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Dengue virus (DENV), an emerging mosquito-transmitted
pathogen capable of causing severe disease in humans,
interacts with host cell factors to create a more favor-
able environment for replication. However, few interac-
tions between DENV and human proteins have been
reported to date. To identify DENV-human protein inter-
actions, we used high-throughput yeast two-hybrid as-
says to screen the 10 DENV proteins against a human
liver activation domain library. From 45 DNA-binding
domain clones containing either full-length viral genes
or partially overlapping gene fragments, we identified
139 interactions between DENV and human proteins, the
vast majority of which are novel. These interactions
involved 105 human proteins, including six previously
implicated in DENV infection and 45 linked to the repli-
cation of other viruses. Human proteins with functions
related to the complement and coagulation cascade, the
centrosome, and the cytoskeleton were enriched among
the DENV interaction partners. To determine if the cel-
lular proteins were required for DENV infection, we used
small interfering RNAs to inhibit their expression. Six of
12 proteins targeted (CALR, DDX3X, ERC1, GOLGAZ2,
TRIP11, and UBE2I) caused a significant decrease in the
replication of a DENV replicon. We further showed that
calreticulin colocalized with viral dsRNA and with the viral
NS3 and NS5 proteins in DENV-infected cells, consistent
with a direct role for calreticulin in DENV replication. Human
proteins that interacted with DENV had significantly higher
average degree and betweenness than expected by
chance, which provides additional support for the hypoth-
esis that viruses preferentially target cellular proteins that
occupy central position in the human protein interaction
network. This study provides a valuable starting point for
additional investigations into the roles of human proteins in
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Viruses have limited genetic capacity and must rely on
cellular factors to complete their life cycle. Thus, viruses
interact with cellular proteins to acquire activities not en-
coded in the viral genome, to thwart host immune defenses,
and to manipulate cellular pathways in order to create a
more favorable environment for replication (for example,
(1-4)). Conversely, host cells counter viral infection by ex-
pressing proteins that bind to and degrade or inhibit viral
proteins (for example, (5)). However, for most viruses, little
is known about the interactions between viral and cellular
proteins that engender these effects. A continued effort to
define the interactions between virus and host cell will pro-
vide a better understanding of how viruses reproduce and
cause disease, enable comparisons of the strategies differ-
ent viruses use to manipulate host cells, and may reveal
novel targets for therapeutic intervention.

Recent technical advances have greatly increased the pace
at which cellular cofactors of virus infection have been iden-
tified. The discovery of RNA interference (RNAI) and the de-
velopment of genome-wide RNAI screening approaches en-
abled cellular genes to be systematically assayed for their
effect on virus replication (6-20). High-throughput yeast two-
hybrid assays and co-affinity purification plus mass spec-
trometry allowed protein-protein interactions to be identified
on a large-scale. These high throughput technologies enabled
the identification of virus-host cell interactions and the devel-
opment of human protein interaction networks that provide a
larger context to understand virus-host cell interactions (21—
28). The two approaches to identify cellular cofactors of virus
infection are complementary: RNAi screens provide a list of
host factors that can affect virus replication either directly or
indirectly, and virus-host protein interaction networks eluci-
date the direct interface between the virus and the host cell. In
theory, when the two data sets are complete, the requirement
of proteins identified in RNAIi screens should be discernable
through their associations with proteins that interact directly
with viral proteins or nucleic acids.
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In this study we constructed a network of interactions be-
tween dengue virus (DENV)' and human proteins. DENV is an
enveloped, positive-stranded RNA virus that belongs to a
family of important human pathogens (the Flaviviridae) that
includes hepatitis C virus (HCV), yellow fever virus, Japanese
encephalitis virus, and West Nile virus. DENV is transmitted by
Aedes aegypti, a mosquito that thrives in urban settings,
which likely contributes to the rapid increase in both the
number of human infections and the geographical distribution
of DENV over the past two decades (29). Currently more than
50 million DENV infections occur each year and more than 2
billion people live in areas where dengue is transmitted (30).
Dengue causes diverse symptoms that range from a mild
flu-like illness (dengue fever) to severe disease characterized
by hemorrhage and shock (dengue hemorrhagic fever and
dengue shock syndrome) (31). There are currently no vaccines
to prevent dengue infection and no specific antiviral drugs to
treat infected patients.

DENV infection begins with the binding of the virion to the
host cell via direct interactions between the DENV E protein
and cell surface ligands including DC-SIGN, heparin sulfate,
and the macrophage receptor or indirect interactions between
DENV-antibody complexes and the Fc or complement recep-
tors (32-36). Following entry by receptor-mediated endocyto-
sis and uncoating, the 10.2 kb DENV RNA genome is trans-
lated as a single polyprotein that is subsequently processed
by viral and cellular proteases to yield 10 smaller proteins. The
first three comprise the structural proteins that form the DENV
virion, whereas the other seven play nonstructural roles. After
the initial period of translation, the RNA genome switches
from translation to replication in response to an unknown
trigger. Negative- and positive-strand RNA synthesis occurs
within virus-induced replication complexes derived from ER
membranes (37). The newly formed positive-strand RNA
products then serve as templates for translation and RNA
replication, and are incorporated into immature virions. Virions
acquire their lipid envelope by budding through the ER mem-
brane and complete their maturation as they pass through the
Golgi network, ultimately resulting in the release of infectious
progeny (38, 39).

Because of the small size of the DENV genome, numerous
host cell factors are presumed to participate at multiple points
in the DENV life cycle. Although recent large-scale and path-

' The abbreviations used are: 3-AT, 3-amino-1,2,4-triazole; cDNA,
complementary DNA; DAPI, 4,6-diamidino-2-phenylindole dihydro-
chloride; DENV, dengue virus; dsRNA, double-stranded RNA; EBV,
Epstein Barr virus; ESCRT, endosomal sorting complex required for
transport; HCV, hepatitis C virus; HIV, human immunodeficiency vi-
rus; HPIN, human protein interaction network; INFV, influenza virus;
NS, dengue virus nonstructural protein; ORF, open reading frame;
RNAi, RNA interference; SD-TLUA, SD medium lacking tryptophan,
leucine, uracil, and adenine; SD-TLUH, SD medium lacking lacking
tryptophan, leucine, uracil, and histidine; SD, synthetic dropout me-
dium; siRNA, small interfering RNA.

way-focused RNAI screens have implicated ~200 human
genes in DENV infection (13, 16, 40-42), the number of host
factors that have been demonstrated to interact with DENV
proteins is small, and no genome-wide screen has been re-
ported to date. Thus, to systematically identify cellular pro-
teins that bind to DENV proteins, we used the yeast two-
hybrid assay to screen DENV genes against a human liver
cDNA library (43). We report the identification of more than
130 new interactions between DENV and human proteins and
the validation of a subset of these interactions through split-
luciferase, siRNA, and colocalization experiments. Further-
more, we show that DENV, like HIV, herpes viruses, and HCV,
preferentially interacts with cellular proteins that are centrally
located in the human protein interaction network.

