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ABSTRACT The molecular mechanisms underlying chikungunya virus (CHIKV) infec-
tion are poorly characterized. In this study, we analyzed the host factors involved
in CHIKV infection using genome-wide screening. Human haploid HAP1 cells,
into which an exon-trapping vector was introduced, were challenged with a ve-
sicular stomatitis virus pseudotype bearing the CHIKV E3 to E1 envelope proteins.
Analysis of genes enriched in the cells resistant to the pseudotyped virus infection
unveiled a critical role of N-sulfation of heparan sulfate (HS) for the infectivity of the
clinically isolated CHIKV Thai#16856 strain to HAP1 cells. Knockout of NDST1 that
catalyzes N-sulfation of HS greatly decreased the binding and infectivity of CHIKV
Thai#16856 strain but not infectivity of Japanese encephalitis virus (JEV) and yellow
fever virus (YFV). While glycosaminoglycans were commonly required for the effi-
cient infectivity of CHIKV, JEV, and YFV, as shown by using B3GAT3 knockout cells,
the tropism for N-sulfate was specific to CHIKV. Expression of chondroitin sulfate
(CS) in NDST1-knockout HAP1 cells did not restore the binding of CHIKV Thai#16856
strain and the infectivity of its pseudotype but restored the infectivity of authentic
CHIKV Thai#16856, suggesting that CS functions at later steps after CHIKV binding.
Among the genes enriched in this screening, we found that TM9SF2 is critical for
N-sulfation of HS and therefore for CHIKV infection because it is involved in the
proper localization and stability of NDST1. Determination of the significance of and
the relevant proteins to N-sulfation of HS may contribute to understanding mecha-
nisms of CHIKV propagation, cell tropism, and pathogenesis.

IMPORTANCE Recent outbreaks of chikungunya fever have increased its clinical im-
portance. Chikungunya virus (CHIKV) utilizes host glycosaminoglycans to bind effi-
ciently to its target cells. However, the substructure in glycosaminoglycans required
for CHIKV infection have not been characterized. Here, we unveil that N-sulfate in
heparan sulfate is essential for the efficient infection of a clinical CHIKV strain to
HAP1 cells and that chondroitin sulfate does not help the CHIKV binding but does
play roles at the later steps in HAP1 cells. We show, by comparing previous reports
using Chinese hamster ovary cells, along with another observation that enhanced in-
fectivity of CHIKV bearing Arg82 in envelope E2 does not depend on glycosamino-
glycans in HAP1 cells, that the infection manner of CHIKV varies among host cells.
We also show that TM9SF2 is required for CHIKV infection to HAP1 cells because it is
involved in the N-sulfation of heparan sulfate through ensuring NDST1 activity.
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Chikungunya fever, a mosquito-borne disease caused by chikungunya virus (CHIKV),
mainly occurs in Africa and in South and Southeast Asia (1). Recent outbreaks have

occurred in the Indian Ocean islands of Mayotte, Mauritius, Réunion, and the Seychelles
(266,000 cases in 2005 and 2006 in Réunion Island), India (1.4 to 6.5 million cases
estimated in 2006 and 2007) (2–5), Malaysia (14,000 referred patients in 2006 to 2009) (6),
and Thailand (more than 46,000 estimated cases in 2008 and 2009) (5, 7–9). Chikungunya
fever has also spread to Europe and the Americas (10–12). CHIKV is classically transmitted
by the tropical mosquito Aedes aegypti, but outbreaks and endemic infections occurring
throughout the world are transmitted by Aedes albopictus, which is found in temperate
climatic areas. The extension of the distribution of CHIKV is associated with the A226V
mutation in the viral E1 glycoprotein, which allows the virus to be transmitted by A.
albopictus (13). Therefore, the clinical importance of chikungunya fever is increasing.
However, no specific antiviral drug treatment or commercial CHIKV vaccine is available.

The onset of chikungunya fever is sudden, with high fever, frequently accompanied
by severe joint pain, muscle pain, headache, nausea, fatigue, and rash, usually occurring
2 to 12 days after the mosquito bite. The joint pain of chikungunya fever usually lasts
for several days or may be prolonged for weeks. In some cases, joint pain can persist
for several months or even years after the initial infection (1, 3, 11). Treatment focuses
on the relief of these symptoms with anti-inflammatory drugs.

CHIKV is a member of the genus Alphavirus in the family Togaviridae. Alphaviruses
are enveloped spherical particles with a diameter of 65 to 70 nm (14, 15). CHIKV has a
single positive-stranded RNA genome of 11.8 kbp encoding four nonstructural and five
structural proteins. The structural proteins are translated from a subgenomic 26S mRNA
as a single polyprotein, which is processed into five structural proteins: capsid, E3,
E2, 6K, and E1 (16). The mature CHIKV particle has 240 copies each of the E1 and E2
proteins, and these proteins assemble into 80 spikes consisting of trimerized het-
erodimers of E2 and E1 on the viral envelope membrane (17). It has been reported that
alphaviruses infect their target cells via receptor-mediated endocytosis and subsequent
membrane fusion in acidic endosomes (18). The E1 and E2 glycoproteins are mainly
responsible for viral fusion to the endosomal membrane and receptor binding, respec-
tively (15, 19–23).

To identify the host factors that affect the early phase of CHIKV infection, we took
a genetic approach, using knockout cell libraries constructed by the transfection of
HAP1 cells, a haploid human cell line, with a piggyBac-transposon-based exon-trapping
vector. Combining such knockout cell libraries with deep sequencing has recently been
used to clarify the factors required by a variety of pathogens, including viruses, bacteria,
and bacterial toxins (24–28). The exon-trap-mutagenized HAP1 cells were challenged
with pseudotyped vesicular stomatitis virus (VSV) expressing the CHIKV E2/E1 envelope
proteins instead of the VSV G protein, and the surviving cells were analyzed. Candidate
genes were selected based on the numbers of sites into which the exon-trapping vector
had been inserted compared to the unchallenged control cell pool. To test whether
these genes are truly involved in CHIKV infection, knockout cells for each gene were
established with the CRISPR/cas9 system and analyzed. In this way, we determined the
minimum heparan sulfate (HS) structure, N-sulfated HS that is essential for efficient
CHIKV infection, and identified several genes involved in N-sulfated HS biosynthesis
and/or expression, other than those encoding enzymes known to catalyze HS biosyn-
thesis.

RESULTS
Genome-wide screening of host factors critical for CHIKV infection. To identify

the host factors required for CHIKV infection, we constructed an insertional mutant
HAP1 library with a complexity of about 108 independent clones, using a piggyBac-
transposon-based exon-trapping vector (29). The mutant library cells were challenged
with VSVΔG*-CHIKV-E (multiplicity of infection [MOI] � 3) three times at 3-day intervals,
which concentrated the infection-resistant target cell population. In the target and control
cell populations, the genomic DNA adjacent to the inserted exon-trapping vector was
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amplified using splinkerette-PCR (91) and subjected to a deep-sequencing analysis with
next-generation sequencing. The number of different sites at which the exon-trapping
vector was inserted was counted in each gene. By comparing the numbers similarly
counted in the control cells, which were not challenged with VSVΔG*-CHIKV-E, 29 genes
with significantly increased numbers of insertion sites were identified in the target cell
population (false discover rate [FDR] � 0.05) as enriched candidate genes (Table 1).
They encoded proteins that were classified into three categories: enzymes known to
catalyze HS biosynthesis (six genes), nonenzymatic proteins reported previously (27) as
related to HS expression (12 genes), and genes whose relationship with the HS pathway
is unknown (11 genes). Exostosin 1 and 2 (EXT1 and EXT2), bifunctional heparan sulfate
N-deacetylase/N-sulfotransferase 1 (NDST1), exostosin-like 3 (EXTL3), glycosaminoglycan
xylosylkinase (FAM20B), and �-1,3-glucuronyltransferase 3 (B3GAT3) are enzymes involved
in HS biosynthesis (Fig. 1). The components of the conserved oligomeric Golgi complex
(COG1 to COG8), transmembrane protein 165 (TMEM165), transmembrane 9 superfam-
ily member 2 (TM9SF2), protein prenyltransferase alpha subunit repeat-containing
protein 1 (PTAR1), zinc transporter ZIP9 (SLC39A9), and phosphatidylinositide phos-
phatase SAC1 (SACM1L) are nonenzymatic proteins related to HS expression (27) (Table
1). The COG family and TMEM165 genes are associated with congenital disorders of

TABLE 1 Genes involved in CHIKV infection that
are identified with genome-wide screeninga

aShaded columns: #, enzymes in the HS biosynthetic
pathway; §, genes associated with congenital disorders of
glycosylation; ‡, HS expression-related genes reported by
Jae et al. (27).
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glycosylation (30–33). Our results clearly indicate the significance of HS in CHIKV
infection. The third category included several genes encoding proteins involved in
protein trafficking, such as MIA3, TMED2, TMED10, and MON2, and genes associated
with GTPase molecules, such as KIAA1432, ARHGEF26, and ROCK2. The relationships of
these genes in the third category to CHIKV infection were analyzed with VSV-
pseudotyped CHIKV-E and authentic CHIKV Thai#16856 strain. These knockout cells
showed some degree of resistance to the pseudotyped virus infection but were
sensitive to authentic CHIKV Thai#16856 strain similarly to wild-type HAP1 cells, sug-
gesting that proteins in the third category are involved in the life cycle of VSV but not
CHIKV entry (data not shown).

