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Abstract
To complete its life-cycle in the infected host, Influenza A virus (IAV) hijacks host machineries by expressing 
multiple viral proteins to bind to specific host proteins. In the era of integrative genomics, there is an 
opportunity to develop computational techniques to accurately and quickly predict host-pathogen protein-
protein interactions (HP-PPI). Our 3-stage computational pipeline shortlisted host proteins (of which stages (i) 
and (ii) have been previously reported) containing the C3H zinc finger domain as putative interactors of the 
non-structural protein (NS1) of A/PR8/34 (H1N1), which is a well-characterized laboratory strain. To assess the 
accuracy of this computational pipeline, the top 7 highest scoring C3H zinc finger proteins were examined in co-
immunoprecipitation experiments to determine which pair(s) of interaction is detectable in mammalian cell lines. 
Interestingly, one of them is CPSF30 which is a known NS1 binder. For the other 6 C3H zinc finger proteins, they 
have not been reported to be involved in IAV replication and co-immunoprecipitation experiments reveals that 4 
of them bind to NS1. As a proof-of-concept, one shortlisted C3H protein was studied using live IAV infection and 
the knockdown of RC3H1 slightly increased the production of progeny virion, suggesting that it acts as an antiviral 
host factor.
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Introduction
Influenza, commonly known as the flu, is a highly con-
tagious acute respiratory disease caused by influ-
enza viruses that infect respiratory tracts through 
aerosol transmission or bodily fluid contact. Most influ-
enza infections are caused by influenza A virus (IAV), 
which often causes seasonal epidemics or occasionally 
pandemics due to frequent mutations in its genome [1]. 
As IAVs are able to infect different avian and mamma-
lian species, there is a high risk for humans to acquire 
infections through zoonotic transmission. This not only 
makes it difficult to eradicate the virus, but also allow for 
the generation of potentially pandemic strains due to the 
insufficient human immunity and lack of readily avail-
able therapeutics to combat the new spillover viruses 
[2]. IAV belongs to the family Orthomyxoviridae and is 
an enveloped RNA virus containing a single-stranded, 
negative sense, segmented RNA genome comprising of 8 
segments of viral RNA (vRNA), which encode 11 known 
proteins [3]. The viral proteins are generally categorized 
into 2 groups, the structural and the non-structural 
proteins.

The majority of the research on IAV focuses on the 
structural proteins which are components present in 
the mature assembled virus and are further categorized 
into surface proteins and internal proteins. On the other 
hand, the non-structural proteins are viral proteins that 
are expressed only in the host cells but not in the virus 
itself. They are mostly involved in the suppression of 
host-immune systems, determining virulence and facili-
tating pathogenesis [4].

In order to understand the role of IAV proteins in 
mediating the virulence of infection, we previously 
curated dataset of lethal dose studies of IAV infection in 
mice [5] and used it to map IAV-mouse proteome wide 
domain-domain interaction [6]. Briefly, this involved the 
retrieval of mouse host proteins sequences because IAV 
virulence studies are mainly conducted in mice and sub-
jecting them to domain assignment with SUPERFAM-
ILY 2.0. Similarly, each viral protein of the commonly 
studied A/PR8/34(H1N1) (abbreviated as PR8) virus was 
assigned to at least one SCOP domain. Via DISPOT, the 
C3H zinc finger (C3H-ZF) domain in mouse proteins was 
predicted to be interacting significantly with the non-
structural protein (NS1) of PR8 [6].

The NS1 protein is an immunomodulatory fac-
tor used by IAV to counteract host immune responses 
[7]. It is composed of two main functioning domains: 
RNA-binding domain (RBD) at the N-terminal, and 
the effector domain near the C-terminal that predomi-
nantly mediates interactions with host cell proteins. 
These two domains are connected by a linker region 
[8]. NS1 is a multifunctional protein that has functions 
in innate immunity suppression, shutting off host gene 

expression, inducing apoptosis, facilitating viral replica-
tion and determining virulence [3]. NS1 has distinctive 
roles in both the cytoplasm and nucleus [3]. In the cyto-
plasm, it has the following functions. It limits induction 
of interferon-β (IFN-β) through binding to cytoplasmic 
pathogen (dsRNA) sensor, retinoic acid-inducible gene I 
(RIG-I) [9–13]. It also restricts the host antiviral state by 
blocking the function of the dsRNA activated cytoplas-
mic antiviral proteins 2’-5’- oligoadenylate synthetase 
(OAS) [14] and the dsRNA-dependent serine/threonine 
protein kinase R (PKR) [15]. A predominant function 
of NS1 RNA-binding domain is to out-compete OAS 
for interaction with dsRNA, thereby inhibiting this host 
antiviral strategy [14]. As for PKR, it has been proposed 
that NS1 could possibly bind to a linker region in PKR 
and thereby preventing a conformational change that is 
normally required for the release of PKR auto-inhibition 
[16]. NS1 enhances viral mRNA translation by interacting 
with eukaryotic translation initiation factor 4GI (eIF4GI), 
poly(A)-binding protein I (PABI) and hStaufen, to recruit 
viral mRNAs to multi-protein translation initiation com-
plexes [3]. It recruits eukaryotic translation initiation fac-
tor elFG4I, the large subunit of the cap-binding complex 
eIF4F, to the 5’UTR of viral mRNAs, thereby increasing 
viral translation [17]. It also been shown to interact with 
poly(A)-binding protein I (PABI), a known interactor of 
eIFGI [18]. In addition, NS1 can interact and cause the 
redistribution of hStaufen, a dsRNA and tubulin pro-
tein related to PKR, which normally contributes towards 
microtubular transport of cellular mRNAs to sites of 
enhanced translation like polysomes [19]. Interaction 
of hStaufen with NS1 could possibly promote efficient 
viral mRNA translation. Furthermore, NS1 is known to 
regulate apoptosis by activating the PI3K/Akt pathway to 
delay apoptosis, providing enough time for the virus to 
replicate within host cells [20].