EXPERIMENTAL PROCEDURES

Plasmids, Library and Yeast Strains—Yeast were maintained under
standard laboratory conditions (44). Open reading frames and
open reading frame fragments were amplified from DENV serotype 2
strain 16681 with gene-specific primers bearing 5’ 20-bp exten-
sions (forward 5'-CCAAACCCAAAAAAAGAGATC-3'; reverse 5'-
GTTTTTCAGTATCTACGATTCA-3’) homologous to the yeast two-
hybrid DNA-binding domain plasmid pOBD2 (45). PCR primer
sequences are listed in supplemental Table S1. PCR products were
cloned into linearized pOBD2 by in vivo homologous recombination in
the yeast strain R2HMet (MATa ura3-52 ade2-101 trp1-901 leu2—-
3,112 his3-200 met2A::hisG gal4A gal80A) (supplemental Fig. S1) (43,
46). All inserts were verified by PCR and sequencing. DENV DNA-
binding domain constructs were screened against a human liver yeast
two-hybrid library cloned into the activation domain plasmid
pOAD.108 in yeast strain BK100 (MATa ura3-52 ade2-101 trp1-901
leu2-3,112 his3-200 gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
met2::GAL7-lacZ, a derivative of PJ69-4A) (43, 47, 48). The original
library contained 9.6 X 10° independent clones with an average insert
size of 840 bp.

Yeast Two-Hybrid Screens—The optimal concentration of 3-amino-
1,2,4-triazole (3-AT) to suppress yeast growth in the absence of an
interacting activation domain fusion (self-activation) was determined
by growth on synthetic dropout (S.D.) medium lacking tryptophan,
leucine, uracil, and histidine (S.D.-TLUH) and containing increasing
amounts of 3-AT (1, 3, 5, 10, 20, and 50 mwm). The lowest concentra-
tion of 3-AT that was able to suppress yeast growth - typically 1 or 3
mm - was used for the yeast two-hybrid assays. Library screens were
performed by mating as described by Soellick and Uhrig (49). All
DNA-binding domain clones were screened at least twice against the
human liver activation domain library. Colonies expressing interacting
proteins were selected on S.D.-TLUH medium containing the con-
centration of 3-AT as determined above. The human gene inserts
from the activation domain plasmids were PCR-amplified, sequenced
from the 5’ end, and identified by querying the human RefSeq data-
base (downloaded 3/4/08) using Cross_Match (129). To retest the
yeast two-hybrid interactions, PCR products of activation domain
inserts from unique interactions were recloned into pOAD.103 by in
vivo recombination in the yeast strain BK100. In addition, all unique
interactions identified in a similar screen of HCV proteins against the
same human liver library were recloned in the same manner (the full
data set of HCV-human interactions will be presented elsewhere;
manuscript in preparation). The resulting yeast strains were arrayed in
quadruplicate in 384-spot format, mated with yeast expressing DNA
binding domain fusions, and selected for growth on: (1) S.D.-TLUH
containing the minimum concentration of 3-AT to suppress back-
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ground growth; (2) S.D.-TLUH containing 3-AT at a concentration one
step above that required to suppress background growth; and (3) S.D.
medium lacking tryptophan, leucine, uracil, and adenine (S.D.-TLUA).
Yeast growth was assessed on a scale of 0 to 4, with 0 being no
growth above that observed for the negative control and 4 being
robust growth. To standardize the results from different screens, each
plate included a set of control yeast strains that displayed a range of
growth rates on S.D.-TLUH+3-AT and S.D.-TLUA. Interactions were
scored as positive if at least three of the four spots for each interac-
tion were scored as one or higher on both media.

Split-luciferase Assays—The split-luciferase assay was performed
as described (50). Full length NS3 and NS5 were cloned into plasmid
p424-BYDV-NFLUC by in vivo homologous recombination. Similarly
human gene fragments were PCR amplified from activation domain
plasmids and cloned into plasmid p424-BYDV-CFLUC. Fusion pro-
teins were expressed separately in wheat germ extracts, mixed in
PBS supplemented with 1% BSA and protease inhibitors (Roche),
incubated 18 h at 4 °C, and assayed for luciferase activity. Statistical
significance was based on an unpaired student’s t test.

Replication of a DENV Replicon in siRNA-Treated Cells—A DENV-
luciferase replicon was generated in which the structural genes were
replaced by the Renilla luciferase gene fused to the first 20 amino
acids of the core protein (R. Perera and R. J. Khun, unpublished data).
siRNA assays were performed as previously described with slight
modifications (51). siBRNA sequences are listed in supplemen-
tal Table S2. Briefly, 1 X 108 Huh-7.5 cells in 0.05 ml of PBS pH 7.4
were electroporated with 125 picomoles of siRNA and 300 ng of
DENV reporter replicon RNA for five pulses of 770 volts for 99 micro-
seconds with 1 s intervals on a BTX 830 electroporator with 96-well
attachment. 4 X 10* cells were plated per well in a 96-well plate and
grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum. Cells were harvested at 6 and 48 h post-
electroporation and the level of DENV replication was determined via
use of the Renilla Luciferase Assay System per the manufacturer’s
instruction (Promega, Madison, WI). The 48:6 h luciferase ratio rep-
resents DENV replication relative to input RNA. In parallel, cells were
assayed for cellular ATP levels to assess viability using a CellTiter-Glo
Luminescent Cell Viability Assay kit per the manufacturer’s instruc-
tions (Promega). Statistical significance was based on an unpaired
student’s t test.