N-sulfated HS is the minimum structure essential for efficient CHIKV infection.
Most genes encoding the enzymes that catalyze the steps in HS biosynthesis from
the beginning of the modification to the N-sulfation of glucosamine were identified
as critical host factors when the genes were interrupted by the exon-trapping vector

FIG 1 Overview of the heparan sulfate (HS)/heparin (A) and chondroitin sulfate (CS)/dermatan sulfate (DS)
(B) biosynthetic pathways. The numbers shown in each gene represent the numbers of different integration
sites at which the exon-trapping vector was inserted in each gene and are expressed as the numbers in the
target cell population/the numbers in the control cell population. Genes that were significantly enriched in
the target cell population (FDR � 0.05 [shown in Table 1]) are indicated in red.
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(FAM20B, B3GAT3, EXTL3, EXT1, EXT2, and NDST1, but not B4GALT7, which still showed
P � 0.02 in a Fisher exact test) (Fig. 1). However, no genes encoding enzymes that act
after the N-sulfation step, which is catalyzed by NDST1, were identified as enriched (Fig.
1). D-Glucuronyl C5-epimerase (GLCE) is the only enzyme that acts downstream of
NDST1 and catalyzes the C5 epimerization of D-glucuronic acid (GlcA) to L-iduronic acid
(IdoA). Notably, GLCE was not enriched, even though a significant number of exon-
trapping vectors were inserted into it in the control cells, indicating that GLCE is not a
critical molecule for CHIKV infection. To verify that NDST1 is essential and that GLCE is
nonessential for efficient CHIKV infection, we established B3GAT3-, NDST1-, and GLCE-
knockout HAP1 cells (HAP1ΔB3GAT3, HAP1ΔNDST1, and HAP1ΔGLCE, respectively)
using the CRISPR/Cas9 system and their rescued cells (Fig. 2A). Clone F58-10E4 mouse
monoclonal antibody (MAb) was used to evaluate the amount of N-sulfated HS
expressed on the cell surfaces, because N-sulfated glucosamine is an epitope of
F58-10E4. In the HAP1ΔB3GAT3 and HAP1ΔNDST1 cells, surface N-sulfated HS expres-
sion was completely lost, as expected, whereas HAP1ΔGLCE cells expressed a signifi-
cant amount of N-sulfated HS, although the level was somewhat lower than that in the
wild-type cells (Fig. 2A). The reason why HS expression was reduced in the absence of
GLCE was not clear, but full activity of NDST1 may require GLCE by a complex formation
or mature HS products beyond the modification by GLCE for a feedback regulation. The
impaired expression of N-sulfated HS was restored in the rescued cells, into which the
individual knocked-out genes were stably reintroduced (Fig. 2A). These cells were
challenged with VSVΔG-luci-CHIKV-E (Thai#16856 and Ross strains). CHIKV Thai#16856
and ROSS strains were used as the templates to construct VSVΔG*-CHIKV-E bearing
CHIKV envelope proteins E1 to E3. Authentic CHIKV Thai#16856 used in this study was
verified by sequencing to have only one different amino acid (glutamine 252) from that
of CHIKV-LR strain (lysine 252), a common clinical isolate (GenBank accession no.
EU224268.1), in the E2/E1 sequence. This variation (K to Q) causes a loss of positive
charge which is usually favorable for GAG binding and was observed in 32 CHIKV strains
among 159 strains recorded in the UniProt database, most of which are clinical isolates.
Thus, the Thai#16856 strain we used in this study was considered to be a clinical isolate.
CHIKV Ross strain, which is a prototype CHIKV strain from the Central/East African
clade (34), was also used in this study to construct pseudoviruses but not as an
authentic virus, and the E2/E1 sequence was verified not to have any mutation in the
original sequence recorded (GenBank accession no. AF490259). As shown in Fig. 2B,
HAP1ΔB3GAT3 and HAP1ΔNDST1 cells showed significantly reduced susceptibility to
the VSVΔG-luci-CHIKV-E (Ross and Thai#16856 strains) �10-fold that of the parental
wild-type HAP1 cells, but HAP1ΔGLCE showed much weaker reduction of the suscep-
tibility which seemed to be brought by the mildly reduced expression of N-sulfated HS
(Fig. 2A). Survival of cells challenged with VSVΔG*-CHIKV-E (Ross and Thai#16856
strains) was observed in HAP1ΔNDST1 cells but not in HAP1ΔGLCE cells (Fig. 2C). Next,
the susceptibilities of these HAP1-derived mutant cells to the clinically isolated authen-
tic CHIKV Thai#16856 strain and other mosquito-borne arboviruses were examined (Fig.
2D). Sindbis virus (SINV) Ar-339 strain, Japanese encephalitis virus (JEV) JaGAr strain,
and yellow fever virus (YFV) vaccine strain 17D were known to utilize cell surface
glycosaminoglycans for their binding to the target cells, as well as CHIKV (35–37). Like
VSVΔG*-CHIKV-E, the CHIKV Thai#16856 strain showed a significantly reduced infectiv-
ity to HAP1ΔB3GAT3 and HAP1ΔNDST1 cells, being about 100- and 400-fold lower,
respectively, than that of wild-type HAP1 cell, whereas HAP1ΔGLCE cells showed no
significant difference in the susceptibility from wild-type HAP1 cells. On the other
hands, JEV and YFV, which both belong to genus Fravivirus, showed greatly reduced
infectivity only to HAP1ΔB3GAT3 cells and not to HAP1ΔNDST1 and HAP1ΔGLCE cells
compared to wild-type HAP1 cells. SINV showed significant reduction of infectivity to
HAP1ΔB3GAT3 and HAP1ΔNDST1 cells, and yet the infectivity to HAP1ΔNDST1 cells
was stronger than that of CHIKV Thai#16856 (Fig. 2D and see also Fig. 5I). Thus, GAG
biosynthesis are critical for all four virus strains, but a significant reduction of
susceptibility to HAP1ΔNDST1 cells was most prominent in CHIKV infection. These
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FIG 2 Susceptibilities of GAG-deficient HAP1-knockout cells to CHIKV and mosquito-borne viruses. (A) The cell
surface expressions of HS and CS were analyzed by flow cytometry using anti-HS MAb (F58-10E4) or anti-CS MAb
(CS56) in wild-type HAP1 cells and B3GAT3-, NDST1-, and GLCE-knockout HAP1 cell lines stably transfected with
either vector expressing the corresponding gene (�B3GAT3, �NDST1, or �GLCE) or empty vector (�Vec). The
geometric mean fluorescence intensity (G-MFI) for each cell line is shown. (B) Wild-type HAP1, HAP1ΔB3GAT3,
HAP1ΔNDST1, and HAP1ΔGLCE cells that had been plated 1 day earlier were inoculated with VSVΔG-luci-CHIKV-E
(Ross or Thai#16856 strain), and the luciferase activity was measured 1 day after the inoculation. RThe relative
susceptibility was calculated as the ratio of the luciferase activity in the knockout cells to that in the wild-type HAP1
cells. Bars indicate means � the standard deviations (SD) for three independent experiments. (C) Infection of
wild-type HAP1, HAP1ΔNDST1, and HAP1ΔGLCE cells with VSVΔG*-CHIKV-E (Ross or Thai#16856 strain; MOI � 10).

