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ABSTRACT Dengue virus (DENV) is a mosquito-borne flavivirus responsible for
dengue disease, a major human health concern for which no specific therapies
are available. Like other viruses, DENV relies heavily on the host cellular machin-
ery for productive infection. In this study, we performed a genome-wide CRISPR-
Cas9 screen using haploid HAP1 cells to identify host genes important for DENV
infection. We identified DPM1 and -3, two subunits of the endoplasmic reticulum
(ER) resident dolichol-phosphate mannose synthase (DPMS) complex, as host de-
pendency factors for DENV and other related flaviviruses, such as Zika virus
(ZIKV). The DPMS complex catalyzes the synthesis of dolichol-phosphate mannose
(DPM), which serves as mannosyl donor in pathways leading to N-glycosylation, gly-
cosylphosphatidylinositol (GPI) anchor biosynthesis, and C- or O-mannosylation
of proteins in the ER lumen. Mutation in the DXD motif of DPM1, which is essen-
tial for its catalytic activity, abolished DPMS-mediated DENV infection. Similarly,
genetic ablation of ALG3, a mannosyltransferase that transfers mannose to lipid-
linked oligosaccharide (LLO), rendered cells poorly susceptible to DENV. We also
established that in cells deficient for DPMS activity, viral RNA amplification is
hampered and truncated oligosaccharides are transferred to the viral prM and E
glycoproteins, affecting their proper folding. Overall, our study provides new in-
sights into the host-dependent mechanisms of DENV infection and supports cur-
rent therapeutic approaches using glycosylation inhibitors to treat DENV infec-
tion.

IMPORTANCE Dengue disease, which is caused by dengue virus (DENV), has emerged
as the most important mosquito-borne viral disease in humans and is a major global
health concern. DENV encodes only few proteins and relies on the host cell machinery
to accomplish its life cycle. The identification of the host factors important for DENV
infection is needed to propose new targets for antiviral intervention. Using a
genome-wide CRISPR-Cas9 screen, we identified DPM1 and -3, two subunits of the
DPMS complex, as important host factors for the replication of DENV as well as
other related viruses such as Zika virus. We established that DPMS complex plays
dual roles during viral infection, both regulating viral RNA replication and pro-
moting viral structural glycoprotein folding/stability. These results provide in-
sights into the host molecules exploited by DENV and other flaviviruses to facili-
tate their life cycle.
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engue is the most prevalent arthropod-borne viral disease that is caused by the

four dengue virus (DENV) serotypes (DENV1 to -4). DENV belongs to the Flavivirus
genus of the Flaviviridae family, which includes important emerging and reemerging
viruses such as West Nile virus (WNV), yellow fever virus (YFV), Zika virus (ZIKV), and
tick-borne encephalitis virus (TBEV) (1). DENV is transmitted by the bite of Aedes
mosquitoes and may cause diseases ranging from mild fever to lethal dengue hemor-
rhagic fever and dengue shock syndrome (2). Recent estimation suggests that half the
world’s population lives in areas where dengue fever is endemic (3), with 100 million
symptomatic infections and 500,000 cases of the severe manifestations of the disease
per year (4). There are currently no antiviral therapies against DENV, and the recently
approved tetravalent lived-attenuated vaccine showed relative efficacy depending on
(i) the serostatus at the time of vaccination and (ii) the infecting serotype, with a higher
rate of efficacy toward DENV3 and -4 (5, 6).

DENV is an enveloped virus containing a positive-stranded RNA genome of ~11 kb.
Upon entry into the target cell, the viral genome is translated by the host cell machinery
into a large polyprotein precursor, which is subsequently processed by host and viral
proteases into three structural proteins, i.e., C (core), prM (precursor of the M protein), and
E (envelope) glycoproteins, and seven nonstructural (NS) proteins called NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5 (7). The structural proteins form the virus particles, whereas the
NS proteins play a central role in viral replication, assembly, and the modulation of innate
immune responses (8). As an obligate intracellular parasite, DENV depends heavily on the
host cell machinery to accomplish its infectious life cycle. Recent genome-wide loss-of-
function CRISPR-Cas9 screens have led to the identification of host molecules essential for
DENV infection (9-11). Consistent with the critical role of the endoplasmic reticulum (ER) in
flavivirus infection (12), such studies identified as major hits components of ER resident
multiprotein complexes. These include the oligosaccharyltransferase complex (OST), which
catalyzes the transfer of high-molecular-weight mannose oligosaccharides to nascent
proteins during N-glycosylation (13); the ER membrane protein complex (EMC), which
functions both as a chaperone for multipass transmembrane proteins (14) and as an
insertase for tail-anchored membrane proteins (15); and the translocon and translocon-
associated protein (TRAP) complex, which regulates the transport across or insertion into
the ER membranes of proteins synthetized by ER-bound ribosomes (16). More recently, a
comprehensive identification of RNA-binding proteins by mass spectrometry (ChIRP-MS)
coupled with genome-wide CRISPR-Cas9 screens for all four DENV serotypes identified
HDLBP and RRBP1, two ER-associated RNA-binding proteins, as important factors in DENV
RNA translation and replication (11). Interestingly, many of these genes were also highly
enriched in independent genetic screens for related flaviviruses, such as WNV and ZIKV
(17-19). Although these studies undeniably identified a core set of host factors essential for
DENV biology, these CRISPR-Cas9 screens were performed in cell lines (Huh7.5.1 and 293T)
with diploid or hyperploid genomes, leaving open the possibility that additional cellular
genes important for viral replication have been overlooked. In the present study, we
performed a pooled genome-wide CRISPR-Cas9 screen in the near-haploid HAP1 cells to
identify host factors required for DENV infection. Our unbiased approach identified the
DPM1 and DPM3 molecules, two subunits of the dolichol-phosphate mannose synthase
complex (DPMS), as DENV host dependency factors. We found that DPMS is required for
both optimal viral RNA amplification and proper glycosylation and folding of viral structural
proteins prM and E.