Colocalization of Viral and Cellular Proteins—Mouse polyclonal an-
tisera against DENV NS5 and NS2B-3 were generously provided by
Dr. James Strauss. Huh-7 cells were plated on glass coverslips,
infected with DENV-16681 (serotype 2) at a multiplicity of infection of
0.1-3, fixed with 3.7% paraformaldehyde in phosphate-buffered sa-
line (PBS) (4 °C) and permeabilized with 0.25% Triton X-100 in PBS
(formaldehyde-fixed cells only). After blocking with 10% goat serum
or 3% bovine serum albumin in PBS/0.05% Triton X-100, cells were
incubated with mouse antisera against DENV2 NS5, DENV2 NS2B-3,
or dsRNA (English & Scientific Consulting Bt.) and rabbit antisera
against human CALR (Sigma), y-tubulin (Abcam, Cambridge, MA), or
PCNT1 (Abcam). TRITC- (Thermo Scientific) or Alexa Fluor 568- (In-
vitrogen, Carlsbad, CA) labeled goat anti-mouse and FITC- (Thermo
Scientific) or Alexa Fluor 488- (Invitrogen) labeled goat anti-rabbit
antibodies were used to detect the primary antibodies. In some
specimens, nuclei were visualized with 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI). Cover slips were washed after each antibody
treatment with PBS supplemented with 5% goat serum and 0.05%
Triton X-100, mounted in Fluorsave (Calbiochem, San Diego, CA)
mounting medium and imaged with a Bio-Rad MRC-7024 confocal
laser scanning microscope with 60 X oil immersion objective or a
Nikon C1+ upright confocal microscope with a 60 X (NA 1.4) oil
immersion objective. Signal intensities of individual fluorophores were
quantified using ImagedJ software (http://rsbweb.nih.gov/ij/) (52). Co-

localization of DENV proteins with CALR was analyzed in 12-25 cells
from at least six fields using the JACoP plugin in Imaged (53). For
quantitation of NS5 and CALR colocalization, images were cropped
to analyze only the colocalization in the cytoplasm; if present in the
image, aggregates of CALR were also excluded. Colocalization of
DENYV protein or dsRNA with CALR is presented as the post-thresh-
olding Mander’s coefficient multiplied by 100, which corresponds to
the percent overlap of the signal from the DENV protein with that of
CALR.

Topological Analysis of Human Proteins Implicated in Virus Infec-
tions—We considered three versions of the human protein interaction
network (HPIN), which we refer to as HPIN-1, HPIN-2, and HPIN-3.
HPIN-1 was assembled by Dyer et al. (54) and consists of a nonre-
dundant set of interactions obtained from BIND (55), DIP (56), HPRD
(57), INTACT (58-60), MINT (61, 62), MIPS (63), and REACTOME (64,
65). HPIN-2 contains the set of binary interactions described in (21).
HPIN-3 consists of human protein-protein interactions from (66) with
a confidence score of 0.3 or higher. Each network displayed scale-
free distribution of degree. The diameters of HPIN_1, HPIN_2, and
HPIN_3 are 14, 17, and 15, respectively. Data sets of human cofac-
tors of viral infection are listed in supplemental Table S3. Average
degree and betweenness centrality were analyzed using the igraph
package (http://igraph.sourceforge.net/) in R version 2.6.2 (http://
www.r-project.org). Statistical significance was determined using the
Wilcox-Mann-Whitney test (Rank order test) by randomly selecting
the same number of nodes 1000 times from the HPIN. Fisher’s exact
test was employed to determine if hub proteins were over repre-
sented in each dataset. For this analysis we considered proteins with
degrees in the 95th percentile and above as hub proteins (67).

Enrichment of Annotation Terms and Pathways—Enriched features
were identified in the complete set of human proteins in this study and
the subsets that bound to each DENV protein using the DAVID Bioin-
formatics Database (http://david.abcc.ncifcrf.gov/home.jsp) (68, 69),
the Cytoscape plugin BINGO (70-72), and Ingenuity Pathway Analy-
sis program (Ingenuity Systems, Redwood City, CA). Additional de-
tails are provided in supplemental methods.

RESULTS

Mapping the DENV-Human Protein Interaction Net-
work—To identify human proteins that bound to DENV, we
performed genome-wide yeast two-hybrid screens with DENV
genes against a human liver cDNA library (supple-
mental Fig. S2 and supplemental Table 1). The human liver
library was chosen because liver is a major target tissue
during DENV infection and because DENV replicates well in
human liver cell lines such as Huh-7 (31). Seven full-length
DENV genes and 38 gene fragments were cloned into a yeast
two-hybrid DNA-binding domain plasmid and screened at
least twice against the human liver library (supple-
mental Fig. S3). From ~1200 colonies picked for sequencing,
970 pairs of DENV-human interacting proteins representing
224 unique interactions were identified. To confirm the yeast
two-hybrid interactions, the human gene fragments were re-
cloned into the activation domain plasmid in fresh yeast cells
and arrayed in 384-spot format; each unique fragment was
represented by four independent spots in the array, thus
allowing each interaction to be retested in quadruplicate
(supplemental Fig. S2). To reduce the number of false-nega-
tives and to better identify promiscuous activation domain
fusions that can give rise to false positives, all 45 DENV
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DNA-binding domain fusions were tested by pair-wise mating
against every human activation domain construct identified in
the DENV yeast two-hybrid screens. Pairs of DENV and hu-
man proteins were tested for their ability to independently
activate expression of the yeast two-hybrid reporter genes
ADE2 and HIS3 by growth on media that lacked adenine or
histidine, respectively. Only those pairs in which at least three
spots grew on both selection media were classified as posi-
tives. Human gene fragments that stimulated yeast growth
when paired with an empty DNA-binding domain plasmid or
that yielded positives with more than 5% of the nonoverlap-
ping bait constructs were classified as promiscuous activa-
tors and eliminated from the data set. To further increase the
number of interactions identified, and thus to reduce the
number of false-negatives, each DENV clone was also tested
against 124 human genes identified in a similar screen with
HCV (manuscript in preparation). In total, 188 interactions
involving 34 DENV protein fragments and 105 human proteins
were confirmed in the yeast two-hybrid retests (Fig. 1A and
supplemental Table S4). These represent 139 unique interac-
tions involving eight of the ten DENV proteins. Thirty-three
interactions (24 %) were identified by two or more DENV gene
fragments, lending further confidence to these interactions
(supplemental Table 4). The use of multiple fragments from
the same DENV gene also enabled the protein interaction
domains to be more narrowly defined, in some cases to
regions as small as 100 amino acids (Fig. 1B and
supplemental Tables S1 and S4).

