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 ABSTRACT  

Objective: RNA helicase DDX5 is downregulated during hepatitis B virus (HBV) replication, and 

poor prognosis HBV-related hepatocellular carcinoma (HCC).  The objective of this study is to 

investigate the role of DDX5 in interferon signaling. We provide evidence of a novel mechanism 

involving DDX5 that enables translation of transcription factor STAT1 mediating the interferon 

(IFN) response.  

Design and Results: Molecular, pharmacologic, and biophysical assays were used together with 

cellular models of HBV replication, HCC cell lines, and liver tumors. We demonstrate that DDX5 

regulates STAT1 mRNA translation by resolving a G-quadruplex (rG4) RNA structure, proximal 

to the 5’ end of STAT1 5’UTR. We employed luciferase reporter assays comparing wild type 

(WT) vs. mutant (MT) rG4 sequence, rG4-stabilizing compounds, CRISPR/Cas9 editing of the 

STAT1-rG4 sequence, and circular dichroism determination of the rG4 structure. STAT1-rG4 

edited cell lines were resistant to the effect of rG4-stabilizing compounds in response to IFN-α, 

while HCC cell lines expressing low DDX5 exhibited reduced interferon response. 

Ribonucleoprotein and electrophoretic mobility assays demonstrated direct and selective binding 

of RNA helicase-active DDX5 to the WT STAT1-rG4 sequence. Immunohistochemistry of normal 

liver and liver tumors demonstrated that absence of DDX5 corresponded to absence of STAT1. 

Significantly, knockdown of DDX5 in HBV infected HepaRG cells reduced the anti-viral effect 

of IFN-α.   Conclusion: RNA helicase DDX5 resolves a G-quadruplex structure in 5’UTR of 

STAT1 mRNA, enabling STAT1 translation. We propose that DDX5 is a key regulator of the 

dynamic range of interferon response during innate immunity and adjuvant IFN-α therapy.   
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Introduction 

Interferon Type I/III signaling acting through the JAK/STAT pathway exerts antiviral, anti-tumor, 

and immunomodulatory effects (1, 2). Effects of IFN-α and IFN-β are mediated by tyrosine 

phosphorylation of transcription factors STAT1 and STAT2, followed by formation of ISGF3 

complex via interaction with IRF9, translocation to the nucleus, and transcriptional induction of 

Interferon Stimulated Genes (ISGs). In addition to tyrosine phosphorylation, STAT1 activity is 

further modulated by modifications including methylation (3), acetylation (4) and ubiquitination 

(5). Since STAT1 is involved in all types (I/III) of interferon signaling (6), these post-translational 

modifications influence all types (I/III) of interferon signaling, depending on cellular context. 

Herein, we provide evidence for a novel mechanism of STAT1 regulation, involving translational 

control of STAT1 mRNA, studied in the HBV replicating HepAD38 cell line (7) and HBV 

infection model of differentiated HepaRG cells (8). 

  Hepatitis B virus (HBV) infection is a significant global health problem with more than 

250 million chronically infected patients. Chronic HBV infection is associated with progressive 

liver disease, cirrhosis, and development of hepatocellular carcinoma (HCC). Curative treatments 

for early stage HCC include liver resection, transplantation, or local ablation. In advanced stage 

HCC, multi-kinase inhibitors (9-11), offer only palliative benefits.  In addition, because IFNs exert 

both antiviral and anti-proliferative effects (12, 13), adjuvant IFN-α therapy has been extensively 

applied for treatment of chronically HBV-infected patients with HCC. Unfortunately, many 

patients do not respond to IFN-α (14). Importantly, HCC patients with increased expression of the 

ISG IFIT3, a direct transcription target of STAT1 (15), predict positive response to IFN-α therapy 

(16), suggesting IFN-α non-responders lack STAT1 activation and/or expression.  
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Viruses have evolved effective strategies to hijack cellular pathways for their growth 

advantage, including mechanisms for immune evasion. In our studies, we have identified a cellular 

mechanism hijacked by HBV associated with both viral biosynthesis and poor prognosis HBV-

related HCC (17-19). This mechanism involves the chromatin modifying PRC2 complex and RNA 

helicase DDX5. PRC2 mediates repressive histone modifications (H3K27me3)(20), while RNA 

helicase DDX5 is involved in transcription, epigenetic regulation, miRNA processing, mRNA 

splicing, decay, and translation (21, 22).  Interestingly, HBV infection downregulates DDX5 via 

induction of two microRNA clusters (23), miR17~92 and miR106~25 (17-19). Moreover, HBV 

replicating cells with reduced DDX5 exhibit Wnt activation, resistance to chemotherapeutic agents 

(23), and reduced protein levels of STAT1, as we describe herein.  

In this study, we provide evidence that DDX5 is involved in a novel mechanism of 

translational control of STAT1, a transcription factor mediating all types (I/III) of interferon 

signaling. Specifically, RNA helicase DDX5 resolves a secondary RNA structure called G-

quadruplex (24), located in the 5’ untranslated region (5’UTR) of STAT1 mRNA, thereby enabling 

its translation. G-quadruplexes are four-stranded structures formed in guanine (G)-rich sequences 

(25), and when located in 5’UTRs of mRNAs, influence post-transcriptional regulation of gene 

expression (20). One of the first examples of translational repression by an RNA G-quadruplex 

(rG4) was demonstrated for human NRAS mRNA (26). Bioinformatics analysis estimated nearly 

3,000 5'UTR rG4s in the human genome (26), and  rG4-sequencing of polyA+ HeLa RNA 

generated a global map of thousands rG4 structures (27). Recently, it was discovered that DDX5 

proficiently resolves both RNA and DNA G4 structures (28).      

The significance of this mechanism of translational control of STAT1 is dependence on the 

protein level and activity of the rG4-resolving helicase. Our results presented herein demonstrate 
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that the interferon response is influenced by this dynamic mechanism of STAT1 translational 

regulation, dependent on the protein level of DDX5. 

Materials and Methods 

Cell culture: Human hepatocellular carcinoma (HCC) cell lines HepG2, Huh7, Snu387, Snu423, 

HepaRG (29), HepAD38 (7), CLC15 and CLC46 (30) were grown as described, and regularly 

tested for mycoplasma using PCR Mycoplasma Detection Kit (Abm). HepAD38 cells support 

HBV replication by tetracycline removal (7). HepAD38 were STR tested by ATCC.  Human A549 

and Panc-1 cells were grown in DMEM with 10% FBS. Stable HepaRG cell lines were constructed 

expressing DDX5-FLAG-WT, and site directed DDX5-FLAG mutants K144N and D248N 

described previously (18), using the doxycycline inducible vector PLVX-puro (Supporting Table 

S1).  

Transfection assays: HepAD38, Huh7, and HepaRG cells (0.3x106 cells per well of 6-well plate) 

were transfected with control (Ctrl) or DDX5 siRNAs (40 nM). Following transfection (48 h), cells 

were harvested for RNA or protein extraction and analyzed by qRT-PCR or immunoblotting, 

respectively. HepAD38, Huh7, and HepaRG cells (0.1x106 cells per well of 12-well plate) were 

co-transfected with Renilla luciferase (25 ng) and WT STAT1-5'UTR-Luciferase (pFL-SV40-

STAT1-5’UTR a gift from Dr. Ming-Chih Lai) (50 ng) or mutant MT-STAT1-5’UTR-Luciferase 

(50 ng) using Lipofectamine 3000 (Life Technologies). In HepAD38 cells, HBV replication was 

induced by tetracycline removal 4 days prior to transfection with Renilla and Firefly luciferase 

vectors. Ctrl or DDX5 siRNAs (40 nM each) were co-transfected with Renilla and Firefly 

luciferase vectors using RNAiMax (Life Technologies). Plasmids used are listed in Supporting 
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Table S1. Firefly luciferase activity was measured 24 h after transfection using Dual Luciferase 

Assay system (Promega) according to manufacturer’s protocol, normalized to Renilla luciferase.  

HBV infection assays. HepaRG cells plated in 24-well plates were subjected to DMSO-induced 

differentiation for one month (31). dHepaRG cells were infected with HBV at multiplicity of 

infection (moi) = 500, in the presence of 4% Peg8000. One day post-infection, cells were washed 

with phosphate buffered saline (PBS) and maintained in culture until establishment of infection 

i.e., stable cccDNA level at 5-7 days. siRNAs (25 nM)  were transfected on day 8 post-infection 

(p.i) with lipofectamine RNAimax, according to supplier's recommendations. IFNα treatments 

were performed, starting on day 11 p.i., every 3 days. Cells were harvested on day 17 p.i., to 

quantify viremia (qPCR) and viral RNAs by RT-qPCR. 

