Identification of cytosolic RC3H1 as antiviral host factor binding to the non-structural protein 1 of Influenza A virus via a 3-stage computational pipeline
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Supplementary Material: 
Supplementary Table 1: Full list of C3H-ZF proteins predicted to bind to NS1 of PR8 virus with HVPPI probability score of at least 0.143.
	Gene
	UniProtID
(Mouse)
	UniProtID (human)
	Subcellular Location1
	HVPPI Score2
	Known Functions

	CPSF30
	Q8BQZ5
	O95639
	Nucleus
	0.747
	· Regulates the polyadenylation step of cellular pre-mRNA 3’ end processing [1, 2]

	ZC3H15
	Q3TIV5
	Q8WU90
	Cytoplasm, Nucleus
	0.639
	· Involved in cell proliferation, apoptosis, cell adhesion, and transcription [3]

	PPP1R10
	Q80W00
	Q96QC0
	Nucleus
	0.475
	· Acts as a regulator of protein phosphatase 1 (PP1) that is involved in transcriptional regulation, cell cycle progression, apoptosis, telomere maintenance, and DNA damage response [4]

	ZC3H8
	Q9JJ48
	Q8N5P1
	Nucleus
	0.353
	· One of the compenents of the human little elongation complex (LEC), which regulates the gene transcription of nuclear RNA by RNA polymerase II and III [5]
· Interferes with DNA damage repair and response pathway [6]

	MKRN1
	Q9QXP6
	Q9UHC7
	Cytosol
	0.332
	· An E3 ubiquitin ligase that regulates protein stability, transcriptional control, and RNA metabolism [7]
· Regulates RNA polymerase II-dependent transcription [8]

	ZC3H18
	Q0P678
	Q86VM9
	Nucleus
	0.307
	· Promotes RNA decay by binding to the cap-binding complex (CBC) on capped RNAs and associating with the nuclear exosome targeting (NEXT) complex [9]

	RC3H1
	Q4VGL6
	Q5TC82
	Cytoplasm, P-body,
Cytoplasmic granule
	0.294
	· An E3 ubiquitin ligase that targets mRNAs for decay, particularly short-lived and DNA damage-induced mRNAs [10]
· Controls T-cell activation, regulates B cell homeostasis and proliferation, and maintains immune homeostasis by regulating mRNA decay of key immune genes [11, 12]

	TRMT1
	Q3TX08
	Q9NXH9
	Nucleoplasm, Nucleus
	0.281
	· A tRNA methyltransferase 1 enzyme that modifies tRNAs by adding dimethylguanosine (m2,2G) to the guanine residue at position 26, which is required for proper cellular proliferation and oxidative stress survival [13]

	RC3H2
	P0C090
	Q9HBD1
	Cytoplasm, P-body
	0.277
	· An E3 ubiquitin ligase that is involved in the ubiquitination of MAP3K5 [14]
· Regulates gene expression by binding to the constitutive decay element (CDE) at the 3′ untranslated regions (UTRs) of mRNAs, causing mRNA deadenylation and degradation [15]

	RBM22
	Q8BHS3
	Q9NW64
	Cytoplasm, Nucleus
	0.257
	· Involved in pre-mRNA splicing and acts as a transcription factor by binding to DNA [16]
· Regulates RNA polymerase II activity [17].

	DHX57
	Q6P5D3
	Q6P158
	Not Available
	0.255
	· Probable ATP-binding RNA helicase [18, 19]

	ZC3H13
	E9Q784
	Q5T200
	Nucleus speckle, Nucleus, Nucleoplasm
	0.227
	· An essential component of the m6A methyltransferase complex that regulates RNA stability and translation [20]

	PRR3
	Q811B5
	P79522
	Not Available
	0.221
	· Stabilizes TOC1 (Timing of Cab Expression 1) in plants with potential parallels in mammalian circadian rhythm control [21]

	MKRN3
	Q60764
	Q13064
	Ribonucleoprotein complex
	0.216
	· An E3 ligase that ubiquitinates substrates for degradation and modulates developmental pathways [22]

	ZC3H6
	Q8BYK8
	P61129
	Chromatin, Nucleus
	0.214
	· Acts as an RNA-binding protein that potentially regulates RNA processing [23]

	PAN3
	Q640Q5
	Q58A45
	Cytoplasm, P-body
	0.211
	· Works as a part of the PAN deadenylation complex, which helps to degrade mRNA by removing its protective poly(A) tail [24]

	ZGPAT
	Q8VDM1
	Q8N5A5
	Nucleus
	0.203
	· Acts as a transcriptional repressor by binding to specific DNA sequence and recruiting a nucleosome remodeling and deacetylase (NuRD) complex to inhibit transcription [25]