We employed the split-luciferase assay to validate the in-
teractions through an independent approach (Fig. 2) (73). In
this system, putative interacting proteins are expressed as
fusions to N- and C-terminal fragments of luciferase. If the
fused proteins bind to each other, the luciferase fragments
reassociate to produce a functional enzyme. For these exper-
iments we used the N- and C-terminal firefly luciferase frag-
ments optimized for their ability to confer high signal to noise
ratios and robust enzymatic activity (74). We previously
adapted this system for use with in vitro translated proteins
produced in wheat germ extracts (50). DENV proteins fused to
the N-terminal luciferase fragment (NFLUC) and human pro-
teins fused to the C-terminal luciferase fragment (CFLUC)
were expressed in wheat germ extracts, mixed, and tested for
luciferase activity after overnight incubation. With the excep-
tion of DDX5, all viral and human proteins were expressed at
similar levels relative to each other and at equal or lower levels
compared with NFLUC and CFLUC containing no insert
(supplemental Fig. S4). As a negative control, we tested each
human protein from Fig. 2 against the HCV core protein. HCV
core has been reported to bind to more than 45 human
proteins (22), but did not interact with any of the human
proteins from Fig. 2 in our yeast two-hybrid screens. The
NFLUC-HCV core construct used in this experiment was
functional in the split-luciferase assay, yielding a 104-fold
increase in luciferase activity when incubated with CFLUC-

DDX3X; this fragment of DDX3X encompassed the previously
mapped HCV core binding site on DDX3X (78), but was dis-
tinct from the DDX3X fragment that interacted with DENV
NS5. None of the human proteins produced a significant
increase in luciferase activity when paired with NFLUC-HCV
core. In contrast, 17 of the 23 DENV-human protein pairs
yielded significantly higher levels of luciferase activity relative
to the empty N-terminal luciferase vector control and 16 had
a significantly higher level of luciferase activity relative to the
empty C-terminal luciferase vector control (Fig. 2). Thirteen
pairs (57 %) yielded a significant increase in luciferase activity
relative to both empty vector controls (p value < 0.02); we
consider this set to represent true positives in the split-lu-
ciferase assay. This rate of confirmation is similar to those
observed for other high quality large-scale yeast two-hybrid
screens, which range from 20 to 85% (22, 75-77).
Comparison to Existing Sets of Human Proteins Implicated
in Virus Infection— Although only a few DENV-human protein-
protein interactions have been reported in small scale studies
((79) and references therein; (80-83)), several recent reports
have begun to identify human cofactors of DENV infection on
a more systematic basis. Using the bacterial two-hybrid sys-
tem, 31 interactions involving the DENV structural proteins C,
M, and E were identified (84). More than 4000 interactions
involving 2321 human proteins have been predicted by com-
putational approaches (79). In addition, two large-scale and
three smaller, focused RNAIi screens identified a total of 219
human proteins that affected DENV replication (13, 16, 40—
42). As is the case for most large-scale screens (for example,
(8, 22)), the overlap between the sets of human proteins
identified in previous screens for DENV cofactors and with the
yeast two-hybrid screen described here is small (Fig. 1A,
supplemental Table S5). Of the 20 DENV-human protein in-
teractions identified in the literature, only the interaction be-
tween NS5 and STAT2 was also detected in this study (85,
86). Other proteins in our data set (UBE2I, CALR, and PTBP1)
were reported to interact with DENV proteins, though the
interacting viral proteins differ from those identified here (87—
91); these host factors may bind to multiple DENV proteins, as
has previously been observed for other viruses (21), or may
represent false-positives. PTBP1, which has been reported to
bind to NS4A, also colocalized with NS1 and NS3 in DENV-
infected cells (92), consistent with our finding that PTBP1
interacted with NS1 and NS3 in the yeast two-hybrid assay.
None of the interactions from the bacterial two-hybrid were
present in our yeast two-hybrid data set, though this is not
surprising because only DENV structural proteins were
screened in the bacterial two-hybrid study and relatively few
of our interactions involved these proteins. Seven of the 4000
computationally predicted interactions were also detected by
our yeast two-hybrid screens; an additional 35 human pro-
teins from the computational study are also present in our
data set, but interacted with different viral proteins than pre-
dicted (79). Finally, three proteins found to be required for
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Fic. 2. Validation of DENV-human protein interactions in the split-luciferase assay. DENV and human proteins were expressed in wheat
germ extracts as fusions to the N- and C-terminal fragments of firefly luciferase, respectively. In vitro translated DENV and human proteins were
mixed in PBS supplemented with 1% BSA and protease inhibitors (Roche) and incubated overnight at 4 °C. As negative controls, each viral
protein was tested against the empty C-terminal luciferase vector and each human protein was tested against the empty N-terminal luciferase
vector. Binding reactions were set up in duplicate and luciferase activity was measured twice for each reaction. Graph shows the average of
the four luciferase readings normalized to the luciferase activity of the DENV protein with the empty C-terminal luciferase negative control,
which was set at 100 relative light units (RLU). Error bars indicate the S.E. Asterisks indicate pairs of interacting proteins that yielded luciferase
activity that was significantly greater than both negative controls (student’s unpaired t test, p value <0.02).

DENV replication in siRNA screens interacted with DENV pro- implicated in the life cycles of at least three other viruses,
teins in this study (13, 16). One additional protein shared though in the case of APOA1, FN1, and PSMD1, very little is
between our yeast two-hybrid screen and an siRNA screen known about their functional roles. Together these results
(TTC1) was required for DENV replication in Drosophila but indicate that our yeast two-hybrid screens have identified
not human cells (16). human proteins relevant to virus infection and suggest that
Comparisons to sets of cellular cofactors of viral infection novel proteins identified here are also likely to contribute to
reported in other large-scale screens or in the literature re- DENV replication.
vealed more extensive overlaps, with a total of 45 proteins Enriched Features of the Human Proteins Targeted by
from our DENV-human interactome being reported to either DENV—The set of human proteins that interacted with DENV
bind to viral proteins or to be required for replication of at least  proteins in this study and subsets that interacted with each
one virus (Fig. 1A and supplemental Table S5). The largest individual protein were submitted for analysis with the DAVID
overlap was observed with human proteins implicated in HCV ~ Bioinformatics Database to identify annotation terms that
infection. Six human proteins identified by large-scale RNAi  were over-represented (68, 69) (Fig. 3A, supplemental
screens and 17 proteins that interacted with HCV were pres- Tables S6 and S7). Similar enrichment analyses were per-
ent in the DENV yeast two-hybrid data set. Extensive overlap formed using BINGO (70) and Ingenuity Pathway Analysis
with human genes implicated in HIV replication was also (Ingenuity Systems, Redwood City, CA), and yielded similar
noted (four genes from RNAI screens and 16 HIV interacting results (data not shown). Plasma proteins involved in comple-
proteins). Multiple proteins, including APOAI, DDX3X, FN1, ment activation and the coagulation cascade were among
PDCD6IP, PIAS1, PSMD1, STAT2, and UBE2l, have been the enriched annotation terms of the human proteins that