On the other hand, NS1 has the following functions 
in the nucleus to inhibit cellular pre-mRNA processing 
and shutting off host gene expression. It can target and 
inhibit PABII, which hinders the poly-A tail synthesis and 
results in accumulation of mRNA with short poly-A tail 
[21]. It can also bind to the Cleavage and Polyadenylation 
Specificity Factor 4 (CPSF30, also known as CPSF4), a 
key host protein that regulates the polyadenylation step 
of pre-mRNA processing [22]. CPSF30, which contains 
5 tandem C3H-ZF repeats, is also found to be involved 
in the recognition of the AU-hexamer sites [23], the 
site upstream to the polyadenylation cleavage site that 
is critical for the addition of poly-A tail to the 3’ end of 
mRNA. Previous studies reported that NS1 protein shuts 
off host gene expression by interacting with and block-
ing CPSF30, a host pre-mRNA processing protein, which 
led to the accumulation of host pre-mRNA [24]. It is also 
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reported that the effector domain of NS1 interacts with 
CPSF30 at its 2nd and 3rd zinc finger region [25].

Our previous computational pipeline predicts that 
mouse proteins with C3H zinc finger (C3H-ZF) motif 
interact with NS1 and there are many proteins containing 
this domain. In general, zinc finger (ZF) proteins contain 
the zinc finger domains which comprise of a combina-
tion of cysteine and histidine residues that may serve as 
ligands for zinc ions from other proteins. Upon binding 
of zinc to these ligands, the domain adopts the structure 
necessary for function [22]. ZF domains typically occur 
in tandem repeats and are often associated with DNA 
or RNA binding as well as binding to other proteins. 
ZF proteins are very abundant in cells and have a wide 
range of functions with their DNA or RNA binding abili-
ties, including gene regulation, target degradation, DNA 
repair and antiviral responses [26]. One important class 
of ZF proteins is the C3H-ZF proteins, which serve as 
RNA-binding proteins that regulate RNA metabolism. 
The C3H-ZFs are characterized by one or more C3H zinc 
finger domains containing three cysteine residues and 
one histidine residue [27].

The interaction of the C3H-ZF protein known as 
CPSF30 with NS1 is well-established as described above. 
However, there are multiple C3H-ZF proteins in the 
human host but little is known about their roles in IAV 
infection and if the C3H-ZF motif within the full-length 
protein is accessible to bind to NS1 in the same way as 
CPSF30. Here, an additional refinement step was added 
to our previous computational pipeline so as to identify 
specific human C3H-ZF proteins that are most likely 
to bind to NS1 of PR8. The output from the improved 
3-stage computational pipeline provides a list of human 
C3H-ZF proteins as putative NS1 binders. To assess the 
accuracy of this prediction, the top 7 hits in the shortlist 
were then subjected to co-immunoprecipitation experi-
ments to determine if they interact with NS1 in human 
cell lines. As a proof-of-concept, infection study was then 
used to determine if one of the novel and validated NS1-
host interactions can enhance or inhibit viral replication.

Materials and methods
Computational prediction of IAV-host interactions
Computational prediction of IAV and human host pro-
tein interactions was done in three stages as follows: (i) 
domain assignment with SUPERFAMILY 2.0 [28] using 
structural folds, (ii) domain-domain interaction predic-
tion using Domain Interaction Statistical Potential (DIS-
POT) [29] and finally, refinement of DISPOT predictions 
with (iii) the human-virus PPI web server (HVPPI) [30] 
that uses protein sequence embeddings with a random 
forest classifier. The stages of (i) and (ii) were completed 
in a project on IAV-mouse proteome wide domain-
domain interaction study and published previously [6]. 