RESULTS AND DISCUSSION

DPM1 and -3 are host factors for DENV infection. To identify host factors required
for DENV infection, we performed a CRISPR-Cas9 genome-wide screen in the HAP1
haploid cell line. We transduced HAP1 cells with the human GeCKO v2 single guide RNA
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(sgRNA) libraries A and B, which contain each 3 unique sgRNAs targeting 19,050 genes
(20). Parental cells and cells expressing the gRNA libraries were inoculated with the
DENV2 primary strain Jamaica (JAM) at a multiplicity of infection (MOI) of 5. After 2
weeks, surviving clones were detected among library-transduced cells but not in
parental cells (Fig. 1A). Genomic DNA from cells that survived to DENV2 JAM infection
was extracted and the integrated sgRNAs were amplified by PCR and sequenced. Gene
enrichment was assessed using MAGeCK software as previously described (21) (Table 1).
Among our 17 top candidates (false-discovery rate [FDR] < 0.05), 8 hits were found in
recent flavivirus CRISPR-Cas9 screens, such as members of the translocon and TRAP
complex (SEC61A1 and SSR3), OST (STT3A, STT3B, and RPN2) and ECM (EMC6) com-
plexes and proteins involved in heparan sulfate biosynthesis (EXTL3 and EXT2) (Fig. 1B)
(9, 10, 18, 19). We additionally identified uncharacterized host factors involved in the
synthesis of glycosaminoglycans (B4GALT7, B3GALT6, and B3GAT3) and the sulfonation
pathway (PAPSS1 and SLC35B2) (Fig. 1B). Genes encoding DPM1 and -3 were also
significantly enriched in our screening (Fig. 1B) and were never characterized as virus
host factors. DPM1 and -3 are two subunits of the dolichol-phosphate mannose (DPM)
synthase complex (DPMS), which transfers a mannose residue from the GDP-mannose
donor to the dolichol-phosphate carrier (22). In the ER lumen, DPM serves as a
mannosyl donor in pathways leading to the glycosylphosphatidylinositol (GPI) anchor
biosynthesis, N-glycosylation, and O- and C-mannosylation of cellular proteins (23). To
validate the importance of DPM1 and -3 as DENV host factors, we edited the corre-
sponding genes in both HAP1 and 293T cells (DPM1K° or DMP3X®) using CRISPR-Cas9.
DPM gene ablation was confirmed by both genomic DNA sequencing (Fig. 1C) and
Western blot analysis (Fig. 1D). We also measured the cell surface levels of GPl-anchored
CD59 as a manner to monitor DPMS activity and established that they were undetect-
able in both DPM1- and -3-deficient cells (Fig. 1E). Consistent with previous results (24),
we observed a lack of expression of DPM1, the catalytic subunit of the DPMS complex,
in the absence of DPM3, which is known to tether DPM1 at the ER membrane (Fig. 1D).
We then performed a CellTiter-Glo assay to ascertain that DPM1 and -3 deficiency had
no impact on cell viability and growth (Fig. 1F). DENV2 JAM infection was severely
impaired upon editing of either DPM1 or -3, as shown by both the reduced numbers
of cells positive for intracellular prM and NS3 proteins (Fig. 1G and H) and the absence
of detectable levels of progeny viruses released in the culture supernatants (Fig. 1l).
Importantly, trans-complementation of the HAP1 or 293T knockout (KO) cells with
human DPM1 or DPM3 cDNA restored DPMS activity, as assessed by quantifying CD59
at the cell surface, and rescued cell susceptibility to DENV infection (Fig. 2A to C).
Similarly, DPM1 and DPM3 depletion in Huh-7 and primary foreskin fibroblasts resulted
in less DENV infection than in control cells (Fig. 2D and E). This demonstrates that loss
of DPM1 or DPM3 is solely responsible for the observed virus resistance phenotype.

To determine whether DPM1 and -3 mediate infection by other DENV serotypes, we
challenged both DPM1K® and DMP3K® cells with DENV1, DENV3, and DENV4 primary
isolates or the laboratory-adapted strains DENV2 New Guinea C (NGC) and DENV2
Thailand/16681/84 (16681). We found that all DENV serotypes required the presence of
DPM1 or -3 for efficient infection (Fig. 3A and B). In addition, infection by ZIKV and YFV
17D, two related flaviviruses, was significantly inhibited in cells lacking DPM1 or -3,
whereas infection by vesicular stomatitis virus G protein (VSV-G)-pseudotyped HIV
(VSVpp) was unaffected (Fig. 3C and D). It is noteworthy that several MOIs were used
to cover the linear range of infection for each virus. Altogether, these data showed that
DPM1 and -3 are important host factors for DENV and other related flaviviruses.