Fic. 1. DENV-human protein interaction network. A, the complete set of DENV-human protein interactions identified in this study are
shown. Diamonds indicate viral proteins; ovals, human proteins; black lines, DENV-human protein interactions identified in this study; blue
lines, previously identified interactions between human proteins from HPIN-1. Shading identifies proteins implicated in the replication of other
viruses. Red, human proteins previously implicated in DENV replication; blue, human proteins implicated in HCV replication; green, human
proteins implicated in HIV replication; gray, human proteins implicated in INFV replication; yellow, proteins implicated in the replication of other
viruses; and white, proteins not previously implicated in virus replication. Additional details can be found in supplemental Table S5. B,
DENV-human protein interactions by fragment. Human proteins identified in the DENV-human yeast two-hybrid screens are shown above or
below the smallest viral protein fragment they interacted with in the yeast two-hybrid retests. Brackets indicate fragments composed of two
or more smaller fragments (for example, NS1 fragment CD). Complete results from the yeast two-hybrid screens listing all viral fragments that
interacted with a particular human protein can be found in supplemental Table S4.
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Fic. 3. Enriched annotation terms and pathways among the human proteins that interacted with DENV. A, Enriched terms identified
by the DAVID Bioinformatics Database in the complete set of human proteins that interacted with DENV proteins in this study (68, 69). Graph
shows the -log,,-transformed Benjamini-corrected p values for each term. Terms were grouped according to their functional similarity.
Enriched features of human proteins that interacted with individual viral proteins are listed in supplemental Table S6. B, Subnetwork of human
plasma proteins that interacted with DENV. Diamonds indicate DENV proteins. Ovals represent human proteins. Shading indicates human

proteins annotated with the term “Complement and coagulation cascade.”

interacted with DENV (Fig. 3B). These pathways were also
enriched among the partners of DENV structural proteins
(84) and have been associated with severe dengue disease
(81). Recent evidence suggests that the complement sys-
tem, in addition to acting as a link between the adaptive and
innate immune system, may have a significant role as a viral
antagonist and as a major target in viral immune evasion
(reviewed in (93)). DENV proteins inhibit complement acti-
vation (94). In addition, the levels of complement proteins,
including C4, were altered in patients with severe DENV
disease (95).

Other enriched features in this study included proteins
linked to the cytoskeleton, centrosomes, and chromosome
segregation (supplemental Fig. S5). Though many viruses tar-
get the cytoskeleton (96-99), when we performed the same
enrichment analysis described above on human proteins
identified in large-scale interactome projects for Epstein-Barr
virus (EBV), HCV, HIV, and influenza virus (INFV), only HCV
showed a significant enrichment of terms related to the cyto-
skeleton. Similarly, centrosomes are known to be exploited by
retroviruses and large DNA viruses (reviewed by (100)), but
were only enriched among the cellular partners of DENV and
HCV. Based on this informatic analysis, we performed immu-
nofluoresence assays on DENV-infected Huh7 cells with an-

tibodies against NS5 and two centrosomal proteins, y-tubulin
and PCNT1. y-tubulin did not interact with any DENV protein
in our yeast two-hybrid screens, whereas PCNT1 interacted
with NS5. Consistent with the enrichment analysis, NS5 ac-
cumulated in dividing cells in the region immediately sur-
rounding y-tubulin and PCNT1 (supplemental Fig. S6). Addi-
tional discussion of enriched features in the DENV-human
interactome is included in supplemental materials and
supplemental Fig. S7.

To determine if sSiRNA screens for DENV cofactors identified
proteins from the same pathways, we performed the same
enrichment analyses on the set of human genes identified
by (13, 16). Although no significantly enriched terms were
found in both data sets, combining the human proteins
identified in RNAIi screens with those from the yeast two-
hybrid data sets revealed six additional enriched annota-
tions relating to protein localization and vesicle transport
(supplemental Table S8).

Inhibiting Expression of Human Proteins that Interacted with
DENV Reduced DENV Replication—To further examine the
contribution of the human proteins identified in this study to
DENV replication, we inhibited the expression of 12 cellular
genes by RNAI. siRNAs were electroporated into Huh7.5 cells
along with RNA from a DENV replicon in which the nonstruc-
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tural genes were replaced by Renilla luciferase. Because lu-
ciferase activity is proportional to virus replication and no
progeny virus are produced, this construct can be used to
evaluate the effect of virus mutations and cellular perturba-
tions on DENV RNA replication in the absence of confounding
effects from reinfection. Inhibiting expression of six out of the
12 genes (CALR, DDX3X, ERC1, GOLGA2, TRIP11, and
UBE?2I) caused a statistically significant reduction in the level
of luciferase activity compared with cells electroporated with
an irrelevant siRNA (Fig. 4A). The reduction in viral replication
was not because of cellular toxicity of the siRNA (Fig. 4B). We
further examined the effect of DDX3X in the context of virally
infected cells. In agreement with our results from the replicon
experiment, inhibiting DDX3X in Huh7 cells caused a ~75%
reduction in the amount of progeny virus produced compared
with cells treated with an irrelevant siRNA control (Fig. 4C).
Western blotting confirmed that DDX3X was depleted in
DDX3X siRNA treated cells, but not in cells treated with DENV
or irrelevant siRNAs (Fig. 4D). Because the replicon RNA is
transfected into cells and no virus particles are formed, these
data indicate that CALR, DDX3X, ERC1, GOLGA2, TRIP11,
and UBE2I the cellular proteins affects a step related to trans-
lation of the viral RNA or viral RNA synthesis. However, be-
cause the assay does not assess viral entry or virion assembly
and release, cellular proteins affecting these steps will be
missed. Indeed, PDCDG6IP (ALIX), which has been implicated
in the acquisition of the membrane envelope by multiple vi-
ruses (101), had no effect on luciferase levels in the replicon
assay.