(Continued on next page)
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results demonstrated that the N-sulfate in HS is critical for efficient CHIKV infection of
HAP1 cells and that this tropism for N-sulfate is specific to CHIKV among the four
arboviruses examined here, suggesting that the binding of CHIKV to GAGs depends on
specific structural affinities rather than on simple electrostatic forces. C5 epimeriza-
tion of HS by GLCE, which is not essential for CHIKV infection, as described above,
is required for the subsequent 2-O-sulfation and most likely 3-O-sulfation of HS,
suggesting their nonessentiality for CHIKV infection (see Discussion). 6-O-Sulfation,
which occurs independently of N-sulfation with less efficiency, did not rescue the
inefficient CHIKV infection of the HAP1ΔNDST1 cells as well. Therefore, O-sulfates are
not necessary or insufficient for efficient CHIKV infection, although we cannot exclude
the possibility that O-sulfates enhances CHIKV infection in the presence of N-sulfates.
SINV, JEV, and YFV may use CS or remaining 6-O-sulfate of HS more efficiently for their
infection to HAP1ΔNDST1 cells than CHIKV does. Because the idea that GAGs function
as the surface receptors for viral infection is widely accepted, we examined whether the
N-sulfation of HS is critical for CHIKV to bind to the cell surface. The binding of purified
CHIKV virion to HAP1ΔB3GAT3 and HAP1ΔNDST1 cells decreased 12 and 20%, respec-
tively, compared to that in intact HAP1 cells, whereas CHIKV binding to HAP1/ΔGLCE
cells was normal, which is consistent with the susceptibility of these cells to CHIKV (Fig.
2E). Therefore, N-sulfated HS is the minimum structure essential for efficient CHIKV
binding and infection.

CS enhances CHIKV infectivity after the binding and entry to the HAP1 cells.
Because CS is also reported to function as a receptor for CHIKV and because HAP1 cells
express relatively low amount of CS (Fig. 2A), which could explain why we did not
detect genes involved in CS biosynthesis with genome-wide screening, we reevaluated
the significance of CS in CHIKV infection. The overexpression of CSGALNACT1, which
catalyzes the addition of the first N-acetyl galactosamine to GlcA in the GAG stem, and
CS elongation caused significant surface expression of CS in HAP1ΔNDST1 cells lacking
N-sulfated HS, which was evaluated by the staining with CS56 MAb that recognizes the
GAG portion of CS (CS-A and CS-C). Therefore, these cells were suitable for analyzing
the role of CS in CHIKV infection (Fig. 3A). The surface CS expression on HAP1ΔNDST1
cells induced by the overexpression of CSGALNACT1 (HAP1ΔNDST1�CSGALNACT1) did
not rescue the decreased susceptibility of HAP1ΔNDST1 cells to VSVΔG-luci-CHIKV-E
(Thai#16856) pseudovirus (Fig. 3B). In addition, surface binding of authentic CHIKV
(Thai#16856) to the HAP1ΔNDST1 cells was significantly increased by reexpression of
NDST1 but not CSGALNACT1 (Fig. 3C). These results indicated that the surface expres-
sion of CS did not function as a binding receptor for CHIKV. Finally, infectivity of
authentic CHIKV (Thai#16856) to the HAP1 cells expressing or not expressing CS in the
absence of N-sulfated HS was examined. Surprisingly, in contrast to the results pre-
sented above that the infectivity of pseudovirus and binding of authentic virion did not
depend on CS expression, the infectivity of authentic CHIKV Thai#16856 was enhanced
in the presence of CS expression (HAP1ΔNDST1�CSGALNACT1 cells) to an extent
similar to that observed in the presence of N-sulfated HS (HAP1ΔNDST1�NDST cell),
suggesting that CS play roles at the later steps after the CHIKV binding and entry to the
HAP1 cells (Fig. 3D).

FIG 2 Legend (Continued)
The cells were fixed and stained with crystal violet 4 days after inoculation. (D) Wild-type HAP1, HAP1ΔB3GAT3,
HAP1ΔNDST1, and HAP1ΔGLCE cells were infected with serially diluted CHIKV Thai#16856 strain, SINV, JEV, or YFV.
Cell viability was measured by using WST-1 reagent, and the susceptibility of each cell to these viruses is shown
by the virus titers (CCID50/50 �l, determined using a Reed-Muench calculation) 4 days after inoculation as described
in Materials and Methods. The cells were fixed and stained with crystal violet. (E) CHIKV binding to GAG-related
gene knockout cells. Nearly confluent wild-type HAP1, HAP1ΔB3GAT3, HAP1ΔNDST1, and HAP1ΔGLCE cells seeded
in a 96-multiwell plate were incubated with purified CHIKV Thai#16856 strain (2.5 � 106, 1.25 � 106, or 6.25 � 105

PFU) at 4°C for 1 h. The cells were then washed, fixed, and stained with a CHIKV-specific mouse antibody and
horseradish peroxidase-conjugated goat anti-mouse immunoglobulin antibody. Relative binding was calculated as
the ratio to the wild-type HAP1 cells with 2.5 � 106 PFU CHIKV. The data represent the means � the SD for three
independent experiments. Statistical significances for CCID50/50 �l between wild-type HAP1 and HAP1 mutants or
between various mutant cell lines (shown on the horizontal bars) were evaluated by using an unpaired, two-tailed
t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant).
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Genes other than enzymes that catalyze HS biosynthesis are involved in
multiple glycosylation pathways, including HS glycosylation. The COG family mem-
bers, TMEM165, TM9SF2, PTAR1, SLC39A9, and SACM1L that were identified in this study
have also been selected in a previous report as statistically significant candidates when
genome-wide screening using HAP1 cells focused on the expression of N-sulfated HS
evaluated by the staining with the F58-10E4 antibody, which we used in this study;
however, the authors did not confirm that the defects in these genes truly affected the
expression of N-sulfated HS and did not characterize them more in detail (27). The COG
complex regulates vesicular trafficking, predominantly intra-Golgi retrograde transport
(38), and TMEM165 is a calcium (and probably manganese)/proton exchanger involved
in lysosomal and Golgi ion homeostasis (39). PTAR1 belongs to the protein prenyltrans-
ferase subunit alpha family. TM9SF2 and SLC39A9 may be transporters based on their
structures, although their actual functions are still unclear. We examined whether the

FIG 3 Contribution of cell surface CS to CHIKV infection. (A) Establishment of HAP1 cells stably expressing CS but
not N-sulfated HS. HAP1ΔNDST1 cells were infected with a retrovirus bearing the CSGALNACT1 gene. Cell surface
expressions of CS and HS were examined with flow cytometry using CS56 and F58-10E4 antibodies, respectively. Cells
stained with only secondary antibody (Alexa 488-conjugated anti-mouse IgM antibody) were used as a negative
control. The G-MFIs are shown. (B) HAP1�vector (empty vector), HAP1ΔNDST1�vector, HAP1ΔNDST1�NDST1, and
HAP1ΔNDST1�CSGALNACT1 cells were inoculated with VSVΔG-luci-CHIKV-E (Thai#16856 strain). The luciferase
activity was measured 1 day after incubation. The relative susceptibilities were calculated as ratios of the luciferase
activities in these cells to those in wild-type HAP1�vector cells. The data represent the means � the SD for
four independent experiments. Statistical significances between pairs of data were analyzed by using an
unpaired, two-tailed t test (***, P � 0.001; ns, not significant). (C) CHIKV binding to HAP1ΔNDST1�vector,
HAP1ΔNDST1�NDST1, and HAP1ΔNDST1�CSGALNACT1 cells. The experiment was done in the same way as Fig.
2E. Relative binding was calculated as the ratio to the HAP1ΔNDST1�vector cells with 2.5 � 106 PFU CHIKV. The
data represent the means � the SD for three independent experiments. Statistical significances against
HAP1ΔNDST1�vector cells were evaluated by using an unpaired, two-tailed t test (*, P � 0.05; **, P � 0.01; ***, P �
0.001; ns, not significant). (D) HAP1ΔNDST1 derivative cells were infected with serially diluted CHIKV Thai#16856
strain, and the experiment was performed as described for Fig. 2D. The data represent the means � the SD for four
independent experiments. Statistical significances for CCID50/50 �l between HAP1ΔNDST1�vector and other
mutants or between various rescued cell lines (shown on the horizontal bar) were evaluated by using an unpaired,
two-tailed t test (*, P � 0.05; ns, not significant).
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surface expression of N-sulfated HS was indeed affected by defects in these genes. To
this end, knockout cells of each gene, established with the CRISPR/Cas9 system, and
their rescued cells, which were established by transfecting each cell line with the
corresponding gene, were analyzed with flow cytometry. As expected, all the knockout
cells showed reduced surface expression of N-sulfated HS, but to various extents (Fig.
4A and B). The susceptibility of these knockout cells to CHIKV infection was analyzed
using both VSVΔG-luci-CHIKV-E pseudovirus and authentic CHIKV. B3GAT3 and NDST1
knockout reduced infection by the CHIKV pseudotype by more than 90%; the knockout
of COG7, TMEM165, and TM9SF2 reduced it by about 80%; and the knockout of SLC39A9
reduced it by about 60% (Fig. 4C). When authentic CHIKV was used to infect the cells,
the B3GAT3-, NDST1-, and TM9SF2-knockout cells were most resistant to infection (Fig.
4D). These results are roughly consistent with the reduced levels of HS expression in
these cells. Because it was not known whether PTAR1, TM9SF2, and SLC39A9 are
involved in only the HS glycosylation pathway, we examined whether other glycosy-
lation pathways were affected by their defects, which could partly explain the reduced
susceptibility of the knockout cells to CHIKV. To this end, various glycosylation path-
ways were analyzed by treating the knockout cells with cholera toxin B (40) and several
lectins, including Helix pomatia agglutinin (41), soybean agglutinin (SBA) (42), peanut
agglutinin (PNA) (43), and Griffonia simplicifolia lectin II (GSII) (44) (Fig. 4E). Cholera toxin
B subunit specifically binds GM1, a glycosphingolipid with monosialylation. PNA binds
asialo-galactose-�-1,3-N-acetylgalactosamine (asialo-GalNAc), which is often detected
in the impaired O-glycosylation and glycosphingolipid pathways. SBA binds terminal
GalNAc and, to a lesser extent, the galactose residue present in the immature O-glycans
and glycosphingolipids. GSII binds highly selectively to the terminal nonreducing
GlcNAc residues of glycoproteins. As expected, the knockout of COG7, PTAR1, or
SLC39A9 strongly affected multiple glycosylation pathways. The knockout of TM9SF2 or
TMEM165 caused rather mild abnormalities, but also in multiple pathways. Therefore,
proteins other than the enzymes catalyzing HS biosynthesis are involved in multiple
glycosylation pathways, including that of HS.