Based on this, mouse proteins containing the C3H-ZF 
motif are predicted to bind the NS1 of IAV. As there are 
multiple proteins containing the C3H-ZF motif, stage (iii) 
was developed here to identify specific human C3H-ZF 
protein(s) binding to NS1 of PR8 by using the human-
virus PPI (HVPPI) web server ( h t t p  : / /  z z d l  a b  . c o  m / h  v p p 
i  / p  r e d i c t . p h p) [31] which implements an unsupervised 
sequence embedding approach, doc2vec to represent 
protein sequences as rich feature vectors of low dimen-
sionality. Then, these vectors were used as inputs to train 
a random forest (RF) classifier to predict human-virus 
PPIs. Sequences of human C3H proteins were paired 
with the NS1 segment of PR8, forming the input to 
HVPPI. Lastly, HVPPI automatically calculates and out-
puts the interaction probability of a query protein pair. In 
this experiment, to identify if two proteins interact, the 
0.90 specificity threshold was referenced, corresponding 
to a probability score of at least 0.143.

Cell lines, plasmids and virus
293FT cells were purchased from Thermo Scientific while 
COS-7, H1299 and MDCK cells were purchased from 
ATCC. They were cultured in DMEM containing 10% 
FBS and grown in a 37°C incubator with 5% CO2. The 
NS1 ORF of PR8 was cloned into the pXJ40myc vector 
with a myc-tag at the 5’ end. The human C3H ZF ORFs 
were purchased from Genscript and have flag tags at the 
3’ end. Influenza/A/Puerto Rico/8/1934 (PR8) was pro-
duced via reverse genetics system and titered via plaque 
assay as previously described [32].

Co-immunoprecipitation (co-IP) performed with 
transfected cells
In order to perform co-IP to verify the interaction 
between NS1 and human C3H ZF proteins shortlisted 
computationally, 293FT cells were transfected with the 
respective flag-tagged ZF and myc-tagged NS1 using 
either lipofectamine 2000 (Invitrogen) or X-tremeGENE 
360 (Roche). The cells were lysed in RIPA buffer (50mM 
Tris-HCl (pH 8.0), 150mM NaCl, 0.5% NP-40, 0.5% 
sodium deoxycholate and 1mM phenylmethylsulfonyl 
fluoride) and the cell lysates were then incubated with 
flag-beads (Sigma) overnight. The beads were extensively 
washed with binding buffer (50mM Tris-HCl (pH 8.0), 
150mM NaCl, 0.5% NP-40, 0.5% sodium deoxycholate), 
boiled in 1X Laemmli SDS sample buffer and separated 
by SDS-PAGE. After SDS-PAGE, Western blot (WB) 
analysis was performed. The primary antibodies used for 
WB are anti-myc (Santa Cruz Biotechnology), anti-flag 
(Millipore) and anti-NS1 [33].

Immunofluorescence
H1299 cells seeded on cover slips in 24-well plates were 
transfected with myc-tagged NS1 and/or flag-tagged 

http://zzdlab.com/hvppi/predict.php
http://zzdlab.com/hvppi/predict.php
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ZF using X-tremeGENE 360 (Roche). After 24  h, the 
cells were washed with PBS and fixed with 4% parafor-
maldehyde. After permeabilization with 0.2% Triton-X 
100 in PBS and blocking with 10% FBS in PBS, the cells 
were then stained with mouse anti-myc antibody (Santa 
Cruz Biotechnology) (1:500) or rabbit anti-flag antibody 
(Millipore) (1:800). This was followed by the incubation 
with goat anti-mouse IgG (H + L) secondary antibody, 
Alexa Fluor™ 568 or anti-rabbit IgG (H + L) secondary 
antibody, Alexa Fluor™ 488 (Invitrogen) diluted 1:500 in 
blocking solution. The cell nuclei were stained with DAPI 
(Invitrogen). The immunofluorescence images under the 
magnification of 20X were taken using Olympus CKX53 
microscope.

Subcellular fractionation
H1299 cells were either mock or infected with PR8 at 
MOI of 5. At 24  h post infection (hpi), cells were har-
vested in 1xPBS using cell scraper and subjected to 
subcellular fractionation using Nuclear/Cytosolic Frac-
tionation Kit (Cell Biolabs) according to the manufac-
turer’s protocol. Fractionated cell lysate was subjected 
to WB analysis to examine the cellular localization of 
RC3H1 and MKRN1 in mock- and PR8-infected cells. 
The primary antibodies used are anti-RC3H1 (Invitro-
gen), anti-MKRN1 (Bethyl Laboratories), anti-GAPDH 
(Merck) and anti-lamin A (Santa Cruz). Densitometry 
analysis was performed using Image Lab software (Bio-
Rad) to quantify the expression of proteins in different 
subcellular fractions. The relative levels of RC3H1 and 
MKRN1 in cytosol and nuclear fractions were calculated 
by normalizing against total expression of proteins in 
both fractions.