Colocalization of CALR with DENV Proteins During Viral
Infection— CALR was recently reported to bind to and colo-
calize with the DENV envelope protein (E) in infected cells, and
to be required for DENV replication (91). Based on these
results, it was hypothesized that CALR functioned at a step
late during infection related to virus assembly (91). Our results
using a DENV replicon confirm a role for CALR in DENV
replication, but indicate that CALR acts at an earlier step in
the DENV life cycle. To begin to address the functional role of
CALR in DENV replication, we performed immunofluores-
cence assays on endogenously expressed CALR, NS3, NS5,
and dsRNA in infected cells (Fig. 5, supplemental Fig. S8). The
antisera against NS5 and NS3 recognized a single band of the
expected size in lysates from infected cells, and did not
cross-react with any cellular proteins on Western blots or in
immunofluorescence assays (supplemental Fig. S9). NS5,
which interacted with CALR in both the yeast two-hybrid
assay and the split-luciferase assay, colocalized with CALR in
the cytoplasm of infected cells (71 = 13% overlap). CALR did
not relocalize to the nucleus where the vast majority of NS5
was found (102), suggesting that its functional role during
infection is in the cytoplasm, where RNA synthesis occurs.
DENV NS3 (70 = 8% overlap) and dsRNA (an intermediate
formed during viral RNA replication) also colocalized with
CALR (89 * 7% overlap). In some infected cells, CALR was
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Fic. 4. Inhibition of DENV replication in cells with reduced ex-
pression of human genes. A, Luciferase production from a DENV
replicon in siRNA treated cells. siRNAs targeting the indicated human
genes, DENV NS5, or an irrelevant sequence were electroporated into
Huh-7.5 cells along with DENV luciferase replicon RNA. Luciferase
levels were measured in cell lysates prepared at 6 and 48 h after
electroporation. DENV replication is represented as the ratio of the
luciferase values at 48 and 6 h and normalized to the irrelevant siRNA
control, which was defined as 100%. Values are averages of at least
three replicates = S.E. * p = 0.05, ** p = 0.001. B, Cell viability
following siRNA treatment. siRNAs targeting the indicated genes or
an irrelevant sequence (IRR) were electroporated into Huh-7.5 cells
with DENV luciferase replicon RNAs. Cellular ATP levels were meas-
ured at 48 h using the CellTiter-Glo Luminescent Cell Viability Assay
kit (Promega). Values are averages of at least three replicates = S.E.
C, DENV production in DDX3X siRNA-treated cells. Huh7 cells were
transfected with the indicated siRNAs and infected with DENV at an
MOI of 3. Supernatant was harvested at 24 h post infection and
titered by plague assay. Titers were normalized to nonspecific SiRNA
control (NS). D, Western blot analysis of DDX3X levels in siRNA-
treated cells from part C. Bottom panel shows actin levels as a
loading control.
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Fic. 5. Colocalization of CALR with DENV proteins and dsRNA in infected cells. Huh7 cells were infected with DENV at an MOI of 1, fixed
36 h post infection, and probed with antibodies against CALR and DENV NS5 (top row), DENV NS3 (middle row), or dsRNA (bottom row).
Pseudo-colored merged images are shown in column 3, with CALR in red and NS5, NS3, and dsRNA in green. Inset shows a higher
magnification of the region in the white box of the merged images. The white line indicates the region sampled for quantification of the
fluorescent intensity of CALR (red lines) and NS3 or NS5 (green lines), as shown in the graphs on the right. Nuclear-localized NS5, which
accounts for ~95% of the total NS5 present in the infected cell, is overexposed to enable visualization of cytoplasmic NS5. Images represent

a single optical slice.

concentrated in globular aggregates similar to features previ-
ously observed in DENV-infected cells (supplemental Fig. S8)
(103-105). These structures became more abundant at later
times after infection and were not present in mock-infected
cells nor in uninfected cells on the same slide. NS3, but not
NS5 or dsRNA, also accumulated in these structures. Com-
bined with the observation that reducing CALR expression
inhibited luciferase production from the DENV replicon, these
results are consistent with a direct role for CALR in DENV RNA
replication.

Network Analysis of DENV-Human Protein Interac-
tions—We next sought to determine if DENV preferentially
targeted particular classes of human proteins in the human
protein interaction network (HPIN). Previous reports have
found that viral proteins tend to interact with cellular proteins
centrally located in the HPIN. As a measure of local network
properties, we compared the average degree of the human
proteins in our DENV-human network with randomized sets
from the HPIN containing the same number of proteins. Three
independently derived sets of human protein-protein interac-
tions, which we refer to as HPIN-1, —2, and —3 (21, 54, 66),
were examined and vyielded similar results (Fig. 6,
supplemental Fig. S10, and supplemental Table S9). As with

the EBV, HCV, and INFV interaction networks (17, 21, 22), the
average degree of human proteins that bound to DENV pro-
teins was higher than expected by chance (Fig. 6A). However,
this was not due to interactions with hub proteins (defined
here as human proteins with degrees in the 95th percentile
or greater (67)). In contrast to the human proteins that
interacted with HCV, HIV, and INFV, which showed a sta-
tistically significant enrichment in hub proteins in at least
one HPIN, the number of hub proteins in the DENV-human
interactome was not significantly higher than expected by
chance in any network. Rather, DENV preferentially inter-
acted with human proteins with an intermediate number of
binding partners (between 6 and 60 interactions in HPIN-1,
Fig. 6E). The average degree of the human proteins in the
DENV-host data set was comparable to that of human pro-
teins in the INFV interaction network and lower than the
average degrees of human proteins that bound to either
HCV or HIV. This difference may reflect the fact that the
DENV- and INFV-host interaction networks have fewer hu-
man proteins and are therefore likely to be less complete
than the HCV and HIV networks, or may be because of
technical differences in how the interaction networks were
generated.
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Fic. 6. Elevated degree and betweenness in cellular proteins implicated in virus infection. A, average degree (k) of human proteins that
bound to viral proteins from DENV (this study), HCV, HIV, and INFV. B, Average betweenness centrality (b) of human proteins that bound to
viral proteins from DENV (this study), HCV, HIV, and INFV. C, average degree (k) of human proteins that were identified in siRNA screens for
cellular cofactors of DENV, HCV, HIV, INFV, and Mycobacterium tuberculosis. D, average betweenness centrality (b) of human proteins that
were identified in siRNA screens for cellular cofactors of DENV, HCV, HIV, INFV, and Mycobacterium tuberculosis. Average degree and
betweenness centrality were calculated for each data set and compared with the same values from a randomly chosen set of human proteins
of the same size. Asterisks indicate statistical significance. * p = 0.05, ** p = 0.001, ** p = 1 X 10°. E, degree distribution of human proteins
in the DENV-human protein interaction network (open circles) and the human-human protein interaction network (closed circles). Proteins were

binned according to the number of binding partners as indicated.