TM9SF2 is a Golgi apparatus-resident protein critical for the correct localiza-
tion and stability of NDST1. TM9SF2 is a well-conserved protein in mammals, but its
function is unknown. Because the knockout of TM9SF2 strongly affected the expression
of N-sulfated HS in a relatively specific manner and reduced the susceptibility of cells
to CHIKV infection as mentioned above, we investigated the mechanism by which
TM9SF2 regulates the expression of N-sulfated HS. First, to check whether the expres-
sion of proteoglycans bearing GAGs was affected by the TM9SF2 defect, the surface
expression of syndecan and glypican, major source of GAGs in HAP1 cells, was exam-
ined, but no significant reduction in their expression was observed (Fig. 5A). Indirect
immunofluorescence microscopy showed that TM9SF2 was clearly colocalized with
GM130 and Golgin97, Golgi marker proteins, which is consistent with the biosynthesis
of HS in the Golgi compartment, although some was also expressed on the cell surface
(Fig. 5B and C). We next examined the glycosylation of glypican-3, which possibly
contains two HS and two N-glycan chains. Since the HS chain is huge and diverse, the
glypican-3 band on an SDS-PAGE gel is normally smeared and not clear (Fig. 5D).
However, in HAP1ΔB3GAT3 cells, which are deficient in the elongation of disaccharide
repeats, the band was readily detected as an almost single band of �70 kDa (Fig. 5D,
white arrow). Interestingly, the HAP1ΔNDST1 and HAP1ΔTM9SF2 cells, but not their
rescued cells, showed similar discrete but still broad bands of �200 to �250 kDa for
glypican-3 (Fig. 5D, black arrow), whereas the other knockout cells showed no signif-
icant bands, suggesting that the defective HS synthesis in HAP1ΔTM9SF2 cells arises
from the impaired function of NDST1. To examine this possibility, we performed a
heparinase III digestion assay. Heparinase III is an endoglycosidase that cleaves the
linkages between N-sulfated or N-acetylated glucosamine and glucuronic acid and thus
trims HS chains, resulting in the production of ΔDi-GlcA at the end of the chain, which
is specifically recognized by the 3G10 MAb. This antibody allowed us to measure the
number of HS chains, and the 10E4 antibody allowed us to measure amount of
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FIG 4 Contribution of HS expression-related genes to cell susceptibility to CHIKV. (A) Each knockout cell line
was stably introduced with each appropriate gene responsible for the knockout (rescued cell) or empty
vector (mutant cell) through retrovirus-based infection. The cell surface expression of HS in the rescued cells
(�TM9SF2, �SLC39A, �TMEM165, or �COG7) or the mutant cells (�Vec) was analyzed by flow cytometry
with anti-HS MAb (F58-10E4). (B) The effects of gene knockout on the cell surface expression of N-sulfated
HS are shown as the ratios of the G-MFIs of mutant cells to those of rescued cells in individual knockout
cell lines. The data represent the means � the standard errors (SE) for four to five independent experiments.
(C) Effects of gene knockout on the susceptibilities of cells to CHIKV pseudovirus. Rescued and mutant cells
were inoculated with VSVΔG-luci-CHIKV-E (Thai#16856 strain), and the luciferase activities were measured
(see Materials and Methods). (D) The susceptibilities of knockout cells to authentic CHIKV Thai#16856 strain
were examined. Rescued and mutant cells for each gene were inoculated with CHIKV Thai#16856 strain, and
the experiment was performed as described for Fig. 2D. The data represent the means � the SD for three
independent experiments. The statistical significances of CCID50/50 �l between mutant and rescued cells
were evaluated by using an unpaired, two-tailed t test (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not
significant). (E) The surface expression of various types of glycosylation on individual HAP1 knockout cells
was examined by flow cytometry using cholera toxin B subunit (left panel), and Helix pomatia agglutinin
(HPA), soybean agglutinin (SBA), peanut agglutinin (PNA), and Griffonia simplicifolia lectin II (GSII) (right
panel). The effects of gene knockout on cell surface glycosylation are shown as the ratios of the G-MFIs
of the mutant cells to those of rescued cells in individual knockout cell lines. The data represent the
means � the SE of two to five independent experiments.
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FIG 5 Golgi compartment-resident TM9SF2-dependent localization and stability of NDST1. (A) The cell
surface expressions of HS, syndecan-1, and glypican-3 in wild-type HAP1 and HAP1ΔTM9SF2 cells were
analyzed by flow cytometry. The numbers indicate the G-MFIs. (B) Intracellular localization of endoge-
nous TM9SF2. Cells were methanol fixed and double stained with anti-TM9SF2, anti-GM130, or anti-
Golgin97 antibodies. Green, TM9SF2; red, GM130 or Golgin97 (Golgi apparatus markers). (C) The cell
surface expression of TM9SF2 in wild-type HAP1 (middle) and mutant HAP1ΔTM9SF2 cells (right) was

(Continued on next page)
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N-sulfate in HS. This assay revealed that the numbers of HS chains were similar in the
HAP1ΔTM9SF2 cells, the rescued cells, and the wild-type HAP1 cells, whereas the amount
of N-sulfate was very much reduced in the HAP1ΔTM9SF2 cells compared to their rescued
cells and the wild-type HAP1 cells. This is consistent with the idea that TM9SF2 modulates
the activity of NDST1 (Fig. 5E and F). We next examined the localization of NDST1 in these
cells. NDST1-EGFP, which was shown to be functional because it restored the loss of HS
expression in HAP1ΔNDST1 cells (data not shown), was clearly colocalized with GM130 in
the wild-type and rescued cells, whereas the fluorescence intensity of NDST1-EGFP was
significantly weaker in the HAP1ΔTM9SF2 cells, and some molecules localized to the Golgi,
but some did not (Fig. 5G). This suggests that TM9SF2 is critical for the correct localization
of NDST1 and that this mis-sorting causes the degradation of NDST1. To examine whether
NDST1-EGFP was degraded in the HAP1ΔTM9SF2 cells, an NDST1-EGFP-IRES-BFP expres-
sion construct was stably introduced into the cells, and the expression of NDST1-EGFP
was compared to the blue fluorescent protein (BFP) expression in each cell type. Flow
cytometry clearly demonstrated that NDST1-EGFP expression was significantly lower in
the HAP1ΔTM9SF2 cells when normalized to BFP (Fig. 5H), indicating that the stability
of NDST1 was compromised in the HAP1ΔTM9SF2 cells. These results indicate that
Golgi compartment-resident TM9SF2 is critical for the correct localization and stability
of NDST1. Finally, to confirm the selective effect of defective TM9SF2 on NDST1 and HS
expression in the context of viral infection, the susceptibilities of HAP1ΔTM9SF2 and
HAP1ΔNDST1 cells to CHIKV (Thai#16856 strain), SINV, JEV, and YFV were examined (Fig.
5I). The decreased susceptibility of HAP1ΔTM9SF2 cells was only observed in CHIKV
among four viruses compared to wild-type cells and showed a similar tendency compared
to susceptibility of HAP1ΔNDST1 cells, although the resistances in HAP1ΔTM9SF2 cells were
slightly milder than those in HAP1ΔNDST1 cells; this was most likely due to the incomplete
inactivation of NDST1 function in HAP1ΔTM9SF2 cells. Thus, TM9SF2 is critical for CHIKV
infection because it is specifically essential for normal NDST1 activity.

