R1) orfrom 43 to 52 of NS5 (R2) fragment of the WT plasmid
with the respective fragment derived from DENV4 (strain 341750) by doing an
overlapping PCR (primers listed in S/ Appendix, Table S1). Mutations in the MTase
domain of DENV2 were also introduced by overlapping PCR using primers AVG
1,320 and 1,323 and the specific primer to introduce the different mutations
(listed in S Appendix, Table S1). In all cases, the mutated fragment was exchanged
onthe DENV2 cDNA clone by digestion with Nhel and Avrll enzymes. Recombinant
DENV plasmids were linearized using Xbal and used for transcription with T7
RNA polymerase (Invitrogen) in the presence of cap analog (m7GpppA). RNA
transcripts were transfected with Lipofectamine 2,000 (Invitrogen) into BHK-21
or C6/36HT cells. Viral replication was evaluated by indirectimmunofluorescence.
Supernatants were harvested at different times posttransfection and used to infect
C6/36HT cells to produce viral stocks. Infectious viral particles were assessed by
plaque assays in BHK-21 cells.

Plasmids. All DENV proteins were cloned in the pcDNA plasmid fused to a 2A
self-cleavage sequence and GFP sequence. NS5 DENV2/GFP plasmid was generated
by amplifying GFP with primers AVG2375 and AVG2376 (S Appendix, Table S2),
which included a 2A sequence and cloned with Xhol and Apal in a pcDNA plasmid
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carrying NS5 DENV2 protein previously obtained in the laboratory. RARpGFP
DENV2 and MTaseGFP DENV2 plasmids were obtained by introducing the 2A_GFP
sequence (which was previously coned in the NS5 DENV2/GFP), in pcDNAs plasmids
expressing these NS5 domains by digestion with Xhol and Apal enzymes. NS5
DENVA4/GFP plasmid was obtained by amplifying the NS5 DENV4 sequence from
strain 341750 with primers AVG2375 and 2377 and subsequent replacement of
the NS5 on the pcDNA NS5 DENV2/GFP plasmid by digestion with Xho enzyme.
MTaseGFP DENV4 was generated by amplification with primers AVG2269 and 2270
and this region replaced in MTaseGFP DENV2 plasmid. Finally, chimericR1,R2,and
R3 MTase/GFP plasmids were obtained by overlapping PCR with primers AVG2380
and the specific reverse primer (AVG2384, AVG2385 or AVG2386, respectively) and
specificforward primers (AVG2381,AVG2382 or AVG2383, respectively) and primer
AVG2387.The amplified products were replaced in the MTaseGFP DENV2 plasmid
by digestion with Aflll and Xhol enzymes. ERC1 expression plasmid (pCMV6-ELKS)
was purchased from Origen (RC213864). NF-kB reporter plasmid [NFkb pGL4.32
(FFLuc)] was kindly provided by Ricardo Rajshaum.

Transfection Assays. A549 cells were used for transfection assays with viral
protein expression plasmids and subsequent immunofluorescent assays. HEK
293 cells were used for transfection assays and posterior sorting or western blot
assays. In both cases, cells were transfected with the indicated amount of plasmid
inaratio 1:3 with lipofectamine 2,000. Four hours after transfection, cell media
were exchanged with fresh media (5% FBS or Fetal Bovine Serum) for 20 h.

Antibodies. Antibodies against ERC1 [ELKS (E-1)] and STAT2 were purchased
from Santa Cruz Biotechnology (sc-365715 and sc-476, respectively). Anti-GAPDH
(mouse monoclonal) was purchased from Abcam (ab8245). Antibodies against
DENV NS3 and NS5 (rabbit polyclonals) were obtained in our laboratory.

Knockdown Assays. RNA interference experiments were carried out as previ-
ously described (16) using ON-TARGET plus SMART pool siRNA oligonucleotides
(Dharmacon RNATechnologies, Lafayette, CO, USA). Anonrelated siRNA (siRNANR)
was used as negative control, and a siRNA against Renilla Luciferase (siRNA Luc)
was used as an additional control in infections with reporter DENV2. A hundred
thousand A549 cells per well were seeded in a 24 multiwell plate 24 h previous
to transfection with the corresponding siRNA using Oligofectamine (Invitrogen).
After 48 h of transfection, cells were infected with either reporter DENV or DENV2
or treated with TNF-ax or poly I:C. For the reporter DENV containing the Renilla
luciferase gene (22), cells were incubated for 36 h prior to measuring luciferase
activity. For infection with WTDENV (16,681), cells were infected with a MOI of 5,
and intracellular RNA was measured by quantitative real-time PCR using primers:
ACAAGTCGAACAACCTGGTCCAT (Forward) and GCCGCACCATTGGTCTTCTC (Reverse).
Knockdown was confirmed by WB analyses or by RT qPCR (in the case of UBR4).
Primers: GGTGTTCCAGAGGCTAGTGATC (Forward) and CCAACTGCTTCTGCGGTTCCTT
(Reverse) (SI Appendix, Table S3).

TNF-a and Poly I:C Treatments. Knockdown A549 cells were treated with 5 ng/mL
human TNF-a (Peprotech) during 2, 4, or 6 h. For poly I:C treatment, silenced
A549 cells were transfected with 10 ug/mL poly I:Ciin a relation 10:1 of poly I:C
(Sigma): lipofectamine 2,000 (Invitrogen) and harvested 16 and 24 h posttrans-
fection. After the indicated time, the cell supernatant was harvested to measure
cytokine production by ELISA, and the intracellular RNA was extracted with TRIzol
to quantify cytokine expression by RT gPCR.