Co-immunoprecipitation (co-IP) performed with infected 
cells
In order to perform Co-IP to verify the interaction 
between NS1 and RC3H1, H1299 cells were either mock 
or infected with PR8 at MOI 5. At 48  h post infection 
(hpi), the cells were lysed in RIPA buffer (50mM Tris-HCl 
(pH 8.0), 150mM NaCl, 0.5% NP-40, 0.5% sodium deoxy-
cholate and 1mM phenylmethylsulfonyl fluoride) and 
cell lysates were then incubated with home-made mouse 
mononclonal antibody (mAb) 19H9 [34] on a rocker for 
1 h at 4 °C to allow the 19H9 mAb to bind to NS1 protein 
in the lysates. After which, a mixture of Protein A and 
G beads (Roche) were added, followed by incubation at 
4 °C overnight. The beads were washed with binding buf-
fer (50mM Tris-HCl (pH 8.0), 150mM NaCl, 0.5% NP-40, 
0.5% sodium deoxycholate) 4 times before being boiled 
in 1X Laemmli SDS sample buffer to release all bound 
proteins and subjected to western blot analysis to detect 
for co-immunoprecipitated NS1 and RC3H1 proteins. 
To detect the presence of NS1 protein, rabbit anti-NS1 

antibody [33] was used as the primary antibody and 
Clean-Blot™ IP Detection Reagent (HRP) (Thermo Sci-
entific) as secondary antibody. To detect the presence of 
RC3H1, rabbit anti-RC3H1 (Invitrogen) was used as the 
primary antibody and Goat anti-Rabbit IgG (H + L) Sec-
ondary Antibody, HRP (Invitrogen) was used as second-
ary antibody. To accommodate the MW of RC3H1 and 
NS1, different percentage of acrylamide were used for 
SDS-PAGE. Thus, the eluate from the Protein A/G beads 
was divided based on total volume into 2 portions in 
roughly 1:4 ratio. The bigger volume was used for detec-
tion of RC3H1.

SiRNA transfection and IAV infection
Control and RC3H1 siRNA (Invitrogen) were trans-
fected at 40nM (80pmol per well) into H1299 cell using 
RNAimax (Invitrogen) for 24  h followed by reseed-
ing into 12 well plates at 1.5 × 105 cells per well. For 
the siRNA transfection, 0.3ul of RNAimax for each 
pmol of siRNA was used. After another 24  h, the cells 
were infected with PR8 at MOI of 1. After 1  h of virus 
adsorption onto the cells, the virus-containing superna-
tant was completely removed and the cells in each well 
were washed with 1  ml of PBS. The PBS was discarded 
and 500 µl of fresh medium wash added to each well and 
incubated at 37 °C and 5% CO2. At 15 hpi, the cell culture 
supernatant was collected and subjected to plaque assay 
to measure progeny virion production. A separate set of 
reseeded cells were harvested for WB analysis to verify 
the knockdown efficiency. The primary antibodies used 
for WB are anti-RC3H1 (Invitrogen), anti-C23 (Santa 
Cruz Biotechnology).

Results
Identification of C3H zinc finger proteins as putative 
interactors of NS1 of Influenza A virus
A three-stage protocol comprising of (i) domain assign-
ment, (ii) domain-domain interaction prediction (DDI) 
and (iii) refinement with a protein-protein interaction 
(PPI) prediction tool was used to generate a list of host 
proteins as putative binders of NS1 of IAV.

Stages (i) and (ii) had previously been reported in our 
work on IAV-mouse proteome wide domain-domain 
interaction study [6]. Stage (iii) represents new results 
that are reported here. Figure 1 shows the whole compu-
tational protocol and additional details can be found in 
the Supplementary file.

Based on stages (i) and (ii), the C3H-ZF domain in 
mouse proteins was predicted to be interacting signifi-
cantly with NS1 of PR8 virus [6]. However, the function 
of a protein in a biological system is dependent on the 
secondary and tertiary structures of a protein which are 
dependent on its full sequence. Therefore, in this work, 
we added stage (iii) as a refinement to predict if the 
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C3H-ZF domain found in different human proteins can 
interact with NS1 of PR8 virus based on their full-length 
protein sequences.

For stage (iii), the 17,120 mouse proteins were anal-
ysed and 35 of them were found to contain the C3H-ZF 
domain. As C3H-ZF proteins have different length and 
other functional motifs, HVPPI was applied to predict 
the ability of each of them to bind to NS1. To enable 
functional studies with human cell lines, the human pro-
tein sequences of C3H-ZF genes were obtained through 
mouse-human homology mapping using UniProt 
(https://www.uniprot.org/). Then, these 35 human  p r o t e 
i n s were paired with NS1 of PR8 virus to form the input 

to HVPPI. From this, 21 human C3H-ZF proteins were 
identified as putative interactors of NS1 of PR8 (supple-
mentary Table 1). To assess the accuracy of this predic-
tion, the top 7 hits in the shortlist were then subjected 
to co-immunoprecipitation experiments to determine 
if they interact with NS1 in human cell lines (Table  1). 
Interestingly, one of them is CPSF30 which has been 
shown to bind to NS1 and modulate viral replication [24]. 
For the other 6 C3H-ZF proteins, they have not been 
reported to be involved in IAV replication.