Enhanced infectivity by conversion of glycine 82 in E2 to arginine is not
dependent on GAGs. Finally, we examined whether conversion of glycine 82 in E2 of
Thai#16856 strain to arginine affects the infectivity to HAP1 derivative cells, because a
Gly82-to-Arg conversion in a clinical isolate strongly enhanced the infectivity, which
was dependent on the HS expression of the host cells, similarly to a vaccine strain (45).
In fact, this conversion enhanced the infectivity of the Thai#16856 pseudovirus to
rescued HAP1 cells of ΔNDST1 and ΔB3GAT3 (Fig. 6), as well as wild-type HAP1 cells

FIG 5 Legend (Continued)
analyzed by flow cytometry. The numbers indicate the G-MFIs. Wild-type HAP1 cells stained only with
secondary antibody were used as the negative control (left). (D) Molecular sizes of glypican-3 in various
HAP1-derived knockout and rescued cells. Cell lysates of these cells were subjected to immunoblotting
to analyze the expression of glypican-3. (E) Analysis of N-sulfation and HS chain numbers in wild-type
HAP1 (wild type�vector), TM9SF2-knockout cells (ΔTM9SF2�vector), and rescued TM9SF2-knockout
cells (ΔTM9SF2�TM9SF2). Cells were incubated with or without 0.3 U of heparinase III at 37°C for 1 h and
then stained with F58-10E4 (10E4) to detect HS expression and F69-3G10 (3G10) to determine HS chain
numbers. Cells stained only with secondary antibody (Alexa 488-conjugated anti-mouse Ig or IgM
antibody) were used as the negative control (without first antibody). Solid line, no enzyme treatment;
dotted line, heparinase III treatment. (F) Quantitative analysis of the results in panel E. Relative ratios of
cell surface N-sulfated HS (left columns), HS chain numbers (middle), and N-sulfates per HS chain (right)
were calculated from the G-MFI values detected in panel E. The data represent the means � the SE for
three independent experiments. *, P � 0.05; **, P � 0.01. (G) Expression and intracellular localization of
exogenously expressed EGFP-fused NDST1 (NDST1-EGFP) in wild-type HAP1 and HAP1ΔTM9SF2 cells.
Cells stably expressing NDST1-EGFP were fixed and stained with anti-GM130 antibody. The pictures were
taken under the same conditions. (H) Stability of NDST1-EGFP in HAP1ΔTM9SF2 cells. The construct
shown in the upper panel, from which NDST1-EGFP and puro-T2A-BFP were cistronically transcribed, was
stably integrated into wild-type HAP1, HAP1ΔNDST1, and HAP1ΔTM9SF2 cells. The stability of NDST1-
EGFP was calculated as the ratio of EGFP intensity to the BFP intensity, which was measured by flow
cytometry. The data represent the means � the SD for two independent experiments. **, P � 0.01. (I) The
susceptibilities of NDST1 and TM9SF2 knockout cells to CHIKV Thai#16856, SINV, JEV, and YFV were
examined. The susceptibility of each cell is shown as the virus titer (CCID50/50 �l). The data represent the
means � the SD for three independent experiments. Statistical significances between wild-type HAP1
and other HAP1 mutants or between mutant cell lines (showed on the horizontal bar) are indicated
(*, P � 0.05; **, P � 0.01; ns, not significant).
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(data not shown). Surprisingly, this conversion also enhanced the infectivity to ΔNDST1
and ΔB3GAT3 HAP1 cells even stronger than the rescued cells, when Gly82Arg was
compared to wild-type pseudovirus.

DISCUSSION

To identify the host factors involved in CHIKV infection in this study, we performed
a genome-wide screening of a haploid human (HAP1) cell library randomly mu-
tagenized with an insertional exon-trapping vector, combined with deep sequencing.
This approach, which has recently been developed by Brummelkamp’s group (25–27),

FIG 6 Enhanced infectivity by conversion of glycine 82 to arginine in CHIKV Thai#16856 pseudovirus. Totals of 105

HAP1ΔNDST1 and 105 HAP1ΔB3GAT3 rescued cells were inoculated for 2 h with 50 ng of p24-equivalent lentivirus-based
pseudovirus bearing an EGFP gene as a reporter and wild-type CHIKV Thai#16856-E (Thai#16856 WT) or CHIKV
Thai#16856-E3-1 G82R in which glycine 82 in E2 is converted to arginine (Thai#16856 G82R). The percentages of
EGFP-positive cells were quantified by flow cytometry at 5 days after infection.
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allowed us to identify many genes simultaneously in this study, not only as relevant
(positive) candidates but also as irrelevant (negative) ones that were not enriched in the
target cell population even though a significant number of exon-trapping vectors were
inserted into the control cells. The genes were evaluated by comparing the numbers of
different sites into which exon-trapping vectors were integrated in the target and
control cell populations. However, this method requires that a significant number of
exon-trapping vectors are inserted into genes of interest, and the genes that are not
expressed in the cells or function redundantly with other gene(s) in a specific step
cannot be evaluated.

With this excellent approach, our genome-wide screen suggested that several enzymes
involved in HS biosynthesis are critical for CHIKV infection, whereas others are nones-
sential. This was confirmed by establishing knockout cell lines of individual genes with
the CRISPR/Cas9 system. In this way, we established the minimum structure of HS that
is essential for efficient CHIKV infection of HAP1 cells.

Because the envelope proteins E2 and E1 in the pseudotyped VSV we used for
screening were the only proteins that originated from CHIKV, the host cell factors
involved in the surface binding of the pseudotyped VSV, its entry, and its fusion with
the endosomal membrane were considered to be relevant to CHIKV infection. The
genes identified here encoded proteins that were classified into three categories:
enzymes known to act in the HS biosynthetic pathway, nonenzymatic proteins previ-
ously reported to be involved in HS expression (27), and proteins whose relationships
with the HS pathway are unknown. Notably, more than half the genes identified here
were associated with HS biosynthesis and/or expression, indicating the importance of
HS and the validity of our experiments, because HS is almost the only host receptor for
CHIKV infection reported so far (45, 46). It is well known that cell surface GAGs are the
primary attachment factors for many kinds of viruses (reviewed in reference 47). GAGs
are unbranched, high-molecular-weight polysaccharides that contain repeating disaccha-
ride units of N-acetylglucosamine (GlcNAc) and D-glucuronic acid (GlcA) in the HS backbone
and disaccharide units of GalNAc and GlcA in the CS backbone. GAGs attach to specific sites
on the core proteins, generating proteoglycans (48). These backbone disaccharides are
decorated with many N and O sulfates, generating their most important characteristics
of bearing negative charges, or epimerized, which converts GlcA to L-iduronic acid
(IdoA). Thus, many structural variations are produced. Among the GAGs, HS is fre-
quently relevant to the infection and virulence of viruses (49, 50), including several
alphaviruses, such as eastern equine encephalitis virus (51), Ross River virus (23), Sindbis
virus (35, 52), Semliki forest virus (53), and Venezuelan equine encephalitis virus (54).
The interactions between cell-surface GAGs and viruses are partly attributable to
nonspecific electrostatic interactions between the negative charge of GAGs and the
basic amino acids of the viral envelope proteins but also to the binding between
specific structures of the GAGs and viral proteins. This is exemplified by the require-
ment for the 3-O-sulfation of specific glucosamine residues of HS by herpes simplex
virus type 1 (55–57), for N-sulfation-rich and IdoA-containing HS by respiratory syn-
cytial virus (58), for N- and 6-O-sulfated but not 2-O-sulfated HS by hepatitis C virus
and coxsackievirus B3 variant PD (59–61), for syndecan-1 bearing N- and 6-O-sulfated
HS by baculovirus (62), and for predominantly syndecans via 6-O-sulfation by hepatitis
E virus (63), which allow the entry of individual viruses into host cells. Hence, the
specific structures of HS that are critical for the entry of several viruses have been
analyzed, although these structures are still unknown for many viral infections, prob-
ably because HS is structurally complex. In the present study, we identified for the first
time N-sulfated HS as the minimum structure required for efficient CHIKV binding and
infection to HAP1 cells for the following reasons. First, genes encoding the enzymes
that catalyze HS biosynthesis, such as FAM20B, B3GAT3, EXTL3, EXT1, EXT2, and NDST1,
were identified as critical host factors, whereas no genes encoding proteins that act
after the N-sulfation step, which is catalyzed by NDST1, were identified as enriched. In
particular, GLCE, encoding the only enzyme that acts immediately downstream of
NDST1 and catalyzes the C5 epimerization of GlcA to IdoA, was not enriched in the
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target cells, even though a significant number of exon-trapping vectors were inserted
into the control cells. This indicates that GLCE is not a critical molecule in CHIKV
infection, which was confirmed in GLCE-knockout cells. Importantly, this step is essen-
tial for the subsequent downstream modifications of the 2-O and most likely 3-O-
sulfation of HS, indicating that neither type of O-sulfation is required for efficient CHIKV
infection. Second, although it has not been completely proven whether C5 epimeriza-
tion is required for 3-O-sulfation, CHIKV efficiently infected CHO cells lacking 3-O-
sulfation (45, 46), indicating that the 3-O-sulfation of HS is not essential for efficient
CHIKV infection, supporting our conclusion. Third and finally, it has been reported that
6-O-sulfation occurs independently of N-sulfation to some extent (64, 65). If 6-O-
sulfation without N-sulfation is critical for CHIKV infection, the knockout of NDST1
would not prevent CHIKV infection, or NDST1-knockout cells would be more susceptible
to infection than B3GAT3-knockout cells, in which all N- and O-sulfation are completely
lost. However, no significant differences were observed between NDST1- and B3GAT3-
knockout cells, indicating that like 2-O- and 3-O-sulfation, 6-O-sulfation is not signifi-
cantly involved in CHIKV infection. Since not all of the evidence described above was
derived from human cells, we cannot completely exclude the possibility that human HS
pathway and enzyme specificities are different from those of other species.