Real-Time Quantitative PCR (qPCR) and Primers. TRIzol reagent (Invitrogen)
was used for total RNA extraction, and cDNAwas synthesized with random decaol-
igonucleotide primer mix by M-MLV Reverse Transcriptase (Promega). qPCRs were
performed by using SYBR Green dye and specific primers for different mRNAs.
GAPDH mRNA was used as a control housekeeping gene. Sequences of primer
used for qPCR assays are listed in S/ Appendix, Table S3.

Immunofluorescence Assays. Inmunofluorescence assays were performed as
previously described (22). Briefly, 1 x 10° cells per well were seeded into 24-well
plates containing glass coverslip. For infection assays, cells were mock infected or
infected with DENV. After 24 or 48 h postinfection, coverslips were collected, and the
cells were fixed with paraformaldehyde 2%, sucrose 2%, in PBS pH 7.4 at room tem-
perature for 20 min. PFAfixed cells were then permeated with 0.1%Triton X-100 for
4 min atroom temperature. For transfection assays, A549 cells were transfected with
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the indicated expression plasmids and 24 h posttransfection, coverslips collected
as previously described. Images were obtained with a Zeiss Axio Observer three
inverted fluorescence microscope, with 20 objective. For confocal microscopy,
the Carl Zeiss LSM 5 Pascal confocal microscope was used and images taken with
40x or 63x objectives.

NF-kB Reporter Assay. HEK 293 cells (5 x 10* cells) were transfected with 10 ng
NF-kB luciferase reporter plasmid together with either 26 ng ERC1 expression vector
or 26 ng of an empty plasmid (pcDNA) using Lipofectamine 2,000. Four ng Renilla
|uciferase-expressing plasmid was used for normalizing transfection efficiencies.
After 16 h of transfection, luciferase activity was determined using Dual Luciferase
Reporter assay system according to the manufacturer's instructions (Promega).

ELISA Assays. Human IL6 and TNF-o ELISA Set were purchased from BD (555220
and 555212 respectively) and human IFN beta ELISA kit from PBL Assay Science
(41410-1). Cytokines were measured in the cell supernatant following the man-
ufacturer's instructions.

Wound-Healing Assay. Wound-healing assays were performed in 1.2 x 10°
A549 cells knocked down with ERCT or a nonrelated siRNA and in mock, WT,
and G21D DENV2-infected A549 cells. In either assay, the cell monolayer was
scratched by a sterile micropipette tip, followed by washes with PBS to remove the
floating cells. Images of the wound-healing process were obtained with Zeiss Axio
Observer three inverted fluorescence microscope immediately after the scratch
and 24 h later (Objective: 5x). Cell migration into the gap was evaluated by
measuring the distance covered by the migrated leading edge after scratching
using Zen 2.3 software.

Cell Sorting Experiments. For cell sorting assays, 9 x 10° HEK 293 cells were
transfected with 15 pg of the indicated expression plasmid (NS5 DENV2/GFP,
GFP, NS5 DENV4/GFP, MTase DENV2/GFP or MTase DENV4/GFP) and 45 plL lipo-
fectamine 2000. Twenty-four hours posttransfection, cells were sorted by fluores-
cence-activated cell sorter (FACS) analyses (FACS AriaFusion) to obtain GFP-positive
and -negative cells. One hundred cells per condition were lysed and subsequently
loaded in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
10x gels for further blotting assays.

Proteasome Inhibition Assay. A549 cells (2 x 10° cells) were either mock or
infected with DENV2 with an MOI of 3 during 12 h to allow viral infection. At 12 h
postinfection, cells were treated with 20 uM MG132 or DMSO as control during
2,6,and 10 h. Cells were lysed with cracking buffer (SDS 4%, Tris-HCI 0.5 M pH
6.8, glycerol 20%, EDTA 20 mM, Bromofenol azul 0.001%) and subsequently
analyzed by western blot assays.

Immunoprecipitation Assays. A549 cells were either mock or infected with
DENV2 WT, G21D, and T2A mutants with an MOI of 5 during 8 h to allow viral
infection. At 8 h postinfection, cells were treated with 20 uM MG132 during 6 h.
Cell were then harvested by scraping, washed with PBS, centrifuged at 100 rcf
for 5 min at4 °C, and the pellet lysed with T mLIysis buffer (50 mM Tris-HCI pH
7.4,150 mMNaCl, 1 mM EDTA, 0.5% NP40, protease and phosphatase inhibitors,
+/—DNase | and RNase A) chilled on ice. Cell lysates were incubated in a rotating
mixer for 30 min at4 °Cand then clarified by centrifugation at 3,000 rcf for 20 min
at4°C.Analiquot of clarified supernatant was spared as input control (whole-cell
extract). The clarified lysates were overnight incubated in a rotating mixer at 4 °C
with 30 pLprotein G plus/protein Aagarose previously coated with 1 ug antibody
against ERC1 [ELKS (E-1)]. Beads were recovered by centrifugation at 400 rcf for 2
min at 4 °C and washed seven times with 1 mLwash buffer (50 mM Tris-HCI pH
7.4,150 mM NaCl, 1 mM EDTA, 0.05% NP40) chilled on ice. Beads were finally
incubated with 80 pL of cracking buffer (SDS 4%, Tris-HCI 0.5 M pH 6.8, glicerol
20%, EDTA 20 mM, Bromofenol azul 0.001%) and heated for 10 min at 99 °C.
Twenty microliters of whole-cell extract and of the immunoprecipitated protein
were loaded inan SDS-PAGE 10% gel and blotted against NS5 and ERC1 proteins.

Statistical Analysis. All statistical tests and plots were performed using
GraphPad Prism 8.0 software. The p values were calculated using the Mann-
Whitney U test to compare the mean values of two groups. Statistical signifi-
cance is shown in the figure legends with the following notations: *P < 0.05;
*xxxP < (0.0001.
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