Fig. 1 Overview of the computational protocol. In stage (i), SCOP domains were assigned to mouse and viral protein sequences (shown as blue and 
pink lines, respectively) using SUPERFAMILY2.0. In stage (ii), DISPOT was used to identify highly likely domain-domain interactions based on probabilities 
(Pij) derived using statistical potentials. The C3H ZF domain in mouse proteins and NS1 effector domain in IAV viral proteins was identified as a significant 
interaction (indicated with an orange rectangle). In stage (iii), an additional evaluation was performed to refine the candidate pairs that are likely to be 
interacting. First, the mouse sequences with C3H-ZF domains were converted to human sequences (shown in purple) by homologous assignment. 
Next pairwise interaction prediction (between human and PR8 NS1 viral sequences) was performed with the Human-Virus PPI server to obtain a ranked 
probability list identifying 21 likely pairs. Of these, a final 7 were shortlisted for wetbench experimental evaluation. Logos of web tools in the figure were 
obtained from their respective webpages
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Validation of NS1- C3H-ZF protein interactions by co-IP
Plasmids containing C3H-ZF genes with a flag tag at the 
C terminus were used to transfect 293FT cells together 
with myc-tagged NS1 of PR8 virus. The expression of 
each C3H-ZF and NS1 were verified by WB (Fig. 2) and 
the flag-tagged C3H-ZF proteins were immunoprecipi-
tated by flag antibody beads. Recently, it was shown that 
the interaction of NS1 of PR8 with CPSF30 results in 
alternative polyadenylation in infected cells while other 
IAV strains binds CPSF30 at higher affinity to mediate 
both host shutoff and alternative polyadenylation [35]. 
In co-IP experiment, NS1 was observed to be co-immu-
noprecipitated by flag-CPSF30 as expected. NS1 did not 
bind to the flag antibody beads when there was no flag-
tag protein, indicating that NS1 does not bind non-spe-
cifically to the beads. Out of the other 6 C3H-ZF tested, 
4 of them also showed interaction with NS1 (Fig. 2). They 
are MKRN1, RC3H1, ZC3H8 and ZC3H18. Although 
PPP1R10 and ZC3H15 have high HVPPI score of 0.639 
and 0.475 respectively, they did not bind to NS1 in this 
assay.

Localization of RC3H1 or MKRN1 in PR8-infected cells
According to Uniprot classification, among the four 
newly identified NS1-binders, RC3H1 and MKRN1 
are located in cytoplasm, while ZC3H8 and ZC3H18 
are located in nucleus (Table  1) which are the same as 
CPSF30. However, recent studies reported that RC3H1 
and MKRN1 are present in both nucleus and cytoplasm 
[36, 37]. Consistent with these findings, RC3H1 and 
MKRN1 can be seen in both nucleus and cytoplasm of 
H1299 cells transfected with these flag-tagged proteins 
(Fig.  3, left panel). When co-transfection of RC3H1 or 
MKRN1 was performed with myc-tagged NS1, some 
colocalization signals can be observed in both locations 

(Fig.  3, right panel). On the other hand, ZC3H8 and 
ZC3H18 seem to be localized in the nucleus during sin-
gle- and co-transfection. Due to the distinctive role of 
NS1 in nucleus and cytoplasm, NS1-binding cytoplasmic 
C3H-ZF proteins may exert a mechanism of action that is 
different from CPSF30.

However, as the proteins were overexpressed, it is dif-
ficult to assess if there is any change in the localization 
of RC3H1 or MKRN1 in the presence of NS1. Moreover, 
transient transfection cannot easily capture the temporal 
expression of NS1 during viral infection. Thus, subcel-
lular fractionation followed by WB analysis was further 
conducted to investigate the localization of NS1-RC3H1 
or MKRN1 interactions in natural infection (Fig.  4A). 
The human lung cell line H1299 was chosen for infection 
study since we are focusing on host factors in human. 
As shown in Supplementary Figure S1, H1299 could 
be infected by PR8 at high MOI of 5. As compared to 
mock-infected cell, the relative level of cytosol RC3H1 in 
PR8-infected cell is significantly lower and vice versa for 
nuclear RC3H1. (Fig. 4B). This indicates that IAV infec-
tion led to increased nuclear translocation of RC3H1. 
On the other hand, there was no obvious change in the 
localization of MKRN1 when the cell was infected with 
PR8 (Fig.  4C). Based on fractionation experiment, the 
change in RC3H1 localization is small. As immunofluo-
rescence assay showed that only ~ 30 to 50% of H1299 
were infected (Supplementary Figure S1), this may have 
resulted in lower sensitivity in fractionation experiment 
to detect relocalized RC3H1. To overcome, this, an alter-
native is to study the localization of RC3H1 in mock 
versus infected cells via immunofluorescence staining. 
However, the rabbit anti-RC3H1 polyclonal antibody 
used in this study was found to bind to other cellular 

Table 1 Top 7 HVPPI scorers of C3H-ZF proteins predicted to bind NS1 of PR8
Gene Accession 

Number1
UniProtID 
(Mouse)

UniProtID 
(Human)

HVPPI 
Score2

Number of 
ZF motifs3

Protein 
length 
(amino 
acids)

MW 
(kDa)