As a measure of the global network properties of the human
proteins that bound to DENV, we examined the average be-
tweenness centrality of the proteins in our data set. Between-
ness centrality, as its name implies, is a measure of how
“central” a protein is in the network, i.e. the number of short-
est paths that must pass through a particular node. Proteins
with high betweenness are sometimes referred to as bottle-
necks because they are links between different modules in the
cell and are more likely to be essential (106). As was observed

for HCV (22), the average betweenness centrality of human
proteins in the DENV-human interaction network was higher
than expected by chance when compared with randomized
networks of the same size (p = 0.0004) (Fig. 6B). Similar to the
average degree of DENV-interacting proteins, the average
betweenness centrality of the proteins in our dataset was
comparable to the average betweenness centrality of the
human proteins that bound to INFV and lower than that
of human proteins that bound to HCV or HIV. Surprisingly,

10.1074/mcp.M111.012187-10

Molecular & Cellular Proteomics 10.12



Dengue Virus-Human Protein Interaction Network

the human proteins with the highest degree and between-
ness centrality in our data set also tended to bind to multiple
viral proteins (supplemental Fig. S11).

We next compared these results with sets of human pro-
teins implicated in virus replication by large-scale siRNA
screens. Because these proteins were identified based solely
on their impact on virus replication, many are likely to be only
indirectly involved in the virus lifecycle and would therefore be
expected to have average degree and betweenness centrality
values similar to those of the entire HPIN. Indeed, this was the
case for human proteins identified in siRNA screens for host
factors that affect DENV replication (Figs. 6C and 6D,
supplemental Fig. S10). However, the average degree, num-
ber of hub proteins, and betweenness centrality of human
proteins identified in siRNA screens for co-factors of HIV and
INFV, and to a lesser extent HCV, were significantly higher
than the human network as a whole (Figs. 6C and 6D,
supplemental Fig. S10). The effect may be specific to viruses,
since the average degree and betweenness centrality of pro-
teins identified in an siRNA screen for cellular cofactors of
Mpycobacterium tuberculosis were indistinguishable from
those in the entire human protein interaction network (Figs. 6C
and 6D, supplemental Fig. S10) (107).

DISCUSSION

We report here the first genome-wide analysis of DENV-
human protein-protein interactions. This study more than tri-
pled the number interactions between DENV and human pro-
teins and identified 93 human proteins not previously linked to
DENV replication, 60 of which have not been linked to any
other virus. Eight of the ten DENV proteins yielded reproduc-
ible interactions with between three and forty-three human
proteins. From a technical standpoint, this study differed from
previous virus-host cell protein interaction projects in several
ways that serve to minimize both false-positives and false-
negatives. Each DENV gene was screened as a series of
fragments, which enabled interactions to be identified that
were missed when full-length genes were used, provided
additional support for many interactions that were identified
with multiple overlapping fragments, and allowed binding
regions to be more narrowly defined. Each DENV DNA
binding domain fusion was also retested against every hu-
man activation domain clone identified in the DENV screens
on two yeast two-hybrid selection media. Though time con-
suming, this step identified additional interactions that were
missed in library screens, increased confidence that the
interactions were specific, and revealed activation domain
fusions that behaved promiscuously even though they did
not interact with the empty DNA binding domain vector.
Finally, each DENV clone was screened against human
activation domain clones identified in a screen with HCV
genes. This approach is important because yeast two-hy-
brid library screens—like all currently available techniques
to discover protein-protein interactions—tend to miss many

interactions, which makes it difficult to draw meaningful
conclusions when comparing cellular protein interactions
identified with different viruses. By generating arrays of
cellular proteins identified in yeast two-hybrid library
screens with viral proteins and screening those arrays with
proteins from different viruses, direct comparison of virus-
host interactomes will be possible.

Over 40% of the human proteins reported in this study to
interact with DENV proteins have been implicated in the life
cycles of at least one other virus. The greatest overlap was
with proteins linked to HCV infection. However, the overlap
between DENV and HCV extended beyond shared proteins to
shared annotation terms. Centrosome and cytoskeleton pro-
teins were enriched among the partners of DENV and HCV,
but not among the partners of the unrelated viruses EBV, HIV,
or INFV. The similarity between the human proteins targeted
by DENV and HCV is not unexpected given the evolutionary
relatedness of these viruses and the similarity of their life
cycles. However, DENV also interacted with 20 proteins that
either bound to HIV proteins or that were required for HIV
replication. The overlap between DENV and HIV cellular co-
factors is consistent with the hypothesis that retroviruses and
RNA viruses share similar replication strategies (108), but may
also reflect the fact that many more host factors have been
reported for HIV than for any other virus.