RNA preparation and qRT-PCR assay: RNA preparation and qRT-PCR performed according 

to manufacturer’s instructions, employing commercially available kits (Supporting Table S2). 

Primer sequences listed in Supporting Table S3.  

Immunoblot and Immunohistochemistry assays performed as described (18). Densitometric 

analysis of immunoblots was by ImageJ. Antibodies used are listed in Supporting Table S4. 

Circular Dichroism spectroscopy of RNA oligonucleotides performed as described (32), 

employing Jasco J-1100 spectropolarimeter equipped with thermoelectrically controlled cell 

holder. CD measurements were performed using quartz cell with optical path length of 1 mm. 

Blank sample contained only buffer (25 mM Tris-HCl, pH 7.4). Each CD spectroscopy 

measurement was the average of two scans, collected between 340 and 200 nm at 25°C, scanning 

speed 50 nm/min. CD melting experiments were performed at 264 nm with heating rate of 2°C/min 

between 25°C and 95°C. RNA sample concentration was 10 µM. 
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CRISPR/Cas9 gene editing: Huh7 and HepaRG cells were used to introduce indels targeting 

essential nucleotides of the G-quadruplex structure in 5’ UTR region of DDX5 gene (33). 

Ribonucleoprotein (RNP) of Cas9-2NLS (10 pmol) and guide RNA (50 pmol, Synthego) were 

loaded onto a 10 µl Neon Tip, and electroporated into 1x105 Huh7 and HepaRG cells, using Neon 

Transfection System at 1200 V, for 20 msec and 4 pulses (ThermoFisher Scientific), according to 

manufacturer’s instructions.  Genomic DNA was isolated and used for rapid PAGE genotyping 

(34) to validate incorporation of indels, 48 h after electroporation.  Validated pools of cells were 

subjected to clonal selection. Isolated single colonies were confirmed by rapid PAGE genotyping 

and allelic sequencing. 

Ribonucleoprotein Immunoprecipitation (RIP) Assay: RIP assays employed the Magna RIP™ 

RNA-Binding Protein Immunoprecipitation Kit (Millipore Sigma) following manufacturer’s 

instructions. Primer sequences and antibodies used are listed in Supporting Table S3 and S4, 

respectively.  

RNA pull down assay: RNA folding and pull down assays were performed as described with 

modifications (35). Briefly, synthetic 5’-biotinylated rG4 (Bio-rG4) and rG4mut (Bio-rG4mut) 

RNA oligonucleotides (Millipore Sigma) were diluted to 5 mM in folding buffer, heated to 95 °C, 

and cooled to 25°C. G-quadruplex formation determined by circular dichroism (CD). Whole cell 

extracts from HepAD38, Huh7, and HepaRG cells were incubated with folded biotinylated RNAs 

(Table S3), followed by pull down with streptavidin beads (Promega). Bound proteins analyzed 

by immunoblotting. 

Electrophoretic Mobility Shift Assay (EMSA): DDX5-FLAG-WT, DDX5-FLAG-K144N and 

DDX5-FLAG-D248N proteins were purified from lysates of respective HepaRG cell lines 
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following doxycycline induction (48 h), using Anti-FLAG M2 Magnetic Beads (Millipore Sigma) 

per manufacturer’s instructions. Synthetic Bio-rG4 (500 nM) or Bio-rG4mut (500 nM) RNA 

oligonucleotides (Millipore Sigma) were processed to form G-quadruplex as described, and 

incubated with increasing amount (1-100 ng/µl) of DDX5 protein in reactions containing 50 mM 

Tris-HCl, pH 9.0, 50 mM KCl, 1 mM MgCl2, 0.5 mM DTT and 100 µg/ml BSA, on ice for 15 

min. Binding reactions were adjusted to 5% (v/v) with glycerol and analyzed by electrophoresis 

on a 1.5% native agarose minigel in cold 0.5X Tris-Borate-EDTA buffer, pH 9.0. RNA 

oligonucleotides were stained by SYBRTM-Gold dye (ThermoFisher) and visualized by 

ChemiDocTM Touch Imaging System. 

Statistical Analysis: Statistical analysis was performed using unpaired t test in GraphPad Prism 

version 6.0 (GraphPad Software, San Diego, CA). Differences were considered significant when 

p < 0.05.  

Results 

We examined various liver cancer cell lines, HepG2, Huh7, Snu423 and HepaRG for IFN-α 

response, employing immunoblots for activated phospho-STAT1 (T701) and expression of ISG 

IRF9. All cell lines responded to IFN-α, including the HBV replicating HepAD38 cell line that 

contains a stably integrated copy of the HBV genome under control of the Tet-off promoter (7) 

(Fig. 1A and Supplementary Fig. S1A-B). In the absence of IFN-α treatment, HBV replication in 

HepAD38 cells exerted a small but reproducible reduction on STAT1 protein level (Fig. 1A). 

Following IFN-α treatment for 24 h, levels of STAT1, p-STAT1, and downstream ISGs IRF9 and 

IFITM3 were similarly reduced (Fig. 1A). Likewise, HBV replication exerted a reproducible 
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decrease in protein level of DDX5, irrespective of IFN-α treatment (Fig. 1A), as reported 

previously (18).  

To determine whether DDX5 downregulation was associated with downregulation of 

STAT1 observed during HBV replication (Fig. 1A), we transfected siRNA for DDX5 in HepAD38 

cells. Surprisingly, reduction in DDX5 protein resulted in reduction in STAT1 protein level (Fig. 

1B). DDX5 knockdown in Huh7 and HepaRG cell lines also resulted in reduced STAT1 protein 

(Fig. 1B), whose t1/2 was quantified to be 16 h (Supplementary Fig. S2A-B). Next, we examined 

STAT1 protein levels in three clonal DDX5-knockdown (DDX5KD) cell lines, KD2, KD3 and 

KD5, constructed in HepAD38 cells (23). These cell lines lacked STAT1 protein (Fig. 1C) and 

IFN-α response (Fig. S2C). Interestingly, STAT1 mRNA levels were unaffected in HBV 

replicating HepAD38 cells (Fig. 1D), in DDX5KD HepAD38 cells (Fig. 1E), and upon transient 

siRNA-mediated DDX5 knockdown in HepAD38, Huh7, and HepaRG cells (Fig. 1F), thereby 

excluding DDX5 effects on STAT1 transcription. By contrast, transfection of STAT1 siRNA 

abolished STAT1 mRNA detected by qRT PCR, in both WT and DDX5KD HepAD38 cells (Fig. 

1E). 

The STAT1 gene contains 24 introns. Accordingly, we examined whether intron detention 

or aberrant splicing are regulated by DDX5. qRT-PCR and RNA-seq intron data analyses of 

STAT1 in WT HepAD38 cells vs. DDX5-knockdown cells excluded STAT1 intron detention 

(Supplementary Fig. S3A). Likewise, comparison of STAT1 mRNA sequence from WT vs. 

DDX5KD cells, excluded aberrant splicing involving the mRNA splice site in proximity to AUG 

(Supplementary Fig. S3B). These results suggested DDX5 regulates STAT1 mRNA translation. 

rG4 structures in 5’UTR of human STAT1 mRNA 
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Having excluded DDX5 effects on STAT1 mRNA transcription and processing, we reasoned, the 

information for post-transcriptional regulation must be located in the sequence or structure of 

STAT1 5’ UTR. Surprisingly, the rG4-seq transcriptomic studies by Kwok et al (27) identified the 

5’UTR of human STAT1 mRNA as a high probability mRNA harboring rG4 structures  

(Supplementary Fig. S3C). To test this hypothesis, and using NRAS as our positive control (26), 

we examined the effect of several G4 stabilizing compounds (Fig. 2A),  including PhenDC3 and 

RR82 (24), on STAT1 protein level. Both compounds reduced STAT1 and NRAS protein level, 

without affecting DDX5 protein levels (Fig. 2A) or STAT1 mRNA (Fig. 2B). Similarly, we tested 

the effect of the G4-interactive TMPyP4 and its corresponding non-G4-interactive TMPyP2 

compound (36) on STAT1 protein and mRNA levels, using HepAD38 and Huh7 cells (Fig. 2C). 