Subcellular 
Localization3

Co-IP 
Result4

CPSF30 NM_006693.4 Q8BQZ5 O95639 0.747 5 269 30 Nucleus Positive
ZC3H15 NM_018471 Q3TIV5 Q8WU90 0.639 2 426 49 Cytoplasm, 

Nucleus
Negative

PPP1R10 NM_002714.4 Q80W00 Q96QC0 0.475 1 940 99.07 Nucleus Negative
ZC3H8 NM_032494.3 Q9JJ48 Q8N5P1 0.353 3 291 34 Nucleus Positive
MKRN1 NM_013446.4 Q9QXP6 Q9UHC7 0.332 4 482 53.4 Cytosol Positive
ZC3H18 NM_001294340.2 Q0P678 Q86VM9 0.307 1 953 109 Nucleus Positive
RC3H1 NM_172071 Q4VGL6 Q5TC82 0.294 1 1133 126 Cytoplasm, P-

body, Cytoplasmic 
granule

Positive

1 Accession number of gene retrieved from Genbank
2 Human-virus PPI probability score calculated using HVPPI web server
3 Number of ZF motifs and subcellular localization of C3H ZF proteins retrieved from Uniprot and QuickGO
4 NS1- C3H-ZF protein interactions as determined by co-IP in this study
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proteins and it is not suitable for fluorescent microscopy 
(Supplementary Figure S2 and S3).

Interaction of RC3H1 with NS1 in infected cells and the 
impact of RC3H1 silencing on progeny virion production
The interaction between RC3H1 and NS1 in PR8-
infected H1299 cells was also examined by using co-IP 
experiment. As shown in Fig.  5A, NS1 expressed in 
lysates of infected cells bound to Protein A/G beads with 

NS1 monoclonal antibody. Endogenous RC3H1 was co-
immunoprecipitated as it bound to NS1. In contrast, 
endogenous RC3H1 was not co-immunoprecipitated 
when lysates of mock infected cells were used with Pro-
tein A/G beads and NS1 monoclonal antibody.

Given that RC3H1 bound to NS1 in co-IP and showed 
increased translocation to the nucleus in IAV infected 
cells, the role of RC3H1 in viral replication was next 
examined by using RC3H1 siRNA. It has been reported 

Fig. 2 293FT cells were transfected with myc-tag NS1 only or co-transfected with respective flag-tagged zinc-finger proteins. Cells transfected with 
myc-NS1 and flag-CPSF30 served as the positive control while cells transfected with myc-tag NS1 only served as the negative control. For (A), the C3H-ZF 
proteins expressed are CPSF30 (MW 30 kD), PPP1R10 (MW 99 kD), MKRN1 (MW 53 kD) and RC3H1 (MW 126 kD) respectively. For (B), the C3H-ZF proteins 
expressed are CPSF30 (MW 30 kD), ZC3H8 (MW 34 kD), ZC3H15 (MW 49 kD) and ZC3H18 (MW 109 kD) respectively. Lysates obtained from the transfected 
cells were subjected to WB to detect the expression levels of NS1 or flag-tagged zinc-finger proteins (top and middle panels). Flag-tagged proteins 
were immunoprecipitated using flag antibody beads and the levels of NS1 after IP were detected using anti-NS1 antibody (bottom panel). The levels of 
flag-tagged protein on the antibody beads were determined by reprobing the IP blot with anti-flag antibody. This is a representative of 3 independent 
experiments
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Fig. 4 H1299 cells were either mock or infected with PR8 at MOI of 5. At 24 hpi, the cells were harvested and subjected to subcellular fractionation. Frac-
tionated cell lysate was subjected to WB analysis. (A) WB analysis showing the expression of NS1, RC3H1 and MKRN1 in cytosol and nuclear fractions in 
mock- or PR8-infected cell. GAPDH and Lamin A were used as markers for cytosol and nuclear fractions respectively. Densitometry analysis was performed 
to quantify protein expression. The relative levels of (B) RC3H1 and (C) MKRN1 in different subcellular fractions were plotted after normalization against 
total expression in both fractions. Data represented average of relative level ± s.d. of three independent experiments and p value was calculated using 
two-way ANOVA followed by Šídák’s multiple comparisons test. (*p < 0.05)

 

Fig. 3 H1299 cells were transfected with myc-tagged NS1, flag-tagged zinc-finger proteins or co-transfected with both plasmids. Cells transfected with 
myc and flag vectors served as the negative control. At 24 h post-transfection, the cells were stained with mouse anti-myc or rabbit anti-flag antibodies, 
followed by AF568 anti-mouse IgG (H + L) or AF488 anti-rabbit IgG (H + L) secondary antibodies. DAPI was used for nuclei staining. Magnification = 20X. 
Scale bar = 50 μm. White arrows indicate co-localization signals of NS1 and zinc-finger proteins
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that the delivery of siRNA via lipofectamine 2000 or 
through siRNA-polyplexes into H1299 was more effi-
cient in H1299 than another commonly used human lung 
cell line A549 [38]. Thus, we selected H1299 for RC3H1 
silencing. As shown in Fig.  5B, the level of endogenous 
RC3H1 protein was significantly reduced upon trans-
fection with RC3H1 siRNA when compared to control 
siRNA. To determine if RC3H1 silencing affects viral rep-
lication, the cells were infected with PR8 virus at MOI of 
1 and harvested at 15hpi. The amount of progeny virion 
produced by the cells was quantified by plaque assay. 
Our results show that virus titer for the RC3H1 siRNA-
transfected cells was significantly higher than control 
siRNA-transfected cells, suggesting that the knockdown 
of RC3H1 enhanced viral replication (Fig. 5C).