Half of the proteins targeted in our siRNA experiments were
required for optimal replication of the DENV replicon. In a
related siRNA screen, fatty acid synthase (FASN) was identi-
fied as a cellular co-factor of DENV replication (42). FASN
interacted with NS3 in our yeast two-hybrid screen and was
observed to relocalize to sites of DENV RNA replication in
infected cells. We further demonstrated that the presence of
NS3 increased FASN enzymatic activity in vitro, suggesting
that DENV binds to FASN to exploit and enhance its role in
lipid biosynthesis (42). In a parallel yeast two-hybrid study, we
inhibited expression of a set ten human proteins that inter-
acted with both DENV and HCV proteins and identified five
additional proteins that reduced DENYV replication (manuscript
in preparation). Thus, 12 of the 23 human proteins we tested
to date in siRNA experiments were required for DENV repli-
cation (11% of the human proteins identified in this screen).
For comparison, 95 human proteins were identified in yeast
two-hybrid screens with INFV and all were tested for their ef-
fects on INFV replication in similar siRNA experiments (17). Of
these, three were required for INFV replication and eight exerted
a negative effect, for a total of 11 (12%) proteins that affected
INFV replication (17). Similarly, in large-scale siRNA screens for
host factors affecting viral replication, the average hit rate was
1% (6, 7, 10-16, 18-20). Thus, the results from our initial sSiRNA
experiments strongly suggest our DENV-human interactome is
enriched in proteins relevant to DENV infection. Consistent with
this conclusion, 57% of our interactions were confirmed in the
split-luciferase assay, which is comparable to other high quality
yeast two-hybrid studies (75-77).
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A Role for CALR in DENV Replication— CALR (calreticulin) is
a multifunctional protein with diverse roles in protein folding,
calcium homeostasis and regulation of gene expression (109,
110). Though the best-characterized function of CALR is as a
glycoprotein chaperone in the lumen of the endoplasmic re-
ticulum, CALR also retrotranslocates from the ER to the cy-
toplasm, where it plays critical roles in regulating adhesion
and gene expression (111-114). CALR has been implicated at
multiple points in the life cycles of diverse viruses. Through its
chaperone activity, CALR binds to and promotes the folding
or maturation of viral glycoproteins (115-118). CALR also
binds to the 3" UTR of rubella virus positive strand genomic
RNA, though this interaction is apparently not required for
rubella virus replication (119, 120). During apoptosis, CALR
translocates to the cell surface, where it acts as a signal to
promote phagocytosis by surrounding cells (121). Viruses
may disrupt this process in order to prevent destruction of the
infected cell (122).

While this study was in progress, CALR was reported to
bind to DENV envelope (E) protein and was shown to be
required for DENV virus production (91). Based on this data, it
was proposed that CALR’s critical role in viral production was
related to virus protein folding or virion assembly (91). Our
results are consistent with a requirement for CALR in DENV
replication and do not rule out a role for CALR at a late step
during infection. However, our data indicates that CALR is
also involved at a step prior to virus maturation, potentially in
DENV RNA synthesis. We found that inhibiting expression of
CALR reduced luciferase production from the DENV replicon.
Because the E gene was deleted from the replicon and no viral
particles were produced, CALR must be acting at an earlier
step in the viral life cycle. CALR interacted with the DENV
RNA-dependent RNA polymerase NS5 in both the yeast two-
hybrid assay and the split-luciferase assay in this study, and
was previously found to interact with the 3' UTR of DENV
negative strand RNA (123). Consistent with a role for CALR in
DENV RNA synthesis, CALR colocalized with NS5 in the cy-
toplasm, where RNA synthesis occurs, but not in the nucleus
where the majority of NS5 resides. CALR also colocalized with
NS3, which binds to NS5, and with dsRNA, which is produced
as an intermediate during viral RNA synthesis.

Golgi Apparatus Proteins Are Required for DENV Replica-
tion—Seven Golgi-associated proteins interacted with DENV
proteins, of which three (ERC1/ELKS, GOLGA2/GMAP130,
and TRIP11/GMAP210) were targeted with siRNAs and
shown to affect DENV replication in our study (Fig. 2) (124-
127). Another 13 Golgi proteins were previously identified as
DENV cellular cofactors in RNAI screens (13, 16). Though the
Golgi is known to be important for viral protein processing and
DENV virion maturation (38, 39), the observation that ERC1
was required for replication of the DENV replicon, indicates
that ERC1 must function at a step prior to virus assembly.
ERC1 is recruited to the Golgi through its interaction with
Rab6A’ and appears to be involved in endosome to Golgi

transport (124). However, ERC1 is a multifunctional protein
that also interacts with IKK and regulates NF-«B mediated
gene expression (130-132). Similarly, GOLGA2 and TRIP11
are also multifunctional proteins that are involved in pro-
cesses unrelated to the Golgi. It is possible that one of these
alternative functions is being exploited by DENV.

Network Properties of Human Proteins Implicated in Virus
Infections—Preferential targeting of highly connected pro-
teins and proteins with high betweenness may enable vi-
ruses to efficiently control the flux of infection-relevant in-
formation passing through the host interactome (54, 128).
Topological analyses of the proteins targeted by DENV fur-
ther supports the hypothesis that viruses have evolved
strategies to target nodes of higher connectivity and cen-
trality. As previously observed for human proteins that in-
teracted with EBV, HCV, HIV, and INFV (17, 21, 22, 54, 128),
human proteins that interacted with DENV proteins had
higher average degree and betweenness than those in the
HPIN as a whole. Similar patterns were found in a larger
scale analysis of more than a hundred host-virus interac-
tomes (128). However, DENV did not interact with the most
highly connected human proteins, but rather those with an
intermediate number of partners. This was true regardless
of whether we considered human protein interaction net-
works derived exclusively from binary interaction data or
from networks that included interactions from complex pu-
rification experiments.

We repeated the same network analyses on sets of hu-
man proteins identified as cofactors of viral infection in
siRNA screens with the expectation that they would serve
as negative controls. Because many of the proteins in the
siRNA data sets are likely to be only indirectly involved in
viral infection, we predicted that they would have similar
degree and betweenness values as the entire network. Sur-
prisingly, human proteins implicated in viral infection
through siRNA screens also tended to have higher average
degree and betweenness centrality. Taken at face value,
these results suggest that human proteins with high cen-
trality are preferentially required for virus infection. How-
ever, the increase in average degree and betweenness cen-
trality may simply reflect the presence of human proteins
that directly interact with viral proteins in the siRNA data
sets. As discussed above, cellular proteins that interact with
viral proteins tend to have higher degree and betweenness
centrality, so their presence would serve to increase the
average values of the data set as a whole. Because there is
little overlap between proteins that interact with either HIV,
HCV, or INFV and those that have been implicated in viral
replication through siRNA screens, this explanation would
suggest that many human proteins that interact with viral
proteins have not yet been identified. A third possibility is
that inhibiting expression of highly connected proteins is
more likely to cause changes in the host cell that lead to a
measurable effect on virus replication.
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CONCLUSION

The set of DENV-human protein interactions is enriched in
proteins that have been implicated in the replication of other
viruses and implicates dozens of new proteins and pathways
in DENV infection. These interactions provide a valuable start-
ing point for additional investigations into the roles of host
factors in DENV replication and for comparisons to other
virus-host interaction networks.
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