The G4-interactive TMPyP4, similar to RR82, suppressed STAT1 protein levels, whereas the non-

G4 interactive TMPyP2 exerted no effect. Importantly, these compounds did not affect DDX5 

protein or STAT1 mRNA levels (Fig. 2C). We interpret these results to mean the 5’UTR of STAT1 

contains a putative rG4 structure, regulating STAT1 expression post-transcriptionally. 

 Employing an expression vector driven by the SV40 promoter, we cloned nucleotides (nt) 

+ 1 to +400 of the 5’UTR of STAT1 upstream of Firefly (F.) luciferase gene. This 5’UTR region 

contains three putative rG4s, labeled as rG4-1, rG4-2 and rG4-3 (Supplementary Fig. S3C). 

Importantly, rG4-1 is located 30 nt downstream from the start of the 5’UTR. Earlier studies 

demonstrated rG4s situated proximal or within the first 50 nt to the 5' end of the 5’UTR are 

functional and effective in repressing translation  (37). Based on this reasoning, we focused our 

analysis on rG4-1 and constructed a mutant (MT) rG4-1 (Fig. 3A), with G to A substitutions within 

the putative rG4-1 sequence. Transfection in HepAD38 cells of expression vectors containing WT 

and MT rG4-1 demonstrated a statistically significant increased F. luciferase activity from MT 
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rG4-1 in comparison to WT rG4-1 vector, while no changes were observed at the mRNA level, 

both in HepAD38 and Huh7 cells (Fig. 3B). Mutational analyses of rG4-2 and rG4-3 sequences 

excluded a similar role on STAT1 expression (Supplementary Fig. S4A and B). Next, we examined 

the effect of HBV replication, using HepAD38 cells, on F. luciferase activity expressed from WT 

and MT rG4-1 vectors. HBV replication reduced F. luciferase activity only from the WT rG4-1 

containing vector, without an effect on F. luciferase mRNA expression (Fig. 3C). Similar results 

were observed by siRNA knockdown of DDX5 (siDDX5) (Fig. 3C). Employing these expression 

vectors, we also tested the effect of the G4-stabilizing compounds RR82 and TMPyP4. Both drugs 

reduced expression only from the WT rG4-1 vector, without an effect on mRNA levels of F. 

luciferase, tested in HepAD38 (Fig. 3D) and Huh7 (Fig. 3C) cells. Taken together, these results 

identify the rG4-1 sequence as a functional element in 5’UTR of STAT1 mRNA, regulating its 

translation. 

Genomic editing of rG4-1 increases STAT1 protein levels 

Using clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 technology (38) 

we edited the genomic rG4-1 sequence of STAT1 in Huh7 and HepaRG cell lines. Several clones 

were isolated and sequenced, and protein and mRNA levels of STAT1 were determined (Fig. 4 

and Supplementary Fig. S5). DNA sequencing of HepaRG clones C5 and C9 (Supplementary Fig. 

S5) demonstrated C5 cells contain rG4-1 deletions in both alleles, while C9 cells have rG4 changes 

only in one allele (Fig. 4B). All clones analyzed from Huh7 and HepaRG cells exhibited 

statistically significant and reproducible increases in protein level of STAT1 in comparison to WT 

(unedited) cells, while STAT1 mRNA levels remained unchanged (Fig. 4). These results are also 

supported by luciferase reporter assays containing the edited rG4-1 sequences (Supplementary Fig. 

S6).  
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 Interestingly, DDX5 knockdown by transfection of DDX5 siRNA had no effect on STAT1 

protein levels of clone C5, containing edited rG4 sequence on both STAT1 alleles (Fig. 5A). By 

contrast, siDDX5 reduced STAT1 protein levels in WT and C9 cells (Fig. 5A). Likewise, STAT1 

protein levels of clone C5 were resistant to G4-stabilizing drugs RR82 and TMPyP4, while these 

compounds reduced STAT1 levels in both WT and C9 cells (Fig. 5B). Next, we examined the 

interferon response of WT, C5, and C9 cells as a function of co-treatment with RR82 (Fig. 5C). In 

contrast to WT and C9 cells, the IFN-α response of C5 cells was not inhibited by RR82, in terms 

of STAT1 protein level and activation, as well as induction of IRF9 and IFITM3 (Fig. 5C and Fig. 

S7). These results support that both alleles of clone C5 contain nonfunctional rG4-1 structures in 

5’UTR of STAT1 mRNA. 

The rG4-1 sequence of STAT1 forms G-quadruplex in vitro. 

To directly determine whether the rG4-1 sequence in 5’UTR of STAT1 indeed forms a G-

quadruplex structure, we employed CD spectroscopy, a method that enables study of nucleic acid 

secondary structure (32, 39). RNA oligonucleotides were synthesized (Fig. 6A) that corresponded 

to the indicated sequences of rG4-1 found in WT STAT1 mRNA, and in each allele of clones C5 

and C9. Since G4 oligonucleotides can form higher-order structures, we included U-streches at the 

5’ and 3’ of the indicated RNA oligonucleotides, and confirmed these RNA molecules were in 

monomeric form, employing native PAGE (Supplementary Fig. S8). The CD spectrum and 

thermal stability of these RNA oligonucleotides were studied as a function of K+ addition (100 

mM), a cation that stabilizes G4 structures (40). The melting temperature (Tm) of each RNA 

oligonucleotide is shown (Fig. 6D). Addition of 100 mM KCl increased the Tm of the WT, C9-1, 

and C9-2 RNA oligonucleotides, supporting formation of stable rG4 structures. By contrast, 

oligonucleotide C5-1 and C5-2 exhibited no or very small Tm increase in comparison to WT. 
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These results indicate, the WT, C9-1 and C9-2 sequences form stable rG4 structures, whereas C5-

1 and C5-2 lack formation of this structure. These biophysical results are congruent with our 

biological data, and demonstrate the role of rG4-1 structure in STAT1 translational control.  

DDX5 selectively binds STAT1 mRNA with WT rG4-1 

To determine whether DDX5 interacts directly with STAT1 mRNA, we performed 

ribonucleoprotein immunoprecipitation (RIP) assays employing DDX5 antibody, and IgG as 

negative control. In HepAD38 and Huh7 cells endogenous, immunoprecipitated DDX5 was found 

in association with STAT1 mRNA, while IgG did not exhibit such association (Fig. 7A). Next, we 

performed RIP assays in HepaRG cells, WT and clones C5 and C9. Interestingly, endogenous 

DDX5 associated with STAT1 mRNA in WT and clone C9 cells, while STAT1 mRNA expressed 

in clone C5, containing mutated rG4-1 sequence on both alleles, lacked binding to DDX5 (Fig. 

7B).  

To determine whether the enzymatic RNA helicase activity of DDX5 is required for 

resolving the rG4 STAT1 mRNA structure, we compared the STAT1 mRNA binding potential of 

WT DDX5 and two mutant forms of DDX5. Mutant DDX5-K144N lacks ATPase activity (41) 

and DDX5-D248N binds RNA but does not remodel it (18). Employing the HepaRG cell lines 

expressing the WT and indicated DDX5 mutants, we performed RIP assays (Fig. 7C). DDX5-

K144N exhibited significantly reduced binding to endogenous STAT1 mRNA, in comparison to 

WT and DDX5- D248N (Fig. 7C), supporting the requirement of ATP hydrolysis for STAT1 

mRNA binding. 

To further confirm that DDX5 binds the rG4-1 sequence, biotinylated oligonucleotides 

containing WT or mutant rG4-1 (Fig. 8A) were incubated in 100 mM K+ that stabilizes the G4 
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structure or 100 mM Li+ that does not (40). Mutant rG4-1 does not form stable G4 structure even 

in the presence of 100 mM K+, determined by CD spectroscopy (Supplementary Fig. S9A). Next, 

pre-folded RNA oligonucleotides incubated with lysates from HepAD38, Huh7, and HepaRG cells 

were bound to streptavidin beads, and the retained proteins analyzed by DDX5 immunoblots. 

Indeed, these pull-down assays show DDX5 selectively binds the WT rG4-1, whose structure is 

stabilized by 100 mM K+ (Fig. 8A).  We also employed the pull-down using the biotinylated WT 

and MT rG4-1 RNA oligonucleotides to confirm the requirement of the RNA helicase activity in 

this process. Indeed, both the WT and DDX5-D248N proteins, expressed in HepaRG cells, 

exhibited enhanced and selective binding to the WT rG4-1 RNA oligo in comparison to the 

inactive DDX5-K144N (Fig. 8B).  