The catalytic activity of DPM1 is required for efficient DENV infection. DPM1 is
the catalytic subunit of the human DPMS complex (25). Recent resolution of the crystal
structure of an archaeal DPMS complex bound to the donor substrate highlighted the
role of two aspartic residues within a conserved DAD motif of the catalytic pocket,
which is a molecular signature of DPMS complexes in several species (26) (Fig. 4A). To
investigate whether DPM1 catalytic activity regulates DENV infection, we designed
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FIG 1 Haploid CRISPR-Cas9 screen identifies DPM1 and -3 as host factors for DENV infection. (A) Schematic representation of the CRISPR-Cas9 screen to
identify host factors for DENV2 JAM in HAP1 cells. (B) Results of the DENV2 JAM screen analyzed by MAGeCK. Each circle represents individual gene.
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DPM1 variants mutated in the DAD sequence (Fig. 4A, D118A and D120A) and stably
expressed them in DPM1X© HAP1 cells. Western blot analysis showed that DPM1 D118A
and D120A were expressed at levels similar to those in the wild-type (WT) protein (Fig.
4B). Notably, neither the D118A nor D120A DPM1 mutant was able to restore CD59 cell
surface expression, indicating that these proteins are catalytically dead (Fig. 4Q).
Furthermore, infection studies showed that none of the catalytic mutants could rescue
the infection of DPM1X© cells by DENV, whatever the MOI used (Fig. 4D). Together,
these data indicated that integrity of the DPM1 catalytic motif DAD, and therefore
synthesis of DPM, is important for DENV infection.

Transfer of mannose from DPM by ALG3 is required for optimal DENV infec-
tion. In the ER lumen, the DPMS complex provides the mannose required for the
synthesis of glycosylphosphatidylinositol anchor, the N-glycan precursor and the pro-
tein O-mannosylation (Fig. 5A). Each synthesis pathway possesses specific DPM-
dependent mannosyltransferases that catalyze the transfer of mannose from DPM (Fig.
5A). For instance, ALG3 catalyzes the addition of the first dol-P-Man-derived mannose
in an alpha-1,3 linkage to Man;GIcNAc,-PP-Do precursor (27). PIG-M and PIG-X are
components of GPlI mannosyltransferase 1, which catalyzes the transfer of the first
mannose residue from DPM to a GlcN-(acyl)Pl molecule (28). POMT1 and POMT?2 initiate
protein O-mannosylation by linking the initial mannose residue to the hydroxyl group
of serine or threonine amino acids of nascent translocating proteins (29). To identify the
DPM-dependent glycosylation pathway that is required for DENV infection, we ablated
ALG3, POMT2, and PIG-M in HAP1 cells. In the case of ALG3 and POMT2, we generated
single-cell clones (ALG3X® and POMT2K®). For PIG-M, we selected a CD59-deficient
population by cell sorting (PIG-MK®). Efficient gene deletion was validated by genomic
DNA sequencing (Fig. 5B) and/or by monitoring the loss of surface expression of CD59
or the glycosylated a-dystroglycan («-DG) receptors (Fig. 5C). In agreement with a
previous study showing that cell surface expression of a-DG is reduced upon treatment
with an N-glycosylation inhibitor (30), we observed a decrease of a-DG cell surface
expression in ALG3X® cells. We then challenged our KO cells with DENV at several MOls.
As shown in Fig. 5D, DENV infection was significantly reduced in ALG3K® and DPM3K©
cells, while it was moderately or not affected in PIG-MX® and POMT2K® cells, respec-
tively. Overall, we concluded that the absence of mannose addition to the N-glycan
precursor in DPMK® cells accounts for the major phenotype observed in DENV infection,
although we could not exclude a marginal effect of blocking the GPI biosynthesis
pathway.

DPMS is required for optimal DENV RNA replication. To determine which step of
the viral life cycle requires DPMS complex activity, we first determined whether viral
entry was impaired in DPMX© cells. We challenged control, DPM3K®, and DPM3-trans-
complemented (DPM3KC-DPM3) 293T cells with DENV2, trypsinized the cells at 4 h
postinfection (hpi) to remove cell surface-bound particles, and quantified the levels of
intracellular viral RNA (vRNA) by quantitative reverse transcription-PCR (RT-qPCR) as we
previously described (31). The levels of internalized viral RNA in DPM3K® and control
cells were similar (Fig. 6A), suggesting that DENV entry was not impaired by DPM3 gene
ablation. In contrast, at 24 hpi we observed a significant reduction of viral RNA in
DPM3K© cells compared to the levels in control and DPM3KO-DPM3 cells, suggesting

FIG 1 Legend (Continued)
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Genes of interest were colored according to their biological pathways. The y axis represents the significance of sgRNA enrichment of genes in the
selected population compared to the unselected control population. The x axis represents a random distribution of the genes. (C) Sanger sequencing
of DPM1 and DPM3 in control and DPM1 and DPM3 KO cells. PAM, protospacer adjacent motif. (D) Immunoblot of DPM1 in control, DPM1%°, and DPM3K®
cells. (E) Cell surface CD59 staining on control and DPM1%© or DPM3¥® HAP1 cells. (F) Control, DPM1%°, and DPM3K° HAP1 cells were plated and cell
viability was assessed over a 72-h period using the CellTiter-Glo assay. (G and H) Control and DPM1 or -3 KO HAP1 cells were challenged with DENV2
JAM (MOls of 2 and 20 in panel G and MOI of 5 in panel H). Levels of infection were quantified 48 hpi by flow cytometry using MAb 2H2 (G) or by
immunofluorescence using MAb 2H2 or antibodies against NS3 (H). (I) Quantification of the viral particles released in the supernatant of inoculated HAP1
cells collected at 48 hpi. Virus titer was determined on Vero E6 cells by flow cytometry. FIU, flow cytometry infectious units. (C, D, E, F, and H) All data
are representative of results from at least two independent experiments. (G and 1) Data are means = SD from three independent experiments performed
in duplicate. Significance was calculated using a two-way ANOVA with Dunnett’s multiple-comparison test. n.s, nonsignificant. ***, P < 0.001; ****, P <