	ZC3H4
	Q6ZPZ3
	Q9UPT8
	Chromosome
	0.19
	· Promotes the termination of long non-coding RNAs (lncRNAs) and their degradation by the exosome [26]
· Involved in RNA biogenesis [26]

	MKRN2
	Q9ERV1
	Q9H000
	Cytoplasm, Nucleus
	0.184
	· An E3 ubiquitin ligase that targets transcription factors for degradation, thereby regulating inflammatory responses and inhibiting cancer-related pathways [27, 28]
· Interacts with GLE1, a DEAD-box helicase activator, to regulate mRNA export [29]

	HELZ
	Q6DFV5
	P42694
	Nucleus
	0.177
	· Acts as an RNA helicase by unwinding RNA structures to facilitate various RNA metabolic processes [30]
· Promotes cell proliferation, translation initiation and ribosomal protein S6 phosphorylation [30]
· Promotes R loop resolution to facilitate DNA double strand break repair [31]

	UNK
	Q8BL48
	Q9C0B0
	Cytoplasm
	0.167
	· Acts as an RNA-binding protein that regulates mRNA translation [32]


1 Subcellular localization of C3H ZF proteins retrieved from Uniprot and QuickGO
2 Human-virus PPI probability score calculated using HVPPI web server. 
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[bookmark: _Hlk194537568]Supplementary Figure 1: Estimation of infection rate of H1299 cells as determined by immunofluorescence asssay. H1299 cells were either mock or infected with PR8 at MOI of 5. At 48 h post infection, the cells were stained with (A) mouse anti-influenza A nucleoprotein (NP) antibody or (B) rabbit anti-NS1 antibody, followed by AF488 anti-mouse or anti-rabbit IgG (H+L) secondary antibody. DAPI was used for nuclei staining. To estimate the infection rate, the number of infected cells (green) and cell nuclei (blue) in 3 random fields was counted. A representative image (out of 3 fields used for counting) is shown. Magnification = 20X. Scale bar = 50 μm.
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Supplementary Figure 2: Performance of rabbit anti-RC3H1 antibody in Western blot (WB) analysis. This is the uncut blot for figure 4B in the main text which was showing the expression of RC3H1 (predicted molecular weight (MW) of 126kDa) in RC3H1 siRNA-treated and negative control siRNA-treated H1299 cells. The commercially available anti-RC3H1 antibody binds to several host proteins as shown in WB probably because it is a rabbit polyclonal antibody. The protein corresponding to the predicted MW of RC3H1 showed reduced expression in knockdown cells whereas the other proteins of lower MW were not affected by the knockdown of RC3H1 mRNA. Thus, the anti-RC3H1 antibody is binding non-specifically to other host proteins and so it is not suitable for fluorescent microscopy.
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[bookmark: _GoBack]Supplementary Figure 3: Performance of rabbit anti-RC3H1 antibody in immunofluorescence asssay. H1299 cells were either mock or infected with PR8 at MOI of 5. At 48 h post infection, the cells were stained with rabbit anti-RC3H1 antibody, followed by AF488 anti-rabbit IgG (H+L) secondary antibody. DAPI was used for nuclei staining. Consistent with the result of WB, the commercially available anti-RC3H1 antibody shows a high background due to its non-specific binding to other host proteins. As such, it is not possible to conclude if there is an increase in RC3H1 in the nucleus of infected. Thus fractionation and WB to further verify the localization RC3H1 in the nucleus of infected cells (see main text). Magnification = 20X. Scale bar = 50 μm.

Additional Material and Methods:

Immunofluorescence asssay
H1299 cells were seeded on cover slips that were coated with Poly-D-Lysine (Sigma) in 24-well plates. After overnight seeding, the cells were either mock or infected with PR8 at MOI of 5. At 48 h post infection (hpi), the cells were washed with PBS and fixed with 4% paraformaldehyde at room temperature for 10 min. After that, the cells were permeabilized with 0.2% Triton-X 100 in PBS for 5 min and blocked with 10% FBS in PBS for 30 min. The cells were then stained with mouse anti-influenza A nucleoprotein (NP) antibody (clone A3) (Merck) (1:1000), rabbit anti-NS1 (polyclonal) (1:500) or rabbit anti-RC3H1 antibody (Invitrogen) (1:500) in blocking solution for 1.5 h. After washing 3 times with PBS, incubation with goat anti-mouse or anti-rabbit IgG (H+L) secondary antibody, Alexa Fluor™ 488 (Invitrogen) diluted 1:500 in blocking solution was performed for 1 h. The cell nuclei were stained with DAPI (Invitrogen) for 5 min. After washing 3 times with PBS, the cover slips were mounted with ProLong™ Gold Antifade Mountant (Invitrogen). To estimate the PR8 infection rate in H1299 cells, immunofluorescence images of 3 random fields under the magnification of 20X were taken using Olympus CKX53 microscope. The number of NP- or NS1-positive (green) cells and nuclei (blue) in each field were then counted using ImageJ (National Institues of Health) to obtain the percentage of infected cells.