Lastly, to directly demonstrate that DDX5 forms an RNA-protein complex with the WT 

rG4-1 RNA oligonucleotide, we performed EMSAs using increasing amounts of affinity purified 

WT and DDX5 mutant proteins (Fig. 8C and Supplementary Fig. S9B). The WT and DDX5-

D248N proteins exhibited selective and enhanced complex formation with WT but not MT rG4-1 

RNA oligonucleotides. By contrast, DDX5-K144N exhibited approximately 10-fold reduced 

binding to the WT rG4-1 RNA (Fig. 8C), further supporting the requirement of the enzymatic 

activity of DDX5 in resolving the rG4 structure in the 5’UTR of STAT1 mRNA. 

STAT1 expression in liver cancer cell lines and HBV-related liver tumors 

To further establish the biological connection between DDX5 and STAT1 protein levels relative 

to interferon response, we quantified IFN-α response in liver cancer cell lines expressing different 

levels of DDX5 protein. We compared cell lines Snu387 vs. Snu423, and CLC15 vs. CLC46 (30), 

by performing immunoblots of lysates treated with increasing amount of IFN-α for 12h (Fig. 9A 



15 

 

and Fig. S10A). Following quantification of the immunoblots, the signal of DDX5, STAT1, p-

STAT1 and IRF9 was normalized to the baseline p-STAT1 signal, obtained without IFN-α 

treatment (Fig. 9B). The results show the level of STAT1 protein, STAT1 activation, and IFN-α 

response (IRF9) is proportional to the level of DDX5 (Fig. 9B). Importantly, the basal expression 

level of STAT1 mRNA is significantly lower in Snu423 cells in comparison to Snu387 cells 

(Supplementary Fig. S10B).  

Next, we analyzed by immunohistochemistry (IHC) the expression of DDX5 and STAT1 

proteins in human normal liver tissue, and a small set of HCCs (Fig. 9C)  including HBV-related 

HCCs (Fig. 9D). Normal liver tissue exhibited positive immunostaining for both DDX5 and 

STAT1, in comparison to other controls. By contrast, HCC1 lacked positive immunostaining for 

both proteins, whereas HCC2 displayed a weak signal (HCC1 and HCC2 are of unknown 

etiology). Fig. 9D shows IHC of HBV-related HCCs; we observed absence of immunostaining for 

both DDX5 and STAT1 in Edmonson’s grade 3 HBV-related HCCs, supporting our mechanistic 

in vitro observations. 

DDX5 knockdown reduces the antiviral effect of IFN-α on HBV replication 

We employed the HBV infection model of dHepaRG cells to examine effect of DDX5 knockdown 

on HBV replication as a function of IFN-α treatment. dHepaRG cells following establishment of 

HBV infection, at day 8 p.i., were transfected with siCtrl or siDDX5 , followed by indicated IFN- 

α starting on day11-17p.i. (Fig. 10A). IFN-α treatment significantly repressed transcription of viral 

RNAs (Fig. 10B and Supplementary Fig. S11). By contrast, the level of expression of viral RNAs 

did not become significantly reduced by IFN-α in DDX5 knockdown cells (Fig. 10B and 

Supplementary Fig. S11). Furthermore, the protein level of STAT1 in response to IFN-α treatment 
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is reduced in DDX5 knockdown cells in comparison to siCtrl (Fig. 10C). These results support 

that the protein level or state of activation of DDX5 is a parameter modulating the IFN- α response, 

in the context of HBV infection. 

Discussion 

Herein, we report the translational control of STAT1, a transcription factor essential for all types 

(I/III) of interferon signaling, via a G-quadruplex (rG4) structure located at the 5’UTR of STAT1 

mRNA. RNA helicase DDX5 resolves this rG4 structure, thereby enabling STAT1 translation. 

Significantly, this post-transcriptional regulation of STAT1 expression is a cell intrinsic 

mechanism that influences the dynamic range of interferon response, dependent on protein level 

and activity of DDX5. The RNA helicase DDX5 regulates every aspect of RNA metabolism (42), 

and also serves as a barrier to pluripotency (43). Interestingly, it has been noted that pluripotent 

stem cells are refractory to interferon signaling (44, 45), although the mechanism is not yet 

understood. It is currently unknown whether absence of DDX5 expression or activity contributes 

to lack of innate immune response in pluripotent stem cells (44, 45).  

G-quadruplexes (G4) are non-canonical, secondary DNA or RNA structures formed by guanine 

rich sequences (24, 25, 46). DNA G4 structures are found in gene promoters, particularly of 

oncogenes, regulating their transcription (47). Interestingly, recent studies demonstrated that 

DDX5 resolves both RNA and DNA G4 structures, including a G4 structure found in the MYC 

promoter, enhancing its transcriptional activity (28). RNA G-quadruplexes (rG4) are primarily 

located in 5’UTR or 3’UTR of mRNAs, playing important roles in RNA biology, from splicing, 

stability, mRNA targeting, and translation (24, 46). rG4 structures have been identified by various 

methods in the 5’ UTR of NRAS (26), Zic-1(48), Nkx2-5 (49) mRNAs, among other genes (24, 



17 

 

46), regulating their translation. Herein, we demonstrate by pharmacologic, molecular, and 

biophysical approaches the functional significance of the rG4 structure in the 5’UTR of STAT1 

mRNA. Interestingly, this rG4 sequence in the 5’UTR of STAT1 is conserved in primates 

(Supplementary Fig. S12A), and several polymorphisms are found in the human genome at the 

5’UTR of STAT1 (Supplementary Fig. S12B).   

We demonstrate that G4-structure stabilizing compounds RR82, PhenDC3 and TMPyP4 

reduced the protein level of both STAT1 and NRAS, used as positive control, without affecting 

STAT1 mRNA level (Fig. 2). After excluding other post-transcriptional modes of STAT1 

regulation, we focused on the rG4-1 sequence located in proximity to the 5’ end of the STAT1 

5’UTR, since it had been identified as a high probability rG4 sequence by the transcriptomic study  

of Kwok et al (27). Indeed, using an SV40-driven Luciferase reporter, containing the STAT1 

5’UTR (nt +1 to +400) upstream from F. Luciferase, we demonstrate that G4-structure stabilizing 

compounds suppressed the protein synthesis but not mRNA level of the WT rG4-1 containing 

luciferase vector (Fig. 3).  We also edited the genome of Huh7 and HepaRG cells by the 

CRISPR/Cas9 approach and generated alterations (deletions) of the rG4-1 sequence of STAT1 

gene (Fig. 4). When both alleles harbored the edited rG4-1 sequence, as in HepaRG clone C5, 

STAT1 protein levels were increased. Significantly, expression of STAT1 in clone C5 was 

resistant both to DDX5 knockdown (Fig. 5A), and the inhibitory effect of G4-stabilizing 

compounds (Fig. 5B).  Circular dichroism and thermal stability measurements directly 

demonstrated formation of G-quadruplex only by WT and C9 rG4-1 sequences (Fig. 6), supporting 

the biological data. RIP assays using antibody to endogenous DDX5 protein, showed lack of 

DDX5 binding to STAT1 mRNA from clone C5, containing edited rG4-1 sequence in both alleles. 

By contrast, DDX5 bound to STAT1 mRNA encoding the WT and C9 rG4-1 sequence (Fig. 7). 
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Importantly, the RNA helicase activity of DDX5 is required for binding STAT1 mRNA, shown 

by the reduced STAT1 mRNA binding of the DDX5-K144N mutant that lacks ATPase activity 

(Fig. 7). These results were further verified by RNA pulldown assays using synthetic RNA 

oligonucleotides under K+ conditions enabling formation of the G-quadruplex structure, thereby 

confirming endogenous DDX5 recognizes the G-quadruplex found at the 5’ UTR of STAT1 

mRNA (Fig. 8). Moreover, employing pull-down assays we further confirmed the enzymatic 

activity of DDX5, modeled by DDX5- K144N mutant, is required for WT rG4-1 binding (Fig. 8). 

In addition, EMSAs directly demonstrated complex formation between the WT rG4-1 RNA and 

DDX5, while DDX5-K144N exhibited significantly reduced complex formation. (Fig. 8).Taken 

these results together, we conclude, the rG4-1 sequence in 5’UTR of human STAT1 mRNA 

assumes a G-quadruplex secondary structure. This rG4 structure, stabilized by G4-stabilizing 

compounds RR82, PhenDC3 and TMPyP4, suppresses STAT1 mRNA translation. RNA helicase 

DDX5 resolves the rG4 structure, enabling STAT1 mRNA translation.  