0.001.
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performed in duplicate. Significance was calculated using a one-way ANOVA with Dunnett’s multiple-comparison test. *, P < 0.05; **, P < 0.01;
P < 0.001; ****, P < 0.001. (D) Control and DPM1 and -3 KO Huh-7 clones were inoculated with increasing MOIs of DENV2 JAM. Levels of
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that the DPMS complex acts on a postentry step of the DENV life cycle. Once delivered
to the cytoplasm, the VRNA is translated, allowing the production of the viral nonstruc-
tural (NS) proteins, which, in turn, mediate the vVRNA amplification. To assess the effect
of the DPMS complex on DENV vRNA replication, we used the Renilla luciferase (Rluc)
reporter subgenomic replicon sgDVR2A (32, 33). Control and DPMK® 293T cells were
transfected with in vitro-transcribed DVR2A subgenomic RNA and vRNA replication was
monitored over time by quantifying the Rluc activity. As a positive control, we also
transfected DVR2A subgenomic RNA in 293T knockout for STT3A, a subunit of the OST
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FIG 3 DPM1 and -3 are required by the four DENV serotypes and other related flaviruses. (A) Control, DPM1%°, and DPM3X© cells were
inoculated with DENV2 16681 Renilla luciferase (Rluc) reporter virus (DVR2A; MOI of 0.5). At 24 and 48 hpi, Rluc activity was measured.
RLU, relative light units. (B) Control, DPM1¥°, and DPM3K° cells were inoculated with DENV1 KDH (MOI of 2), DENV2 NGC (MOI of 0.2),
DENV3 THAI (MOI of 10), and DENV4 1086 (MOI of 0.2). Levels of infection were quantified 48 hpi by flow cytometry using MAb 2H2. Data
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Tukey’s multiple-comparison test. ****, P < 0.0001. (C and D) Control, DPM1%°, and DPM3K® HAP1 (C) and 293T (D) cells were inoculated
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calculated using a two-way ANOVA with Dunett’s multiple-comparison test. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

complex that plays a critical role in DENV RNA replication (10). We observed an increase
of Rluc signal over time in WT cells and, to a lesser extent (10-fold reduction at 36 hpi),
in DPMKO cells. As expected, Rluc activity dropped over time in STT3A-deficient cells
(Fig. 6B). Like other single-stranded RNA viruses, DENV produces double-stranded RNA
(dsRNA) molecules as an intermediate during viral genome replication. To confirm that
the DPMS complex is involved in viral genome replication, we sought to monitor the
formation of dsRNA foci during infection in control, DPM1K®, and DPM1X®-
complemented (DPM1X°-DPM1) cells by immunofluorescence. Consistent with the
kinetics of DENV replication showed in Fig. 6B, dsRNA foci appeared in control and
DMP1XC-DPM1 cells at 24 h after inoculation. Importantly, in DPM1-deficient cells we
observed a 4.5-fold reduction in the number of foci (Fig. 6C). Together, these data
showed that DPMS facilitates viral RNA production and/or accumulation after virus
entry and uncoating, through a mechanism distinct from STT3A.
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FIG 4 DENV infection requires DPM1 catalytic activity. (A) Sequence alignment of the catalytic domain of Pyrococcus furiosus DPMS (pfDPMS; UniProt accession
number Q8U4M3) and Homo sapiens DPM1 (hsDPM1; UniProt accession number 060762). The DAD motif is underlined in blue. (B and C) Immunoblot analysis
of DPM1 expression (B) and staining of cell surface CD59 (C) in DPM1%© 293T cells complemented with the WT or DPM1 mutated in the catalytic site (D118A
and D120A). Data are representative of reults from three independent experiments. (D) Control cells, DPM1K© 293T cells, and DPM1%© cells complemented with
the WT or catalytically dead mutants of DPM1 were inoculated with increasing MOIs of DENV2 16681. Levels of infection were quantified 48 hpi by flow
cytometry using MAb 2H2. Data are means = SD from three independent experiments performed in duplicate. Significance was calculated using a two-way
ANOVA with Dunett’s multiple-comparison test. ****, P < 0.0001.