It has been reported that clinical isolates and lab strains of CHIKV showed different
preferences to GAGs. Lab strains that appeared by culture adaptation but not clinical
isolates were dependent on HS for infection. CHIKV-LR, a clinical isolate, is almost
entirely HS independent (51). Another clinical isolate, SL15649, readily infected cells
that express excess CS but that are devoid of HS, whereas vaccine strain 181/25 did not
(45). Concerning this point, we sequenced the authentic CHIKV Thai#16856 strain using
a stocked aliquot of exactly the same lot that we used in our study and confirmed that
our CHIKV strain, the Thai#16856 strain, has only one different amino acid (glutamine
252) from that of the CHIKV-LR strain (lysine 252; GenBank accession no. EU224268.1)
in the E1/E2 sequence. This variation (Lys252 to Gln) eliminates a positive charge that
is favorable for GAG binding and was observed in 32 CHIKV strains among 159 strains
recorded in UniProt database (data not shown), most of which are clinical isolates.
Thai#16856 strain have does not have a mutation of Gly82 to Arg of E2 (45) or any other
amino acid substitutions that were reported in E2 at passages 5 and 10 after cell culture
adaptation of CHIKV-LR (46). Thus, the Thai#16856 strain we used here was considered
to be a clinical isolate. Therefore, our finding that the infection by a clinical Thai#16856
strain isolate of HAP1 cells was dependent on N-sulfated HS is inconsistent with
previous results. The most reasonable explanation for this discrepancy is the difference
in cells used; the earlier study used CHO-derived GAG mutants, and we used human
HAP1-derived knockout cells for the CHIKV infection assay. The GAG backbones of
various lengths are modified with N- and O-sulfation at various positions and to various
extents and also subjected to isomerization of GlcA. Thus, GAG structures, even among
HS or CS, are extremely diverse, especially among cell lines. This, taken together with
the fact that the precise GAG structures affecting the CHIKV binding and proliferation
have not been determined, suggests that different cell lines may exhibit different virus
binding properties and proliferation through different GAG structures. Several muta-
tions, including the Gly82Arg mutation of E2 observed in lab and vaccine strains, were
considered to enhance binding to GAGs (45, 46). We examined whether Gly82Arg
conversion in CHIKV Thai#16856 E2 also enhanced the infectivity to HAP1 cells. This
conversion indeed enhanced the infectivity but, surprisingly, this enhancement was not
dependent on GAGs because a similar enhancing effect was observed in HAP1ΔNDST1
and HAP1ΔB3GAT3 cells (Fig. 6). This result strongly demonstrates that the infection
manner of CHIKV varies among the host cells and that different binding partners other
than GAG may yield different preferences to GAGs. It is well known that many viruses,
such as flaviviruses, use multiple molecules besides GAGs for the receptor and that the
dependence of each receptor is specific to the host cell type (66, 67). Since CHIKV can
still infect cells lacking GAGs, albeit with lower efficiency, CHIKV should use undefined
receptors other than GAGs. Alternatively, the relatively low expression of CS on HAP1
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cells could lead to a possibly biased result that N-sulfation is a strong determinant in
HAP1 cells. CS is another GAG often associated with viral infection (68–74). Indeed,
overexpression of CS on HAP1ΔNDST1 cells restored the 50% cell culture infectious
dose (CCID50) of the authentic CHIKV Thai#16856 strain, a finding consistent with a
previous argument that the clinical isolate SL15649 readily infected CHO mutant cells
that express excess CS (45). Nevertheless, this did not recover the infectivity of
pseudovirus and binding of authentic virions to cells (Fig. 3), indicating that CS plays a
role at later steps after the CHIKV binding and entry to the HAP1 cells. Kim et al.
reported that soluble CS-E (sCS-E), a form of CS composed of GlcA-GalNAc(4,6-O-
disulfate) but not other types of CS (CS-A, -B, -C, and -D and heparin) significantly
enhanced JEV infection in the mouse neuroblastoma cell line Neuro-2a and in a rat
infection model, probably through the increased viral RNA replication, although viral
attachment to Neuro-2a cells was inhibited by sCS-E (75). These researchers also
demonstrated that sCS-E inhibited not only JEV attachment to Vero and BHK cells
similar to Neuro-2a cells but also JEV infection of these cell lines in contrast to Neuro-2a,
indicating that the sCS-E effect is cell type specific (75). These evidences are consistent
with our ideas that CS plays a role at later steps after CHIKV binding and entry into
HAP1 cells and that the manner of utilizing GAGs is cell type specific, although the
mechanisms remain to be clarified.

We identified the genes which did not encode enzymes that catalyze HS biosyn-
thesis as candidates involved in CHIKV entry. Among these genes encoding nonenzy-
matic proteins, the COG family, TMEM165, TM9SF2, PTAR1, SLC39A9, and SACM1L have
been shown to be associated with N-sulfated HS expression by a haploid genetic
genome-wide screening, although Jae et al. did not confirm whether the defects in
these genes truly affected the expression of N-sulfated HS (27). We confirmed this with
flow cytometry by measuring the surface expression of N-sulfated HS on cells in which
the individual genes were knocked out (except SACM1L, because we failed to establish
the knockout cells). To our knowledge, among these genes, only defects in TMEM165
and PTAR1 have been previously shown to reduce surface HS expression (33, 76).
Moreover, we newly demonstrated that TM9SF2-, PTAR1-, and SLC39A9-knockout
cells, as well as COG7- and TMEM165-knockout cells, displayed abnormalities in multiple
glycosylation pathways, to various extents. This is consistent with their localization to
the Golgi apparatus (our unpublished observations), where these glycosylations occur.
This raises the possibility that the impaired glycosylation of molecules other than GAG,
such as sialylation, another major source of negative charges, might affect the binding
and infectivity of CHIKV similar to the impaired sulfation of HS, as shown in previous
report (77). This possibility would explain why SLC39A9, whose defect only weakly
affected the expression of N-sulfated HS, was identified as a candidate gene. The
knockout of TM9SF2 had a relatively strong and selective effect on HS expression, so we
analyzed the mechanisms by which HS expression is impaired by defective TM9SF2.
Members of the TM9 superfamily are well conserved among all types of eukaryotes, and
in mammals four proteins (TM9SF1 to TM9SF4) belong to this superfamily. It has
recently been reported that the TM9SF proteins in yeast and plant homologues localize
to the Golgi compartment (78), an observation consistent with our results, and are
implicated in the homeostasis of metals, such as copper (79). Because (metal) ion
homeostasis is critical for Golgi body function, as shown by defects in TMEM165 and
GPHR (Golgi pH regulator) (32, 80), and because impaired ion homeostasis is known to
cause the mis-sorting and degradation of Golgi proteins (39), this putative function
reasonably explains the mislocalization and degradation of NDST1 caused by the knockout
of TM9SF2, although a more detailed analysis is still required.

Here, we report that N-sulfated HS is the minimum structure essential for the efficient
binding and infection of HAP1 cells by CHIKV and that CS plays roles at later steps after
CHIKV binding and entry into the HAP1 cells, and we identified genes involved in
the expression of N-sulfated HS using haploid genetic genome-wide screening of
cell susceptibility to a CHIKV pseudovirus. Although important issues remain to be
resolved, such as whether these conclusions are applicable to different clinical CHIKV
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strains and host mammalian cells other than those used here, the information presented
here contributes to our understanding of CHIKV propagation, cell tropism, and patho-
genesis and may contribute to the development of therapies to reduce the CHIKV load
in infected carriers.