Regarding the biological significance of this mechanism, first, we compared STAT1 levels 

and the interferon response using two sets of liver cancer cell lines expressing low vs. high DDX5, 

namely, Snu387 vs. Snu423, and CCL15 and CCL46 derived from HBV-related HCCs (30). We 

observed, the magnitude of the IFN-α response is a cell intrinsic property, dependent on DDX5 

(Fig. 9A-B and Fig. S10). Although the ATPase activity of DDX5 (42) is required for binding to 

STAT1 mRNA (Fig. 8), recent studies have shown that PRMT5-mediated arginine methylation  of 

DDX5 modulates its function in resolving DNA:RNA hybrids (50). However, how the activity of 

DDX5 is regulated in different cellular contexts or in response to interferon, is presently not 

understood (Fig. S13). Certainly, the regulation of DDX5 will add another level of complexity to 

this novel mechanism of interferon response. In the context of HBV infection and interferon 
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treatment, knockdown of DDX5 reduced the antiviral effect of IFN-α, via STAT1 protein 

reduction (Fig. 10).  However, a lot remains to be understood of STAT1 regulation. Specifically, 

recent studies have identified additional mechanisms that regulate STAT1 mRNA stability and 

translation, involving lncRNA Sros1 and RNA binding protein CAPRIN1, in response to IFN-γ 

(51).Thus, STAT1 expression involves multipronged regulation, the integration of which remains 

to be understood. 

We also show that in comparison to normal liver, in HCCs and HBV-related HCCs 

analyzed herein, the absence of DDX5 also corresponds to absence of STAT1 immunostaining 

(Fig. 9). Absence of STAT1 expression could provide an explanation for the lack of IFN-α 

response observed in many chronically HBV infected patients with HCC (16). Interestingly, a 

positive indicator for IFN-α responsiveness in HBV-infected patients with HCC (16) is expression 

of IFIT3, a STAT1 regulated gene (15).  In addition, it is presently unknown whether this 

mechanism of DDX5-dependent STAT1 translational regulation is also linked to the 

immunotherapy response of patients with HCCs. Our earlier studies identified downregulation of 

DDX5 to be associated with poor prognosis HBV-related HCC (18), and hepatocyte 

reprogramming to a less-differentiated state exhibiting features of hCSCs (23), in agreement with 

the role of DDX5 as a barrier to pluripotency (43).  Regarding immunotherapy which is based on 

PD-1 blockade, the PD-L1,2 ligands are induced in tumors by interferon gamma, leading to 

immune evasion (52). According to the mechanism described herein, absence or downregulation 

of DDX5 in HCCs will result in absence or reduced protein of STAT1, and in turn reduced PD-L1 

expression (52).  
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Figure legends 

Figure 1. DDX5 knockdown regulates STAT1 mRNA translation.  (A) Immunoblots of IFN-α 

induced proteins using lysates from HepAD38 cells with (+) or without (-) HBV replication for 5 

days as a function of IFN-α (500 ng/ml) treatment for the last 24 h. (Right panel) quantification of 

DDX5 and STAT1 protein level, by ImageJ software, from three independent biological replicates. 

*: p<0.05, **: p<0.01; Error bars indicate Mean ±SEM. Immunoblot of indicated proteins in: (B) 

HepAD38, Huh7 and HepaRG cells transfected with DDX5 siRNAs (siDDX5-1 or siDDX5-2) or 

negative control siRNA (siCtrl) for 48 h, and (C) in WT and DDX5 knockdown (DDX5KD) 

HepAD38 cell lines KD2, KD3 and KD5. (D)-(F) qRT-PCR of HBV pgRNA and STAT1 mRNA, 

as indicated, using RNA from:  (D) HepAD38 cells with (+) or without (-) HBV replication for 5 

days; (E) WT and KD5 HepAD38 cells (left panel), and WT and KD5 HepAD38 cells transfected 

with siSTAT1 or siCtrl for 48 h (right panel); and (F) HepAD38, Huh7, and HepaRG cells 

transfected with siDDX5 or siCtrl for 48h. Statistical analysis of DDX5 and STAT1 mRNA levels 

from three biological replicates. *: p<0.05, ns: not significant; Error bars indicate Mean ±SEM. 

Figure 2. G-quadruplex stabilizing drugs reduce STAT1 protein levels. (A) Chemical structure 

of G4 stabilizing compounds PhenDC3, RR82, TMPyP4 and TMPyP2. (B) Immunoblots of 

STAT1, NRAS and DDX5, using lysates from HepAD38 cells treated for 48 h with PhenDC3 (5 

μM) or RR82 (5 μM). (Lower panel) qRT-PCR of STAT1 mRNA using RNA from HepAD38 

cells treated with DMSO, PhenDC3 (5 μM) or RR82 (5 μM) for 48 h. (C) Immunoblots of STAT1 

from lysates of HepAD38 and Huh7 cells treated with TMPyP4 (5 μM) or TMPyP2 (5 μM) for 

48h. (Lower panel), qRT-PCR of STAT1 mRNA from HepAD38 and Huh7 cells, treated as 
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indicated. Statistical analysis of STAT1 mRNA is from three biological replicates. ns: not 

significant; Error bars indicate Mean ±SEM. 

Figure 3. G-quadruplex (rG4) regulates STAT1 expression post-transcriptionally. (A) 

Human STAT1 5’UTR upstream of Firefly (F.) Luciferase reporter, driven from SV40 promoter. 

Putative rG4 sequences in 5’ UTR indicated as rG4-1, rG4-2 and rG4-3. WT rG4-1 nucleotide 

sequence is shown. Italics indicate site-directed changes in mutant MT-rG4-1.  (B) - (E) Ratio of 

Firefly/Renilla luciferase activity at 24 h after co-transfection of WT or MT STAT1-5’UTR-F. 

Luciferase and Renilla-Luciferase expression plasmids. Lower panels, ratio of Firefly/Renilla 

luciferase mRNAs quantified by qRT-PCR. (B) HepAD38 and Huh7 cells. (C) HepAD38 cells 

with (+) or without (-) HBV replication for 5 days. (D) HepAD38 cells, and (E) Huh7 cells treated 

with indicated G-quadruplex stabilizing drugs (5 μM) for 24 h. Statistical analysis from three 

independent biological replicates. *: p<0.05, **: p<0.01, ***: p<0.001, ns: not significant; Error 

bars indicate Mean ±SEM. 

Figure 4.  Genomic editing of rG4-1 increases STAT1 protein levels. (A) Sequence of 

CRIPSR/Cas9 edited rG4-1 sequence in (A) Huh7 and (B) HepaRG cells. Immunoblot of STAT1 

in indicated cell lines. Right panels, quantification of STAT1 protein by ImageJ software, and 

qRT-PCR of STAT1 mRNA, from three independent biological replicates. *: p<0.05, ns: not 

significant; Error bars indicate Mean ±SEM.  

Figure 5. Effect of G-quadruplex stabilizing drugs on rG4-1 edited HepaRG cells.   

Immunoblots of indicated proteins using lysates from indicated HepaRG cells (WT, C5, and C9). 

(A) After transfection of siCtrl or siDDX5 RNA for 48 h; (B) following treatment with RR82 (5 

μM), TMPyP4 (5 μM) or TMPyP2 (5 μM) for 48 h, and (C) treatment with RR82 (5 μM) for 48 h 
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in combination with IFN-α (500 ng/ml) for the last 24 h. Quantification (A-C) from three 

independent biological replicates. *: p<0.05, **: p<0.01, ***: p<0.001, ns: not significant. Error 

bars indicate Mean ±SEM. 

Figure 6. The rG4-1 sequence in 5’UTR of STAT1 mRNA forms G-quadruplex. (A) Synthetic 

RNA oligonucleotides of WT STAT1 rG4-1 and corresponding mutants in HepaRG clones C5 and 

C9. (B) CD spectroscopy measurement, and (C) melting curves of RNA oligonucleotides annealed 

by heating to 95oC and slowly cooled down to room temperature. (D) Melting temperature (Tm), 

without and with (100 mM) KCl, calculated from A-C. 

Figure 7.  DDX5 binds STAT1 mRNA. Ribonucleoprotein immunoprecipitation (RIP) assays 

with DDX5 antibody performed in (A) HepAD38, Huh7, and (B) HepaRG WT, C5 and C9 cells. 