DPMS catalytic activity is important for viral protein glycosylation. DPM1 or
AGL3 deficiency leads to the accumulation of MansGIcNAc,-PP-Do in the ER lumen. This
results in a peculiar N-glycosylation pattern because of the transfer of truncated
oligosaccharides to proteins and/or the incomplete use of N-glycosylation sites (34-36).
DENV encodes three glycosylated proteins: NS1, prM, and the E protein (37). A defect
in glycosylation of these proteins has been shown to have dramatic consequences
for DENV infection (37). Thus, we speculated that DPM1 ablation may affect the
proper glycosylation of DENV proteins. To test this hypothesis, we assessed the
migration profile of viral proteins by immunoblot analysis. 293T-DPM1K° cells
trans-complemented with either an empty vector, the WT, or the catalytically dead
D118A and D120A DPM1 variants were transfected with cDNA encoding the C-prM-E
precursor or the NS1 protein. Cells that received the C-prM-E plasmids were cotrans-
fected with a plasmid encoding the DENV NS2B-NS3 viral protease necessary for the C
protein cleavage. We found that when expressed in cells deficient for DPM1 catalytic
activity and compared to the case with control cells, all the viral glycoproteins migrated
at a lower molecular weight, likely representing abnormal glycosylation forms (Fig. 7A
and B). Furthermore, we observed a decrease in the expression for prM and E proteins
(Fig. 7A). In contrast, in cells complemented with DPM1 WT, all glycoproteins appeared
at the correct size, and the expression of prM and E was partially restored. Previous
results have indicated that Man;GIcNAc, oligosaccharide is peptide-N-glycosidase F
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FIG 6 The DPMS complex is required for optimal viral RNA replication. (A) Control, DPM3K°, and DPM3K° 293T cells
complemented with DPM3 were inoculated with DENV 11681 (MOI of 10). At 4 and 24 hpi, cells were treated with trypsin
to remove cell surface-bound virus and viral RNA was quantified by RT-qPCR. Data are means = SD from two independent
experiments performed in triplicate. Significance was calculated using a one-way ANOVA with Tukey’s multiple-
comparison test. ***, P < 0.001; ****, P < 0.0001). (B) Control, DPM1K0, DPM3KO, and STT3AK® 293T cells were transfected
with in vitro-transcribed subgenomic DENV2 RNA expressing the Renilla luciferase. Rluc activity was monitored at the
indicated time points. Data are means =+ SD from two independent experiments performed in quadruplicate. Significance
was calculated using a two-way ANOVA with Dunett’s multiple-comparison test. **, P < 0.01; ****, P < 0.0001. (C) Control,
DPM1KO, and DPM1%© 293T cells complemented with DPM1 were inoculated with DENV2 16681 (MOI of 100). Left,
representative images of the cells stained with anti-dsRNA MAb J2 at 24 hpi. Right, quantification of the number of foci
per cell using Icy software. Data are means *= SD from a representative experiment with n =50 independent cells.
Significance was calculated using a one-way ANOVA with Dunnett’s multiple-comparison test. ****, P < 0.0001.

(PNGase F) sensitive and endo-B-N-acetylglucosaminidase H (endo H) resistant. To
ascertain whether the abnormal glycoprotein N-glycosylation seen in DPM1X© cells
resulted from the transfer of truncated MansGIcNAc, oligosaccharides, we treated our
cell lysates with PNGase F or endo H prior to immunoblot analysis. As shown in Fig. 7C,
in control cells, the viral proteins were sensitive to both PNGase F and endo H, whereas

FIG 5 Legend (Continued)

invalidated in this study are depicted in red. (B) Sanger sequencing of ALG3 and POMT2 in control and ALG3X® or POMT2© HAP1
clones. (C) Cell surface staining of CD59 and glycosylated a-dystoglycan on HAP1 cells deficient for DPM3, PIG-M, and POMT2. The
blue line represents staining with the respective Ab and gray shading staining with the matching isotypes in control cells. Data are
representative of results from three independent experiments. (D) Control and HAP1 cells with KO of the indicated genes were
inoculated with increasing MOIs of DENV2 11681, and levels of infection were quantified 48 hpi by flow cytometry using MAb 2H2.
Data are means * SD from three independent experiments performed in duplicate. Significance was calculated using a two-way
ANOVA with Dunett’'s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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FIG 7 Effect of DPM1 depletion on DENV viral protein glycosylation. Control, DPM1K°, and STT3AK® 293T cells and DPM1¥° cells complemented with the WT
or catalytically dead mutants of DPM1 were cotransfected with DENV C-prM-E and NS2B-NS3 plasmids (1:1 ratio) (A) or transfected with DENV hemagglutinin
(HA)-tagged NS1 plasmid (B). Cell lysates were subjected to immunoblot analysis with anti-capsid, anti-prM, anti-E, and anti-HA antibodies. Data are
representative of results from three independent experiments. (C) Control and DPM1K®© 293T cells were cotransfected with DENV C-prM-E and NS2B-NS3
plasmids or HA-NS1 plasmid. Twenty micrograms of total proteins was subjected to deglycosylation with either PNGase F or endo H (25 kU ml~") for 1 h at
37°C and analyzed by immunoblotting with anti-prM, anti-E, and anti-HA antibodies. As a positive control for deglycosylation, cells were also transfected in the
continuous presence of tunicamycin (Tun; 5 ug ml~"). For all panels, blots are representative of those from three independent experiments. NT, nontreated.

in DPM1KO cells, N-glycans were sensitive only to PNGase F, suggesting that truncated
oligosaccharides were transferred to viral proteins. Taken together, these data indicate
that a deficiency in DPMS activity impairs the correct glycosylation of DENV proteins
and thus ultimately inhibits infection.