MATERIALS AND METHODS
Cells and viruses. HAP1 cells (81) and the derived mutant cell lines were grown in Iscove

modified Dulbecco medium supplemented with 10 or 15% (vol/vol) fetal bovine serum (FBS), 50
U/ml penicillin, and 50 �g/ml streptomycin. 293T cells and HEK293 cells were grown in Dulbecco
modified Eagle medium supplemented with 10% (vol/vol) FBS, 50 U/ml penicillin, and 50 �g/ml
streptomycin. Vero and BHK cells were grown in Eagle minimum essential medium supplemented
with 10% (vol/vol) FBS, 50 U/ml penicillin, and 50 �g/ml streptomycin. CHIKV strains were used in
this study; Ross strain (GenBank accession no. AF490259) was first isolated in Tanzania by Ross during
an outbreak in 1953 (34, 82), and the Thai#16856 strains were isolated in Thailand in 2009 (83). These
CHIKV strains and Sindbis virus (SINV) Ar-339 strain (84) were propagated in BHK cells. Japanese
encephalitis virus (JEV) JaGAr strain (85) and yellow fever virus (YFV) 17D vaccine strain (86) were
propagated in Vero cells. Studies using CHIKV were conducted in a biosafety level 3 laboratory at RCC-ERI
in Thailand with protocols approved by the institutional review boards of the National Institute of Health,
Thailand, and Osaka University, Japan.

Plasmids, antibodies, and enzymes. Genomic RNAs of CHIKV Ross and Thai#16856 strains were
extracted by using a QIAamp viral RNA minikit (Qiagen, Hilden, Germany). First-strand cDNA was synthesized
using a SuperScript III reverse transcriptase kit (Invitrogen Corp., Carlsbad, CA) with a poly(dT)20�NotI�XbaI
primer (5=-AAATCTAGAGCGGCCGCTTTTTTTTTTTTTTTTTTTT-3=). The structural gene, E3-E2-6k-E1 of CHIKV
(Ross or Thai#16856 strain), was amplified by PCR from the first-strand cDNA using the sense primer
SacI-ATG-signalseq-CHIKV-E3 (AAAGAGCTCATGAGTCTTGCCATC) and the antisense primer NheI-CHIKV-
E1-Rev (AGCTGCTAGCTTAGTGCCTGCTGAACGACACGCATAGCACCACGA) and was cloned into SacI and
NheI sites of the mammalian expression plasmid pCAGGS (pCAGGS/E3-E1). The exon-trapping vector,
pPB-SA-pgkPur, was constructed as follows. First, pPB-SAIRES-BSD2 was made by subcloning of NheI-
BamHI fragment coding IRES-BSD from pCMT-SAIRES-BSDpA (a gift from K. Horie) (87) into SpeI- and
BamHI-digested pPB-SA hyg NP21 pA (kindly provided by the Wellcome Trust Sanger Institute, Cam-
bridge, United Kingdom) (29). Then, the IRES-BSD portion of pPB-SAIRES-BSD2 was replaced with pgkPur,
a PGK promoter-driven puromycin-resistant gene, yielding pPB-SA-pgkPur. pX330-EGFP vector was
constructed by insertion of cDNA fragment encoding enhanced green fluorescent protein (EGFP) into the
FseI site within the nuclear localization signal at the C terminus of Streptococcus pyogenes Cas9 in
pX330-U6-Chimeric_BB-CBh-hSpCas9 (plasmid 42230; Addgene, Cambridge, MA). EST clones (BC130293,
BC071961, BC066098, and BC094587 for human TM9SF2, human B3GAT3, mouse NDST1, and mouse
GLCE, respectively) were commercially purchased. Other cDNAs were amplified by reverse transcription-
PCR (RT-PCR) from HAP1 RNA. The sequences of the PCR primers for the CSGALNACT1, COG7, PTAR1,
SLC39A9, and TMEM165 genes are as follows: CSGALNACT1/sense (5=-CCTGCAGGCCTCGAGACCATGAT
GATGGTTCGCCGGG-3=) and CSGALNACT1/antisense (5=-ATTTACGTAGCGGCCGCTATGTTTTTTTGCTACTTG
TCTTCTGTTTCTG-3=) (GenBank accession no. NM_001130518.1); hCOG7/sense (5=-TCCTGCAGGCCTCGAG
TCGACGCCATGGACTTCTCCAAGTT-3=) and hCOG7/antisense (5=-ATTTACGTAGCGGCCGCTCAGTAATTCA
CACTCCGCATGGT-3=) (GenBank accession no. NM_153603.3); hPTAR1/sense (5=-ATTAAGGCCTGTCGAC
ATGGCCGAGACCAGCGA-3=) and hPTAR1/antisense (5=-GGGGCCGAGGCGGCCGCACCTCTTTCATTGACTCA
AAGTAACCAGC-3=) (GenBank accession no. NM_001099666.1); hSLC39A9/sense (5=-ATTAAGGCCTGTCGA
CATGGATGATTTCATCTCCATTAGCCTG-3=) and hSLC39A9/antisense (5=-GGGGCCGAGGCGGCCGCTTGAACATT
TAATGCTGGTGTCCTACTG-3=) (GenBank accession no. NM_018375.4); and hTMEM165/sense (5=-TCCTGCAG
GCCTCGAGTCGACATGGCAGCAGCGGCTCCAGGGAACG-3=) and hTMEM165/antisense (5=-ATTTACGTAGC
GGCCGCTAAAAACCAGAATCAGGGCTTATAAATAGTGC-3=) (GenBank accession no. NM_018475.4). The
initiation and termination codons are underlined. Each cDNA PCR products was cloned into the retroviral
expression vector plasmid pMXs-IP (88) or pLIB-pgkPur, which was constructed by subcloning pgkPur
downstream of the multicloning site of the pLIB vector (Clontech, Mountain View, CA).

Anti-CHIKV mouse MAb clone 29 against the CHIKV-E2 protein developed in our lab was used to
detect virus particles bound to target cells. The mouse MAb clones used here were as follows: F58-10E4
against HS (US Biologicals, Salem, MA), CS56 against chondroitin sulfate (CS; Abcam, Cambridge, United
Kingdom), 1G12 against glypican-3 (Santa Cruz Biotechnology, Santa Cruz, CA), MI15 against syndecan-1
(BioLegend, San Jose, CA), and F69-3G10 against delta HS and clone 35 anti-GM130 (BD Biosciences, San
Jose, CA). Fluorescent dye-conjugated lectins and cholera toxin B subunit were purchased from Life
Technologies (Carlsbad, CA). Heparinase III (EC 4.2.2.8) from Flavobacterium heparinum was purchased
from Sigma (St. Louis, MO).

Preparation of pseudoviruses. VSVΔG*-G or VSVΔG-luci-G represents recombinant viruses com-
posed of VSVΔG* or VSVΔG-luci, whose intrinsic envelope G gene was replaced with GFP (ΔG*) or
luciferase gene (ΔG-luci), and whose envelope G protein (-G) was exogenously supplied. Because
VSVΔG*-G and VSVΔG-luci-G recombinant viruses lacking VSV G gene cannot replicate by themselves,
they were amplified by inoculation into 293T cells that had been transfected with pCAGGS/VSVG, an
expression plasmid of VSV G protein (89, 90). CHIKV pseudoviruses, VSVΔG*-CHIKV-E (Ross strain) and
VSVΔG-luci-CHIKV-E (Ross strain or Thai#16856 strain) bearing CHIKV E2/E1 proteins, were prepared by
the inoculation of VSVΔG*-G and VSVΔG-luci-G, respectively, into 293T cells that had been transfected
with pCAGGS/E3-E1, an expression plasmid of CHIKV envelope proteins E1 to E3. Two hours after the
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incubation for viral adsorption, the cells were extensively washed with medium, and then medium
supplemented with 2% FBS and 10 mM HEPES (pH 7.0) was added. Culture supernatants containing
propagated VSVΔG*-CHIKV-E or VSVΔG-luci-CHIKV-E were harvested after 18 to 24 h of incubation at 37°C
in a CO2 incubator and clarified by low-speed centrifugation, and aliquots of the supernatants were
stored at 	80°C until use. The infectivity of VSVΔG-luci-CHIKV-E was assessed by measuring the luciferase
activities within cells after incubation with VSVΔG-luci-CHIKV-E for 20 to 24 h using a Steady-Glo luciferase
assay system (Promega Corporation, Madison, WI) according to the manufacturer’s protocol.