Discussion
Our computational-based approach provides a quick 
method to predict putative viral-host interactions. After 
a 3-stage sequential algorithm, a list of 21 host-encoded 

C3H-ZF was predicted to be binders of NS1 of PR8 (Sup-
plementary Table 1). To assess the accuracy of this pre-
diction, the top 7 of them were tested for binding to NS1 
protein by using co-IP binding assay performed using a 
human cell line. 5 out of the 7 top scorers (71.4%) bound 
to NS1, indicating that this pipeline produces a high level 
of true positive results. However, two of the predicted 
C3H-ZF (PPP1R10 and ZC3H15) did not bind to NS1 in 
the co-IP experiments despite having high HVPPI score 
of 0.639 and 0.475 respectively. While it is possible that 
another binding assay suitable for detecting their interac-
tion with NS1 may yield a different result, it is also prob-
able that they are false positive from our computational 
pipeline. Also, protein interaction predictors are often 
prone to false positives [39, 40]. To improve the accu-
racy, additional computation algorithm such as dock-
ing may be added in the future. Docking algorithms use 
scoring functions to evaluate predictions and could pro-
vide insight by considering 3-dimensional interactions at 
the interface of protein complexes. For example, recent 

Fig. 5 (A) Co-immunoprecipitation of RC3H1 with NS1 in PR8-infected or mock-infected cells. H1299 cells were either mock or infected with PR8 at MOI 
of 5 and harvested at 48hpi. Lysates obtained from infected cells were subjected to WB to detect the expression levels of NS1 or RC3H1. Cell lysates were 
also immunoprecipitated using Protein A/G beads with NS1 monoclonal antibody and the bound proteins were eluted for WB analysis. To resolve the 
RC3H1 (MW ~ 126 kDa) and NS1 (MW ~ 26 kDa) proteins on SDS-PAGE, different percentages of acrylamide were used and the eluate from the Protein A 
and G beads was divided based into 2 portions (1:4 ratio) for detecting of NS1 and RC3H1 respectively. (B) and (C) H1299 cells were transfected with 40nM 
of siRNA for ~ 24 h followed by reseeding into 12-well plates. After another ~ 24 h, the cells were then infected with PR8 virus at MOI of 1. At 15 hpi, the 
cell culture supernatant was then collected for plaque assay on MDCK cells. A separate set of reseeded cells were harvested for WB analysis to verify the 
knockdown efficiency. (B) WB analysis showing the expression of RC3H1 in RC3H1 siRNA-treated and negative control siRNA-treated H1299 cells. (C) The 
amounts of virus produced by RC3H1 siRNA-treated and negative control siRNA-treated H1299 were compared. The average viral titer from 3 indepen-
dent experiments was plotted and p value was calculated using Student’s t test (***p ≤ 0.001)
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studies presented protocols that can yield fairly accurate 
prediction of protein-protein interactions using Alpha-
Fold2-related artificial intelligence (AI) systems [41–43]. 
However, the accuracies of these algorithms require fur-
ther assessment (e.g. only 51% of interacting pairs were 
able to be correctly detected using the predicted DockQ 
score [39]). Only 11% success rate was seen in docking of 
antibody-antigen complexes [41]). Hence, further inves-
tigation and development of appropriate protocols are 
required to determine if applying these docking proto-
cols to the shortlisted of 21 human C3H-ZF proteins can 
accurately reveal which of them are true binders of NS1 
of PR8.

One of the NS1-binding C3H-ZFs confirmed by the 
co-IP experiments is CPSF30, which is a well-character-
ized interactor of NS1. The interaction between NS1 of 
PR8 and CPSF30 does not lead to host gene shut-off but 
causes alternative polyadenylation in the infected cells 
[35]. The other 4 C3H-ZFs, namely MKRN1, RC3H1, 
ZC3H8 and ZC3H18, have not been documented to 
interact with viral proteins of IAV. According to the Uni-
prot classification, MKRN1 and RC3H1 are found in the 
cytoplasm while ZC3H8 and ZC3H18 are localized in the 
nucleus (Table 1). In the infected cells, NS1 has distinc-
tive roles in the cytoplasm and nucleus [3]. As CPSF30 is 
known to interact with NS1 in the nucleus, ZC3H8 and 
ZC3H18 may act on IAV in a similar way as CPSF30. As 
the mechanism of action for RC3H1 and MKRN1 could 
be different from CPSF30, subcellular fractionation was 
conducted to determine if the localization of RC3H1 or 
MKRN1 changes during IAV infection. Consistent with 
recent publications, MKRN1 and RC3H1 are found in 
both the cytoplasm and nucleus. Interestingly, there 
is a significant increase in the nuclear translocation of 
RC3H1 but not MKRN1 in IAV-infected cells. As NS1 
is found in both nucleus and cytoplasm, RC3H1 may co-
localize with NS1 in either compartment and modulate 
its function.