DENV envelope glycoprotein epitope accessibility is altered in DPM1-deficient
cells. In the ER, the N-glycosylation pathway contributes to glycoprotein folding (38).
In addition, several studies have reported that mutations of N-glycan sites have an
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adverse effect on viral glycoprotein folding (39-41). To investigate whether DENV
glycoproteins were properly folded in DPM1K® cells, we transfected control and
DPM1K© 293T cells with a plasmid encoding C-prM-E and then performed an immu-
noprecipitation (IP) assay with monoclonal antibody (MAb) 2H2 or 4G2. These antibod-
ies recognize conformational epitopes in prM and E protein, respectively, and are
sensitive to correct protein folding (42, 43). A similar approach was previously used to
investigate the proper folding of truncated E protein expressed with prM in the S2 cell
system (44). Although similar amounts of viral glycoproteins were subjected to immu-
noprecipitation, the quantity of the E protein immunoprecipitated with MAb 4G2 from
DPM1K© cells was decreased by 75% compared to the quantities in control and
STT3AKO cells (Fig. 8A). These results suggest that E glycoprotein is potentially mis-
folded in DPM1-depleted cells. Expression of prM in DPM1K® cells led to an increase of
the immunoreactivity with MAb 2H2 compared to the case with control cells (Fig. 8B).
This is in agreement with N-glycosylation contribution to immune evasion by glycan
shielding of viral particles and modulation of immunogenicity (45-48). In contrast, NS1
is similarly immunoprecipitated in DPM1/3-depleted cells and control cells (Fig. 8C).
Overall, the alterations of immunoreactivity observed with conformational antibodies
suggest that the transfer of truncated Man,GIcNAc, oligosaccharide in DPM1-deficient
cells affected the exposure of structural viral glycoprotein epitopes.

Conclusions and perspectives. In this study, we performed a genome-wide
CRISPR-Cas9 screen in haploid HAP1 cells and identified host genes required for DENV
infection. Our work highlights an important role for the DPM1 and -3 proteins in
efficient DENV infection. To our knowledge, this is the first study describing and
characterizing DPM1 and -3 as virus host dependency factors. Interestingly, the DPM3
gene was recently identified as a gene candidate in a recent ZIKV CRISPR-Cas9 screen
(11). It is puzzling that DPM1 and -3 were not identified in the recent DENV genome-
wide CRISPR-Cas9 screens that used the same sgRNA libraries. Given that these screens
were performed with 293T and Huh7.5.1 cells, it is conceivable that sgRNAs targeting
DPM1 and -3 provide a less effective selective advantage in these cells than in HAP1
haploid cells. This speculation is supported by the identification of DPM3 as a candidate
for ZIKV infection in a haploid CRISPR-Cas9 screen but not in four independent screens
done in Huh7.5.1 cells infected with the DENV1 to -4 serotypes (11). Surprisingly, DENV
screening of a HAP1 cell library with knockout mutations, generated by insertional
mutagenesis, did not identify DPM1 or DPM3 as a DENV host factor (10). Nonetheless,
this screen also failed to identify SEC61A1 or other translocon subunits which were
identified in our screen and other flavivirus CRISPR-Cas9 screens (9, 10, 19).

We provide evidence that DPMS is required for both efficient viral RNA amplification
and the proper glycosylation of the viral proteins NS1, prM, and E. The effect of DPM
depletion on viral replication may result from the incorrect glycosylation of NS1, a
protein essential for the formation of the replication complex (49). This hypothesis is
consistent with the previous observation that DENV mutants lacking N-glycan on NST,
which contains two glycosylation sites (at Asn130 and Asn207), failed to replicate
efficiently in human cells (50). Mutation of the N207 site in DENV2 led to reduced virus
growth in C6/36 cells and attenuated mouse neurovirulence (51). Similarly, mutation of
the N130 site affects DENV1 growth (52). Interestingly, ablation of all glycosylation sites
in WNV NS1 led to perinuclear localization of the protein (53). This correlates with
malformed virus-induced vesicles that likely hamper viral replication and results in virus
attenuation. This phenotype was also reported for DENV NS1 glycosylation mutants (51)
and is consistent with our observation of reduced dsRNA focus formation in DPM3 KO
cells. In line with the role of NS1 glycosylation in virus replication, our work comple-
ments our previous study showing that NGI, a small inhibitor of the OST complex,
strongly impairs NS1 glycosylation and blocks DENV infection (54).

In DPM1-deficient cells, transfer of truncated oligosaccharides to viral glycoproteins
affects prM and E protein folding. Furthermore, we observed that in DPM1K© cells, prM
and E proteins were reproducibly less expressed. One can speculate that the incorpo-
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FIG 8 DPM1 deficiency affects E and prM glycoprotein epitope accessibility. Control, DPM1¥°, and
STT3AKO 293T cells were cotransfected with DENV C-prM-E and NS2B-NS3 plasmids (1:1 ratio). (A)
Relatively equivalent amounts of viral glycoproteins were immunoprecipitated with MAb 4G2, followed
by immunoblot analysis with anti-E antibodies. (B) Relatively equivalent amounts of viral glycoproteins
were immunoprecipitated with MAb 2H2, followed by immunoblot analysis with anti-prM antibodies. (C)
Control, DPM1K9, and DPM3K® 293T cells were transfected with DENV HA-NS1 plasmid. Relatively
equivalent amounts of viral glycoproteins were immunoprecipitated with commercially available (Ab-
cam; ab41623) anti-NS1, followed by immunoblot analysis with anti-HA antibody. Blots are representative
of those from three independent experiments. Bar graphs represent quantification of the chemilumi-
nescent band intensities relative to E, prM, and NS1 expression in control cells. Each point plotted
corresponds to the quantification from one transfection experiment. Data are means = SD from from
three (A and B) or two (C) independent transfection experiments. Significance was calculated using a
one-way ANOVA with Dunnett’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