DDX5 enriched RNAs quantified by qRT-PCR using STAT1 primers. Results are from three 

biological replicates. *: p<0.05, ns=not significant. (C) RIP assays with FLAG antibody performed 

using HepaRG-DDX5-WT-FLAG, HepaRG-DDX5-K144N-FLAG and HepaRG-DDX5-D248N-

FLAG expressing cell lines. FLAG antibody immunoprecipitated RNAs quantified by qRT-PCR 

using STAT1 primers. Results are from three biological replicates. *: p<0.05, ns=not significant.  

Figure 8. DDX5 binds rG4-1 structure of 5’UTR of STAT1 mRNA (A) (Upper panel) Sequence 

of synthetic biotinylated RNA oligonucleotides, Bio-rG4 and Bio-rG4mut. (Lower panel) RNA 

pulldown assays using Bio-rG4 and Bio-rG4mut in 100 mM KCl or 100 mM LiCl, bound to lysates 

from indicated cell lines, followed by immunoblots with DDX5 antibody. (B) RNA pulldown 

assays using Bio-rG4 and Bio-rG4mut in 100 mM KCl, bound to lysates from HepaRG-DDX5-

WT-FLAG, HepaRG-DDX5-K144N-FLAG and HepaRG-DDX5-D248N-FLAG expressing cell 

lines, followed by immunoblots with FLAG antibody. A representative assay is shown from three 

independent experiments.  Band intensities quantified by ImageJ. Results are from three biological 
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replicates. **: p<0.01, ns=not significant. (C) EMSA using Bio-rG4 and Bio-rG4mut RNA 

oligonucleotides, in binding reactions containing indicated amount of immunoaffinity purified 

DDX5-WT, DDX5-K144N, and DDX5-D248N, analyzed by native gel electrophoresis in 1.5% 

agarose gels, and visualized by staining with SYBRTM-Gold dye (ThermoFisher) and ChemiDocTM 

Touch Imaging System. 

Figure 9. DDX5 expression level in liver cancer cell lines and liver tumors. (A) Immunoblots 

using lysates from indicated cell lines treated with IFN-α (100 and 500 ng/ml) for 12 h. (B) 

Quantification shows ratio of DDX5, STAT1, p-STAT1, and IRF9 and relative to level of p-

STAT1 in IFN-α untreated cells. Results are average from three independent experiments. (C) 

Immunohistrochemistry of normal liver, HCCs, and (D) HBV-related HCCs, performed as 

described (18). NSCLC (Non-small cell lung cancer) tissue and normal human colon tissue were 

used as positive controls, as indicated, with DDX5 and STAT1 antibodies vs. IgG.   

Figure 10. DDX5 knockdown reduces antiviral IFN-α effect on HBV replication. (A) Diagram 

illustrates the workflow of HBV infection using dHepaRG cells; infection with HBV was carried 

out at moi=500 in the presence of 4% Peg8000, in triplicates. siRNAs (25 nM) control (siCtrl) or 

DDX5 (Dharmacon) transfected on day8 p.i. IFN-α added on days 11 and 14 p.i.(B) Quantification 

of total HBV RNA and pgRNA by qRT-PCR as previously described (53). Results are from two 

independent experiments performed in triplicates. *p<0.05 (C) Immunoblots of WCE from HBV 

infected cells, with indicated antibodies. Relative Intensity (Rel. int.) is the ratio of STAT1/actin, 

quantified by image J software.  A representative assay is shown from two independent 

experiments. 
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Supplementary Figures  

Figure S1  

Figure S1. IFN-α response in various liver cancer cell lines.  Immunoblots of IFN-α signaling related proteins 

using lysates from (A) Huh7, HepG2, Snu423, HepaRG and HepAD38 cells 24 h after IFN-α (500 ng/ml) 

treatment; (B) time course, 12-36 h of IFN-α (500 ng/ml) treatment in HepAD38 and HepaRG cells. (C) 

Quantification of indicated proteins from immunoblots in Figure 1A, using imageJ software. 
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Figure S2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. Quantification of t1/2 of STAT1 protein.  (A) Immunoblot of STAT1 following treatment with 20 

µg/ml cyclohexamide (CHX) for indicated time course in HepAD38 cells. Graph shows quantification of STAT1 

t1/2. (B) Immunoblot of indicated proteins using lysates from HepAD38 treated or not with CHX (20 µg/ml) for 

12h and transfected with siCtrl or increasing amount (20-40 nM) siDDX5 RNA. (C) Immunoblot of lysates from 

WT and KD2, KD3 and KD5 HepAD38 cells (1), treated with IFN-α for 12 h, +/- HBV replication for 3 days, 

for indicated proteins. 
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Figure S3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Mechanism of DDX5 effect on STAT1 regulation. (A) Diagram of post-transcriptional effects of 

DDX5 on STAT1 expression. QRT PCR quantifying expression of indicated exons (blue) and indicated introns 

(gray) in HepAD38-WT and HepAD38-KD5 (DDX5-knockdown) cell lines. N=3. Primer sequences are in 

Supplementary Table S3. (B) DNA sequencing of 5’UTR of STAT1 mRNA isolated from HepAD38-WT or 

HepAD38-KD5 cells. (C). Table listing the 5’UTR of STAT1 mRNA as containing a high probability G-

quadruplex Structure (2). Nucleotide sequence corresponding to the 5’UTR of human STAT1 mRNA. The 

highlighted sequences indicate the putative rG4 sequences. 
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Figure S4 

 

Figure S4. Putative rG4-2 and rG4-3 sequences of STAT1 5’UTR do not affect STAT1 translation. (A) 

Human STAT1 5’UTR upstream of Firefly (F.) Luciferase reporter, driven from the SV40 promoter. Putative rG4 

sequences in 5’ UTR indicated as rG4-1, rG4-2 and rG4-3. WT rG4-1 sequence is shown. Italics indicate site-

directed changes in mutant MT1 of rG4-1, MT2 of rG4-2 and MT3, of rG4-3.  (B) Ratio of Firefly/Renilla 

Luciferase activity at 24 h after co-transfection of WT or MT1, MT2 and MT3 STAT1-5’UTR-Luciferase and 

Renilla-Luciferase expression plasmids, in indicated cell lines. Statistical analysis from three independent 

biological replicates. *: p<0.05, **: p<0.01, ***: p<0.001, ns: not significant; Error bars indicate Mean ±SEM. 
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Figure S5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Analyses of CRISPR/Cas9 edited cell lines: (A) heteroduplex assay of various edited clones by 

agarose gel electrophoresis. (B) DNA sequence analyses of indicated edited clones. 
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            Figure S6 

 

Figure S6. Activity of edited rG4-1 sequence studied by Luciferase reporter assays. (A) Sequence of edited 

rG4-1 sequences cloned into the indicated Luciferase expression vector. (B) (B) Ratio of Firefly/Renilla 

Luciferase activity at 24 h after co-transfection of WT and edited rG4-1 sequences in STAT1-5’UTR-Luciferase 

and Renilla-Luciferase expression plasmids, in indicated cell lines. Statistical analysis from three independent 

biological replicates. *: p<0.05, **: p<0.01, ***: p<0.001, ns: not significant; Error bars indicate Mean ±SEM. 

 

 

 

 

 

 

 

 



8 

 

       Figure S7.  

 

 

 

 

 

 

 

 

Figure S7. Quantification of immunoblots from Figure 5C using imageJ software. N=3 
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Figure S8  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Analyses of synthesized RNA oligonucleotides shown in (A and B) by native agarose gel 

electrophoresis. Bands are the synthetic RNA oligonucleotides. MW markers are indicated. 
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Figure S9 

A. 

 

 

 

 

 

 

 

B.  

 

 

 

 

 

Figure S9. CD spectroscopy and melting curves of synthetic biotinylated RNA oligonucleotides used in 

pulldown assays. A. The sequence of bio-rG4 and bio-rG4mut of STAT1 is shown. Analyses included CD 

spectroscopy measurements (left panel) and melting curves (right panel). RNA oligonucleotides annealed by 

heating to 95oC and slowly cooled down to room temperature, in the presence of 100 mM K+. 