Detailed information for each stage of the computational protocol

A three-stage protocol comprising of (i) domain assignment, (ii) domain-domain interaction prediction (DDI) and (iii) refinement with a protein-protein interaction (PPI) prediction tool was used to generate a list candidate host proteins as targets for experimental verification. In our earlier publication [33], stages (i) and (ii) were developed and we summarized it here for clarity. As IAV virulence is often studied via lethal dosage values in mouse model literature, mouse host proteins were first considered for the domain level interactions, followed by homology mapping to human host proteins during refinement with PPI prediction. Details of the protocol are as follows.

i. Domain Assignment with SUPERFAMILY
This stage of the protocol was developed in an earlier work [33]. Fasta sequence records  of 17,120 Swiss-Prot [34] gold star reviewed mouse proteins were first retrieved from UniProt protein knowledgebase (UniProtKB) [35] , with the reference proteome ID (UP000000589). SUPERFAMILY 2.0 [36] was then used to assign at least one Structural Classification of Proteins (SCOP) [37] domain to IAV and mouse amino acid sequences.

ii. Domain-Domain Interaction Prediction with DISPOT
This stage of the protocol was developed in an earlier work [33]. The Domain Interaction Statistical Potential (DISPOT) (http://dispot.korkinlab.org/home/pairs) [38] web tool was utilized to determine occurrence of DDIs between IAV-mouse SCOP superfamily domain pairs. For a query domain pair, DISPOT returns a statistical potential based on the observed frequencies of domain pairs in the DOMMINO [39] database . DOMMINO is an exhaustive database of structurally resolved macromolecular interactions, where data about DDIs is copious. The statistical potential (Pij) is calculated according to the equation below, from [38]:

Mmean is the average number of interactions for a pair of domain families, calculated from the non-redundant DOMMINO dataset. Mpij denotes the number of interactions of all domains that also belong to the same SCOP family as the viral (i) and host domains (j). In Z2, Mpkl represents the number of interactions over all possible domain pairs.  
A negative value in DISPOT can be understood as having more than the average number of observed DDIs in the DOMMINO [39] database. Similar to statistical potentials in thermodynamic systems, it can be interpreted  as “more negative scores indicate higher or better chances of occurring”. 
The results of the DDI query of IAV-mouse host domains indicated that the C3H zinc finger domain in mouse proteins was predicted to be interacting significantly, with the NS1 effector domain-like in IAV proteins, with a strong DISPOT statistical potential score of -2.916 (rounded to 3 d.p.). 
Hence, the C3H zinc finger domain was selected for further refinement stage. Among the 17, 120 mouse proteins, 35 were found to contain the C3H zinc finger domain. As C3H zinc finger proteins have different length and motifs, HVPPI described below was applied to distinguish between them, to identify highly likely pairs.

iii. Refinement with HVPPI Server
Based on the stages (i) and (ii) described above, we were able to deduce that C3H1 mouse zinc finger proteins are interactors of IAV NS1. In this study, we developed stage (iii) which yielded new results for this manuscript. The detailed method for stage (iii) computational work is described here. We used the human-virus PPI (HVPPI) web server (http://zzdlab.com/hvppi/predict.php) [40] as developed by X.Yang et al. This implements an unsupervised sequence embedding approach, doc2vec to represent protein sequences as rich feature vectors of low dimensionality. Then, these vectors were used as inputs to train a random forest (RF) classifier to predict human-virus PPIs.

The  human homologues of 35 C3H1 mouse zinc finger proteins were first obtained through mouse-human homology mapping using UniProt. Then, these 35 human proteins were paired with the NS1 segment of the H1N1 IAV strain of interest (A/PR8/34), forming the input to HVPPI. Lastly, HVPPI automatically calculates and outputs 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.  Therefore, protein pairs which obtained a score of at least 0.143 were deemed interacting. 

This procedure refined a total of 21 human proteins (Supplementary Table 1) as interacting from the initial list of 35, as interacting with IAV (A/PR8/34) with HVPPI score ). Of these, the top 7 high scoring proteins were examined in co-immunoprecipitation experiments as described in the main text.
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