ration of truncated oligosaccharides decreases the glycoprotein stability. Interestingly,
proteins directed for degradation by the ER-associated degradation (ERAD) pathway
possess MansGIcNAc, or MangGIcNAc, glycoforms (55). This leads to the trimming of
mannose residues from nascent proteins that do not reach a completely folded
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conformation in order to facilitate their dislocation and removal from the calnexin/
calreticulin (CNX/CRT) folding cycle. This extensive demannosylation by ER mannosi-
dases generates MansGIcNAc, or Man GIcNACc, oligosaccharides, which are recognized
by the two ERAD lectin receptors, 0S-9 and XTP3-B, responsible for delivery of unfolded
proteins to the ERAD pathway (56). Given that the CNX/CRT chaperones recognize
Glc,ManyGlcNAc, on proteins to initiate the folding cycle, one can speculate that
truncated MansGIcNAc, oligosaccharides may restrict the entry of the prM and E
glycoproteins in the CNX/CRT folding cycle, leading to protein misfolding. Simultane-
ously, 0S-9 and XTP3-B, which have high affinity for ManGIcNAc, glycoforms, may
enhance the delivery of nascent glycoproteins to the ERAD pathway by bypassing the
requirement for mannose trimming. Thus, structural glycoproteins misfolding and
degradation likely impede virus particle release and viral dissemination, which is
consistent with previous studies showing the adverse effect of mutations of N-glycan
sites on the release of flavivirus virions (57-59).

MATERIALS AND METHODS

Cell lines. HEK293FT cells, HFF1 human foreskin fibroblasts (gift from D. Missé, MIVEGEC, Montpellier,
France), Huh7.5.1 cells, and Vero cells were maintained in Dulbecco modified Eagle medium (DMEM;
Thermo Fisher Scientific) with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 2 mM
L-glutamine (Life Technologies). HAP1 cells were purchased from Horizon Discovery and cultured
according to the manufacturer’s instructions.

Virus strains. DENV1 KDH0026A (gift from L. Lambrechts, Pasteur Institute, Paris), DENV2 JAM
(Jamaica), DENV2 New Guinea C (NGC), DENV2 Thailand/16681/84 (16681), DENV3 Thailand (THAI),
DENV4 1086, ZIKV HD78788, and YFV 17D were propagated and titers were determined as previously
described (60). The DENV2 Rluc reporter virus (DVR2A) was produced as previously described (33), and
infection was determined by measuring the Rluc activity using a TriStar> LB942 microplate reader
(Berthold Technologies). Red fluorescent protein (RFP)-expressing lentiviral vectors pseudotyped with
vesicular stomatitis virus glycoprotein G (VSV-G) were generated by transfecting HEK293FT cells with
pNL4.3 Luc RFP AEnv, psPAX2, and pVSV-G (4:3:1 ratio) using Lipofectamine 3000. Supernatants were
harvested 48 h after transfection, cleared by centrifugation, and filtered, and then aliquots were frozen
at -80°C.

Antibodies and reagents. All antibodies and reagents are listed in Table 1.

Pooled CRIPSR screen and plasmid constructs. The GeCKO v2 human CRISPR pooled libraries (A
and B) encompassing 123,411 different sgRNAs targeting 19,050 genes were purchased from GenScript.
Genome-wide CRISPR-Cas9-edited HAP1 cells were generated as previously described (61). Sixty million
cells from each library were independently infected with the primary strain DENV2 JAM using an MOI of
5, and cells that survived the cytopathic effect were collected 2 weeks later. Genomic DNA was extracted
from selected cells or the corresponding uninfected library cells using a QlAamp DNA column (Qiagen),
and inserted gRNA sequences were amplified and sequenced using next-generation sequencing on an
lllumina Miseq (Plateforme MGX, Institut Génomique Fonctionelle, Montpellier, France). sgRNA se-
quences were analyzed using MAGeCK software.

Gene editing and trans-complementation experiments. sgRNAs targeting DPM1, DPM3, STT3A,
ALG3, PIG-M, and POMT2 were designed using CRISPOR software (http://crispor.org). Sequences for all
the sgRNAs are listed in Table 1. The sgRNAs were cloned into plasmid lentiCRISPR v2 (Addgene)
according to the recommendations of members of the Zhang laboratory. HAP1 and HEK293FT gene-
edited cells were generated as previously described (61).

The human DPM1 and -3 open reading frames (ORF) were amplified by RT-PCR from RNA extracted
from HAP1 cells. Amplification products were cloned into an Xhol-BamHI (DPM1)- or EcoRI-BamHI
(DPM3)-digested pLVX-IRES-ZsGreen1 vector. Catalytic-site DPM1 mutants were generated using
QuikChange site-directed mutagenesis (Agilent) performed following the manufacturer’s instructions. All
primers are listed in Table 1.