B. Immunoblot and PAGE detection of purified DDX5-FLAG proteins isolated from lysates prepared from 

HepaRG-DDX5-WT-FLAG, HepaRG-DDX5-K144N-FLAG and HepaRG-DDX5-D248N-FLAG expressing 

cells. Lysates were bound to FLAG-Antibody magnetic beads and DDX5-FLAG proteins were eluted by FLAG-

M2 peptide, according to manufacturer’s instructions. 
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Figure S10 

 

 

Figure S10A. Immunoblots using lysates of HBV-HCC derived cell lines (30) treated with IFN-α (50 ng/ml) 

for 12 h. Quantification by image J software is relative to actin. A representative assay is shown, n=2. The log2 

RPKM values of DDX5 in CCL15 and CCL46 cell lines from the RNAseq studies (28) is shown. 

B.  (Left panel)  Quantification by RT qPCR of STAT1 mRNA in Snu387 and 423 cell lines treated with IFN-α 

as indicated for 12 h. (Right panel) STAT1 protein from Fig. 9(A-B) normalized to STAT1 mRNA expressed in 

Snu387 vs. Snu423 cell lines, under the indicated treatment. 
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Figure S11 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S11. HBV infection in HepaRG cells. (A) qRT-PCR of indicated mRNAs using RNA isolated from 

HBV infected dHepaRG cells, as described in Fig. 10A, under conditions of IFN-α treated as indicated, in siCtrl 

vs. siDDX5 transfected cultures. (B). (Left panel) Supernatants isolated from HBV infected cells quantified by 

ELISA for HBsAg (Autobio kit); (Right panel) extracellular HBV DNA by qPCR. A representative experiment 

is shown (n=2) 
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Figure S12A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S12: (A) Sequence alignment of the 5’UTR of STAT1 mRNA from indicated primates. 

B. Identified SNPs that map in the rG4 sequence at the 5’UTR of STAT1. 
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Figure S13 

 

 

 

 

 

 

 

Figure S13. Immunoblots performed with indicated cell lines, examining effect of DDX5 knockdown 

on STAT1 protein levels. Interestingly, both cell lines tested lacked IFN-α responsiveness. 
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Supporting Table S1: List of Plasmids and siRNAs  

Plasmids, siRNAs Source 

Wild Type (WT) STAT1-

5’UTR-Luciferase  

Addgene (#115353) 

(pFL-SV40-STAT1 5'-UTR was a gift from Ming-Chih Lai) 

 

Mutant (MT)-STAT1-5’UTR-

Luciferase 

Constructed by site directed mutagenesis using the full-length 

WT 5’UTR as a template, and QuikChange II XL Site-Directed 

Mutagenesis kit (Agilent).  

Renilla luciferase vector Addgene (#27163) 

PLVX 

https://www.snapgene.com/resources/plasmid-

files/?set=viral_expression_and_packaging_vectors&plasmi

d=pLVX-Puro 
 

siCtrl ThermoFisher Scientific (#4390843) 

siDDX5-1 ThermoFisher Scientific (#4392420, assay id s4007) 

siDDX5-2 ThermoFisher Scientific (#4392420, assay id s4008) 

siSTAT1 ThermoFisher Scientific (#105153, assay id AM16708) 

 

Supporting Table S2: Antibodies 

Antibody Dilution Application Source 

Mouse α-Human p68 1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Millipore Sigma (#05-850) 

Rabbit α-Human 

STAT1 

1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Cell Signaling Technologies 

(#14994S) 

Rabbit α-HBV Core 1:5000 in 2% BSA in 

TBST 

Western Blot 

 

Dr. Adam Zlotnick lab 

https://www.snapgene.com/resources/plasmid-files/?set=viral_expression_and_packaging_vectors&plasmid=pLVX-Puro
https://www.snapgene.com/resources/plasmid-files/?set=viral_expression_and_packaging_vectors&plasmid=pLVX-Puro
https://www.snapgene.com/resources/plasmid-files/?set=viral_expression_and_packaging_vectors&plasmid=pLVX-Puro
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Mouse α-Human 

Actin 

1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Sigma (#A5441) 

Rabbit α-Human p-

STAT1 

1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Millipore Sigma (#07-307) 

Rabbit α-Human IRF9 1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Cell Signaling Technologies 

(#76684S) 

Rabbit α-Human 

IFITM3 

1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Cell Signaling Technologies 

(#59212S) 

Rabbit α-Human 

NRAS 

1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Proteintech (#10724-1-AP) 

Horse α-Mouse 

secondary 

1:2000 in 2% BSA in 

TBST 

Western Blot 

 

Vector Laboratories (#PI-

2000) 

Goat α-Rabbit 

secondary 

1:2000 in 2% BSA in 

TBST 

Western Blot 

 

Vector Laboratories (#PI-

1000) 

Rabbit α-Human 

DDX5 

5 μg RNA 

Immunoprecipitation 

Cell Signaling Technologies 

(#9877S) 

Rabbit IgG 5 μg RNA 

Immunoprecipitation 

Millipore Sigma (#17-700) 

Rabbit α-Human 

DDX5 

1:1000 in 2% BSA in 

TBST 

Immunohistochemistr

y 

Abacm (#ab205718) 

Mouse FLAG 1:1000 in 2% BSA in 

TBST 

Western Blot 

 

Sigma (#F1804) 

Mouse FLAG 5 μg Ribonucleoprotein 

Immunoprecipitation  

Sigma (#F1804) 
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Supporting Table S3: Primer and RNA oligonucleotide sequences 

Primer 5’ – Sequence – 3’ 

STAT1-Q-F ATCAGGCTCAGTCGGGGAATA 

STAT1-Q-R TGGTCTCGTGTTCTCTGTTCT 

DDX5-F AGCAAGTGAGCGACCTTATC 

DDX5-R CATCCTTCATGCCTCCTCTAC 

GAPDH-F CCCTTCATTGACCTCAACTACA 

GAPDH-R ATGACAAGCTTCCCGTTCTC 

Actin-F GGCATGGGTCAGAAGGATT 

Actin-R GGGGTGTTGAAGGTCTCAAA 

UBc-F CCTGGAGGAGAAGAGGAAAGAGA 

UBc-R TTGAGGACCTCTGTGTATTTGTCA 

HBV pgRNA-F CTCCTCCAGCTTATAGACC 

HBV pgRNA-R GTGAGTGGGCCTACAAA 

STAT1-1F GCGCGCAGAAAAGTTTCATTTGC 

STAT1-1R CTGAGACATCCTGCCACCTTG 

STAT1-2F GTACGAACTTCAGCAGCTTGAC 

STAT1-2R GAAAATTATCCTGAAGATTACGC 

STAT1-3F AACGGAGGCGAACCTGAC 

STAT1-3R AACGGAGGCGAACCTGAC 

STAT1-4F AGAGCCAATGGAACTTGATGG 

STAT1-4R ACTATCCGAGACACCTCGTC 

STAT1-5F TCCTGCTACTCTGTTCCTTCAC 

STAT1-5R CCCTCATTCTCGTCCTGATAC 

STAT1-6F CTGCTTTCATCTTGGTCACATAC 

STAT1-6R AAAGTAGCCCATTTAAGAAACATG 
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STAT1-7F ATGGCGAGAACCTAAGTTTCAG 

STAT1-7R GCAGTAAAATGAAACCATGCCG 

Intron-1F GCGCGCAGAGTGAGTGGCCG 

Intron-1R TGGAATACTCAGGACGCGTTC 

Intron-2F CAAGGTGGCAGGTCAGTAAATG 

Intron-2R GAACTCTTCAGTACCGGCCAG 

Intron-3F CAAGACTGGTAAGGAAAATTCAC 

Intron-3R GTTGAGACACTTTTTGGCTCAAC 

Intron-4F CGTAATCTTCAGGTATGACCTGG 

Intron-4R ATGCTATATTTACTGATGCTGTAG 

Intron-5F AATCAGGTACTTTTTTCTCATTG 

Intron-5R CTCTAAATCTGATTCTCCCACTTC 

Intron-6F CAAGGTTATGGTGAGTATTGAG 

Intron-6R ACTTATAGCTTGAGACTTCTGC 

Intron-7F AGAACAGAGGTAAGGGTTCAC 

Intron-7R TGGCCTGGGTTATCAAGGAAG 

Intron-8F GAGAAAGGTAGTTATTTACTTTCC 

Intron-8R TTTCATTCTCAACTGGGGCTC 

Intron-9F GAACTGGTAAGATTCTCCAAAGC 

Intron-9R CTGTGCTTTCCAAGGGAGTG 

Intron-10F ATTCAGAGGTAACTCAAGGGAC 

Intron-10R CCTGGGTGATAGGTGAGACTC 

Intron-11F GTTGAGGTAACAAGGGAAAGATG 

Intron-11R CTCTCAGATATTCTCAGTAAGAG 

Intron-12F ATTTGATAAGTAAGATATCTTTAAC 

Intron-12R GGCAAACTTCCACCCAGTATAG 
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Intron-13F ACAGTAAAAGGGTACGTGACG 