RC3H1, also known as Roquin-1, belongs to the Roquin 
family, which is one of the RNA-binding proteins (RBPs) 
families. In addition to the C3H1 zinc finger domain, 
RC3H1 has a RING finger domain and an ROQ domain 
at its N-terminus. The C3H1 zinc finger and ROQ 
domains enable RC3H1 to bind to the 3’-UTR region 
of target mRNAs, destabilizing them, thereby prevent-
ing excessive immune cell activation [44]. Mutations in 
the RC3H1 gene can result in sustained immunological 
inflammation due to over-activation of T follicular helper 
cell and the formation of germinal centers [45]. While 
the role of RC3H1 in maintaining immune homeostasis 
is well-studied, its function during viral infection remains 
unclear. A study by Song et al. [46] has demonstrated that 
R3CH1 is required for human cytomegalovirus (HCMV) 
lytic production. HCMV induces RC3H1 expression and 

exploits it to suppress innate immune responses in pri-
mary human foreskin fibroblasts (HFFs). Mechanistically, 
RC3H1 binds directly to the mRNA of IRF3, blocking 
IRF3-mediated antiviral gene expression. As a result, the 
knockdown of RC3H1 increases the production of pro-
inflammatory cytokines and inhibits HCMV infection 
[46]. These findings imply that RC3H1 has a proviral 
role during HCMV infection. In contrast, IAV infection 
does not up-regulate total RC3H1 expression in H1299 
cells (data not shown). Our results show that the knock-
down of RC3H1 increased the secretion of infectious PR8 
virus from infected cells, indicating that RC3H1 acts as 
an antiviral host factor. This difference could be due to 
the replication mechanism of IAV being distinctive from 
HCMV which is a DNA virus.

NS1 protein is a key component of influenza virus that 
counteracts the host cell’s interferon (IFN) response, 
thereby enhancing viral virulence [7]. As RC3H1 binds 
to the effector domain of NS1, it is possible that RC3H1 
interferes with NS1’s ability to antagonize the IFN 
response. Consequently, the knockdown of RC3H1 frees 
up more NS1 protein, enhancing viral replication through 
the suppression of host innate immune responses. How-
ever, the increase in viral titer in the RC3H1 knockdown 
cells is only 3 folds higher than the control siRNA-treated 
cells. This modest increase might be attributed to weak 
binding of RC3H1 to NS1. Alternatively, it could result 
from a compensatory inhibitory mechanism involv-
ing RC3H2, which is a paralog of RC3H1. RC3H1 and 
RC3H2 share a high degree of sequence similarity in their 
N-terminus and exhibit redundant functions in T cells 
[47, 48]. Based on our computational pipeline, RC3H2 
is also predicted to bind NS1 (Supplementary Table 1). 
Thus, in RC3H1 knockdown cells, where the RC3H1-
NS1 interaction is disrupted, RC3H2 may bind to more 
NS1, exerting an antiviral effect on IAV replication. This 
suggests that simultaneous knockdown of both RC3H1 
and RC3H2 could lead to a greater increase in progeny 
virus production in infected cells. However, performing 
a double knockdown may pose challenges due to poten-
tial cytotoxicity. Further wetbench investigation will be 
needed to investigate whether RC3H1 interacts with the 
NS1 protein of different IAV strains and whether its anti-
viral activity is conserved across strains.

Conclusions
In summary, we have used a 3-stage computational pipe-
line to predict host-pathogen protein-protein interac-
tions (HP-PPI) because this can be performed quicker 
and cheaper than wetbench screening methods. When 
applied to the PR8 IAV, the pipeline identified 21 human 
C3H-ZF proteins as putative interactor of NS1 and the 
accuracy of this prediction was assessed by subjecting 
the top 7 highest scoring C3H-ZF proteins to cell-based 
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co-IP experiment to determine which pair(s) of interac-
tion is detectable in mammalian cell lines. We found 
that 5 out of the 7 top scorers (71.4%) bound to NS1, 
indicating that this pipeline produces a high level of 
true positive results but there are also false positives. 
As a proof-of-concept, infection study was performed 
on one of the novel and validated NS1-host interactions 
and the host RC3H1 protein was found to regulate PR8 
IAV replication negatively in the human lung H1299 cell 
line although its influence on NS1 function appears to be 
low when compared to other published major mediator 
of NS1 function. Nevertheless, our study illustrates the 
development of a computational pipeline that can serve 
as a rapid initial screen to shortlist putative virus-bind-
ing host factors which can then be subjected to further 
evaluation using wetbench experiments. The limitations 
identified in this cross-disciplinary project will also guide 
future research to develop better computational pipeline 
for predicting virus-host interaction.
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