Flow cytometry analysis. Flow cytometry analysis was performed as previously described (62). For
cell surface staining, cells were incubated with mouse anti-human CD59 (Novus Biologicals) or mouse
anti-human N-glycosylated a-dystroglycan (Santa Cruz; 5 ug ml—7). DENV infection was detected using
anti-prM MAb 2H2, ZIKV infection was detected using anti-E MAb 4G2, and YFV infection was detected
using anti-E MAb 2D12. Acquisition was performed on an Attune NxT flow cytometer with Attune NxT
software (Thermo Fisher Scientific), and data were analyzed using FlowJo software (Tree Star, Olten,
Switzerland).

Infectious virus yield assay. To assess the release of infectious particles during infection, cells were
inoculated for 3 h, washed once, and then maintained in the culture medium over a 72-h period. At the
desired time points, supernatants were collected and kept at —80°C. Vero E6 cells were incubated with
3-fold serial dilutions of supernatant for 24 h, and prM expression was quantified by flow cytometry as
described above.

Immunofluorescence assay. Control and knockout cells were cultured on Lab-Tek Il CC? chamber
slides (Nunc, Roskilde, Denmark) for 24 h. Cells were inoculated with DENV2 JAM (MOI of 5) for 48 h and
then washed twice with cold phosphate-buffered saline (PBS), fixed with 4% (vol/vol) paraformaldehyde
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(PFA) diluted in PBS for 20 min at room temperature, and permeabilized with 0.5% Triton X-100 in
PBS-bovine serum albumin (BSA; 3%). DENV antigens were stained with the anti-prM MAb 2H2 or with
anti-NS3 MAb. For dsRNA staining, cells were inoculated with DENV2 16681 (MOI of 100) for 24 h and
then stained with the anti-dsRNA MAb J2. Antibodies were diluted (5 ug ml~7) in PBS supplemented with
3% (wt/vol) BSA and 0.1% Triton X-100. Slides were mounted with ProLong gold antifade reagent
containing 4',6-diamidino-2-phenylindole (DAPI) for nucleus staining (Thermo Fisher Scientific).

Immunoprecipitation and immunoblotting. For immunoprecipitation (IP) analysis of prM and E
proteins, transfected cells were lysed in Pierce IP lysis buffer (Thermo Scientific) in the presence of Halt
protease inhibitor cocktail (Thermo Scientific) for 30 min at 4°C. The relative amount of prM or E protein
in the lysate was determined by immunoblotting, and then equivalent amounts of viral proteins were
incubated with either 5 ug of anti-prM 2H2 or anti-E 4G2 conformational MAb or with a 1/50 dilution of
anti-NS1 overnight at 4°C, followed by incubation with protein G magnetic beads for 3 h. The beads were
washed three times with BO15 and resuspended in LDS sample buffer (4X; Thermo Fisher Scientific)
containing 25 mM dithiothreitol (DTT). Proteins were eluted by heating 5 min at 95°C and next were
separated by SDS-PAGE. Immunoblotting was performed as previously described (61) with anti-E and
anti-prM rabbit polyclonal antibodies (GeneTex).

PNGase F and endo H digestion. Lysates were subjected to PNGase F or endo H (New England
BioLabs) digestion following the manufacturer’s guidelines. Briefly, transfected cells were lysed as
described above. A total of 20 ug of proteins, determined by DC protein assay (Bio-Rad), was diluted in
water (2 mg ml~" final concentration) and denatured for 10 min at 100°C. Prior to PNGase F digestion,
Nonidet P-40 substitute (NP-40) was added at a final concentration of 1% vol/vol. PNGase F and endo H
were added at a concentration of 25,000 U ml~", and the solutions were incubated for 1 h at 37°C.
Completion of the digestion was confirmed by immunoblotting.

RNA purification, cDNA synthesis, and real-time qPCR. The experiment was performed as previ-
ously described (61). Briefly, control and DPM3K® 293T cells were plated on 60-mm dishes (400,000 cells)
and inoculated with DENV2 16681 (MOI of 10). At the desired time points, cells were incubated with
0.25% trypsin for 5 min at 37°C to remove cell surface-bound particles, and total RNA was extracted using
the RNeasy Plus minikit (Qiagen) according to the manufacturer’s instructions. cDNAs were generated
from 500 ng of total RNA using the Maxima first-strand synthesis kit (Thermo Fisher Scientific). RT-qPCR
was performed using a Power Syber green PCR master mix (Thermo Fisher Scientific) on a Light Cycler
480 (Roche). The primers used for RT-qPCR were as follows: for DENV2, forward primer 5'-TTCTCACTTG
GAATGCTGCAA-3 and reverse primer 5-GCCACAAGGGCCATGAAC-3’) for viral RNA quantification; for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Quantitect primers (purchased from Qiagen).
Quantification using relative expression was performed based on the comparative threshold cycle (C,)
method, using GAPDH as an endogenous reference control.

Cell viability assay. Cell viability and proliferation were assessed over a 72-h period using the
CellTiter-Glo 2.0 assay (Promega) as previously described (61).

Statistical analyses. Graphical representation and statistical analyses were performed using Prism7
software (GraphPad Software). Unless otherwise stated, the results are expressed as means * standard
deviations (SD) from three independent experiments performed in duplicate. Differences were tested for
statistical significance using an unpaired two-tailed t test or one-way or two-way analysis of variance
(ANOVA) with multiple comparisons with a post hoc test.
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