Establishment of HAP1 mutant cell library using exon-trapping vector. A HAP1 mutant cell
library was constructed by transfecting the piggyback-transposon-based exon-trapping vector pPB-SA-
pgkPur and the transposase expression vector pCMV-hyPBase into 8 � 108 HAP1 cell by electroporation,
resulting in an insertional mutant library with a complexity of about 108 independent clones after
selection in 0.5 to 1.0 �g/ml puromycin.

Genome-wide screening with a next generation sequencer. A total of 1.4 billion HAP1 insertional
mutant library cells were plated on 24 large plates and challenged with three rounds of inoculation with
VSVΔG*-CHIKV-E (Ross strain) (MOI � 2.5 to 3) at 3-day intervals, which concentrated the target cell
population. HAP1 insertional mutant library cells that were not infected with VSVΔG*-CHIKV-E were used
as the control cell population. Subsequently, insertion sites of exon-trapping vector were decided by
amplifying the genomic DNA adjacent to the inserted exon-trapping vectors using the splinkerette-PCR
method (91). To explain briefly, genomic DNAs extracted from both target and control cell population
were sonicated to produce 800-bp DNA fragments. Fragmented DNAs were blunt ended with dideoxy-
nucleoside triphosphate, phosphorylated at the 5= end, and ligated with a splinkerette adaptor made by
preannealing of two oligonucleotides, Spl-L (5=-GGTCGATCTTCACGGTTTCTGCTACACTGTGGACTCCAACG
AAGCGAAGG-3=) and Spl-S2 (5=-CCTTCGCTTCGTTGTTTTTTTTTTTGGGGAAAAAAAAAA-3=). To amplify the
adjacent genomic DNAs, first-round PCR was carried out with Spl-F1 linker primer (5=-GGTCGATCTTCACGG
TTTCTGC-3=) and PB3-1.5 exon-trapping vector primer (5=-TCAATTTTACGCATGATTATCTTTAACG-3=). The
products were purified with Amicon Ultra filter and subjected to the second-round PCR using splinkerette
Spl-F3 (5=-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTGGACTCCAACGAAGCGAAGG-3=) and PB3-2
(5=-CGTACGTCACAATATGATTATCTTTCTAGGGT-3=). The second-round PCR products after size selection
were subjected to deep sequencing (Illumina MiSeq) and analyzed using CLC Genomic Workbench
software (Qiagen) as previously reported (92). The number of different sites at which the exon-trapping
vector had inserted was determined in each gene. By comparing the numbers in the target cells to those
in the control cells, we selected the genes in the target cell population with significantly increased
numbers of insertion sites (FDR � 0.05) as the enriched candidate genes.

Establishment of knockout cells and its knock-in rescued cells. Target gene knockout cells were
established by transfection of pX330-EGFP vector with a target guide RNA sequence into HAP1 cells. The
sequences of the guide RNAs were as follows: B3GAT3, GTGTGTGAAGAGGAGGCCAG and GTTCCGCTGC
TCGACACCAC; NDST1, GTGGAGAAAGGTGTGCTCCC and GTGCAGTGCAGCATGCAGGC; GLCE, GTCTGAGG
AAGCATTCCCTC and GAGCCCCCTATCACCCCGA; COG7, GGCAGACGACTTCGACGTGA and ACAGCTGCA
GCTTCATCACC; TMEM165, GCCAAATTAGTTTGGGTAGC and GTTATAGCGCATTGCCATGA; PTAR1, GAACCA
GGACTATGGGACTC and ACAAACTGGGTGTGGAGAGC; SLC39A9, ATGCAGCTGTGTGTGGTCG and ATTGGT
GTTTCCCTCGTTC; TM9SF2, AACCACTGAATGTGGGTATG. Three to four days after transfection of the
targeting vector, HAP1 cells expressing EGFP were collected by a cell sorter. A couple of days after cell
sorting, the sorted cells were plated into 96-well multiplate for limiting dilution. Cloned cells were
verified by sequencing to determine whether suitable genomic editing occurred in the target gene (data
not shown).

Virus infections. To examine the susceptibilities of cells to the wild-type CHIKV, SINV, JEV, and YFV,
the target cells were plated into 96-well multiplates 1 to 2 days before inoculation, and then serially
diluted virus solutions were inoculated. Cell viability in each well was measured by using the cell
proliferation reagent WST-1 (Roche Applied Sciences, Germany) according to the manufacturer’s protocol
3 to 4 days after incubation. Virus infection was regarded as positive when the WST value of each well
was decreased by � 25% compared to that of an uninoculated cell well. Values for CCID50/50 �l were
calculated using the Reed-Muench calculation. The WST-LD50 was defined as the dilution of virus
showing half of the maximum WST values estimated by a logistic equation that was calculated from
the WST values by logistic regression using the maximum-likelihood method (Fig. 2D, 3D, 4D, and
5I). Statistical analysis using CCID50/50 �l and WST-LD50 yielded very similar results (data not shown);
therefore, only the values for CCID50/50 �l are reported here. After we measured the WST values, the
cells were stained with crystal violet after fixation by phosphate-buffered saline (PBS) containing 3.7%
formaldehyde.

To examine the susceptibilities of cells to VSVΔG*-CHIKV-E and VSVΔG-luci-CHIKV-E, the target cells
were plated into 96-well plates (2 � 104 cells/well) 1 to 2 days prior to inoculation. Serially diluted
pseudotyped VSVs were inoculated into the cell culture, and 1 day after the inoculation the luciferase
activity was measured using a Steady-Glo luciferase assay system.

CHIKV binding assay. The culture medium was replaced with a fresh one for subconfluent target
cells plated into 96-well plates before virus inoculation. The CHIKV Thai#16856 strain purified by cesium
chloride density gradient ultracentrifugation was added to the culture medium, followed by incubation
for 1 h at 4°C. The cells were washed twice with culture medium and fixed using 2% paraformaldehyde
for 1 h. After fixation, the cells were washed twice with water, treated with anti-CHIKV mouse MAb (2.5
�g/ml in PBS containing 5% skim milk) for 30 min at room temperature, washed four times with PBS, and
then added to SureBlue TMB Microwell peroxidase substrate (Kirkegaard & Perry Laboratories, Inc.,
Gaithersburg, MD) at 100 �l/well. The plate was incubated for 13 to 15 min at room temperature in the
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dark. A reaction stop solution (0.6 N sulfuric acid) was added to each well (100 �l/well), and the optical
density at 450 nm (OD450) and OD620 were measured with a Multiskan FC microplate photometer
(Thermo Scientific, Rockford, IL).

Development of chicken IgY against human TM9SF2. A cDNA region encoding amino acids 29 to
300 of human TM9SF2 was amplified by PCR using an EST clone (BC130293) as a template DNA and the
primers EK-HRV3C-TM9SF2F (GATGACGATGACAAAGGCCTGGAAGTGCTGTTCCAAGGCCCGCGCCGGA) and
TM9SF2-breviR2 (CATCCTGTTAAGCTTACGCGTTCACTGAATGTGGGTATGAGGCATAGA). The PCR fragment
was subcloned into Brevibacillus expression vector pBIC3 (TaKaRa Shuzo Co., Ltd., Ohtsu, Shiga, Japan).
The resulting pBIC3-HRV3C-hTM9SF2(29 –300) was transformed into Brevibacillus choshinensis competent
cells (TaKaRa Shuzo Co., Ltd., Shiga, Japan). Recombinant protein was produced according to the
manufacturer’s protocol and purified according to the following steps: precipitation with ammonium
sulfate (60% saturation), dialysis against buffer A (50 mM Tris-HCl [pH 8.0], 0.5 M NaCl, and 15% glycerol),
affinity purification by Ni-NTA resin column (Qiagen), elution with 250 mM imidazole in buffer A,
digestion with PreScission (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom), dialysis
against buffer A with 14 mM 2-mercaptoethanol, and the removal of PreScission and the N-terminal His
tag region using Ni-NTA and glutathione columns. Chickens were inoculated five times with purified
recombinant protein. Eggs from the immunized chickens were collected, and the IgY fractions were
purified using polyethylene glycol 6000.

Flow cytometric analysis. To examine the cell surface expression of various glycans, 106 cells per
sample were harvested from tissue culture dishes using PBS supplemented with 2.5 mM EDTA and 0.1%
bovine serum albumin. These cells were then stained with antibodies or fluorescent dye-conjugated
lectins suspended in 50 �l of PBS containing 3% bovine serum albumin and 0.1% sodium azide according
to the standard protocol and analyzed using a flow cytometer (MACSQuant; Miltenyi Biotech GmbH,
Bergisch Gladbach, Germany) as previously reported (80).

Accession number(s). The raw Illumine data set has been deposited in the DDBJ Sequence Read
Archive (accession number DRA005263; BioProject PRJDB5298). The read counts in the control and target
cell populations of all genes identified here and their significances are reported in Data Set S1 in the
supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
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