Intron-13R CTATACAATATAGGAAAGAAATGC 

Intron-14F GGCACCTGGTAGGGACATCA 

Intron-14R AGTACTGGCGACAGGAAGAC 

Intron-15F CCAGAACGAATGAGGTGAGAG 

Intron-15R GTGGTGTTTTTACTGTTGTCACAG 

Intron-16F GGTAATTGACCTCGAGGTAAGAC 

Intron-16R CAATTGTCTAGCTTTCTGGACCA 

Intron-17F AACCCAGGGTATGGAAAACAC 

Intron-17R ATATCCATGCTTCATATTCCCAG 

Intron-18F GAGAGAAGCTTCTTGGTATATGC 

Intron-18R GTGACATATGATTCTCACTTAGC 

Intron-19F GGTTTTGTAAGGTGAGGACTG 

Intron-19R AATGTTATCACTCAGGCAGGTG 

Intron-20F GGAATGATGGGTAAGGGCCA 

Intron-20R GTTCTACTCTTCTGAAGCCCTG 

Intron-21F AGGCGGTGAGTGGGAGTTTG 

Intron-21R AGAGAGTGAACCACAACCAC 

Intron-22F TCCAGGCCAAAGGAAGGTAAG 

Intron-22R GCTGTATCAGGCCAAATAATGC 

Intron-23F GTGTCTGAAGTGTAAGTGAACAC 

Intron-23R AAATGCTGATAGGCAGTAACAC 

Intron-24F CGACAGTATGGTGAGTACCAC 

Intron-24R AGGTGGTTTAAATCCAGCAGC 

Fluc-F CTCACTGAGACTACATCAGC 

Fluc-R TCCAGATCCACAACCTTCGC 
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Rluc-F GGAATTATAATGCTTATCTACGTGC 

Rluc-R CTTGCGAAAAATGAAGACCTTTTAC 

STAT1-F 5'UTR EcoRI CGGAATTCGCTGAGCGCGGAGCCGCCCGG 

Stat1-F 5'UTR NcoI CATGCCATGGCCTGCCACCTTGTGCCCCAAC 

MT1-F CCGGTGATTGGTGAGAGCAGAAGAGAGCCGAGCGCCAGCGCTGC 

MT1-R GCAGCGCTGGCGCTCGGCTCTCTTCTGCTCTCACCAATCACCGG 

MT2-F GCGCAGAGTCTGCAGAGAGACTCAGCTGCACCGGGGG 

MT2-R CCCCCGGTGCAGCTGAGTCTCTCTGCAGACTCTGCGC 

MT3-F 

GAATCCCCAGGCCCTTGTTGAGACACAAAGTGGCAGGCCATGGA

AGACG 

MT3-R 

CGTCTTCCATGGCCTGCCACTTTGTGTCTCAACAAGGGCCTGGGG

ATTC 

MT-C5-1-F GCTGAGCGCGGAGCCGCCCCGGAAGGGGGCCGGGCGCCA 

MT-C5-1-R TGGCGCCCGGCCCCCTTCCGGGGCGGCTCCGCGCTCAGC 

MT-C5-2-F GCTGAGCGCGGAGCCGCCCGGGGCCGGGCGCCAGCGCTG 

MT-C5-2-R CAGCGCTGGCGCCCGGCCCCGGGCGGCTCCGCGCTCAGC 

MT-C9-1-F CGCGGAGCCGCCCGGTGATTGGGGGCGGAAGGGGGCCGGG 

MT-C9-1-R CCCGGCCCCCTTCCGCCCCCAATCACCGGGCGGCTCCGCG 

MT-C9-2-F GGAGCCGCCCGGTGATTGGTGGGGGCCGGGCGCCAGCGC 

MT-C9-2-R GCGCTGGCGCCCGGCCCCCACCAATCACCGGGCGGCTCC 

STAT1-seq-F TGTATGCCATCCTCGAGAGC 

STAT1-seq-R CAGTCTTGCTTTTCTAACCACTG 

SV40-F TATTTATGCAGAGGCCGAGG 

M13-R CAGGAAACAGCTATGAC 

CRISPR-seq-F AAGCCGGCGGAAATACCC 

CRISPR-seq-R TCTGCTCGGTCTGGGGTC 
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CRISPR-heter-F GGAAGCCGGCGGAAATAC 

CRISPR-heter-R GCGCAGGAAAGCGAAACTA 

CRISPR-gRNA1 rArGrCrCrGrCrCrCrGrGrUrGrArUrUrGrGrUrGrG 

CRISPR-gRNA2 rCrGrGrUrGrArUrUrGrGrUrGrGrGrGrGrCrGrGrA 

WT (rG4-1) RNA oligos 

rCrGrGrUrGrArUrUrGrGrUrGrGrGrGrGrCrGrGrArArGrGrGrGrGrCrCrG

rGrGrCrGrC 

C5-1 RNA oligos rUrUrUrUrUrCrCrGrGrArArGrGrGrGrGrCrCrGrGrGrCrGrCrUrUrUrUrU 

C5-2 RNA oligos rUrUrUrUrUrCrGrGrGrGrCrCrGrGrGrCrGrCrUrUrUrUrU 

C9-1 RNA oligos 

rCrGrGrUrGrArUrUrGrGrGrGrGrCrGrGrArArGrGrGrGrGrCrCrGrGrGrC

rGrC 

C9-2 RNA oligos rCrGrGrUrGrArUrUrGrGrUrGrGrGrGrGrCrCrGrGrGrCrGrC 

C5-1’ RNA oligos rCrCrGrGrArArGrGrGrGrGrCrCrGrGrGrCrGrC 

C5-2’ RNA oligos rCrGrGrGrGrCrCrGrGrGrCrGrC 

Bio-rG4 RNA oligos 

rCrGrGrUrGrArUrUrGrGrUrGrGrGrGrGrCrGrGrArArGrGrGrGrGrCrCrG

rGrGrCrGrC 

Bio-rG4mut RNA oligos 

rCrGrGrUrGrArUrUrGrGrUrGrArGrArGrCrArGrArArGrArGrArGrCrCrG

rArGrCrGrC 
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Supporting Table S4: Reagents, Chemical inhibitors, and Kits 

Reagents, Chemical inhibitors, Kits Source 

Cycloheximide (CHX) Cell Signaling Technologies (#2112) 

IFN-α Millipore Sigma (#SRP4596) 

RR82 ChemSpider (324571151) 

PhenDC3 Polysciences (#26000-1) 

TMPyP2 Dr. Danzhou Yang 

TMPyP4 Dr. Danzhou Yang 

PCR Mycoplasma Detection Kit Abm (#G238) 

Dual-Luciferase® Reporter Assay System Promega (#1980) 

Cell Lysis Buffer (10X) Cell Signaling Technology (#9803) 

LightCycler® 480 SYBR Green I Master Roche (#04887352001) 

iScript™ cDNA Synthesis Kit Biorad (#1708891) 

Nitrocellulose Membrane, Roll, 0.2 µm Biorad (#1620112) 

LightCycler® 480 Sealing Foil Roche (#04729757001) 

LightCycler® 8-Tube Strips (white) Roche (#06612601001) 

DMSO Sigma (#D8418-50ML) 

Tween™ 20 ThermoFisher Scientific (BP337-500) 

Tetracycline hydrochloride Sigma (#T7660-5G) 

Bovine Serum Albumin Sigma (#A9647-100G) 

Pierce™ ECL Western Blotting Substrate ThermoFisher Scientific (#32106) 

Geneticin™ Selective Antibiotic (G418 Sulfate) ThermoFisher Scientific (#10131027) 

Pierce™ BCA Protein Assay Kit ThermoFisher Scientific (#23227) 

Lipofectamine™ 3000 Transfection Reagent ThermoFisher Scientific (#L3000015) 

Lipofectamine™ RNAiMAX Transfection 

Reagent 

ThermoFisher Scientific (#13778150) 
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Restore™ PLUS Western Blot Stripping Buffer ThermoFisher Scientific (#46430) 

RNeasy Mini Kit Qiagen (#74104) 

Magna RIP™ RNA-Binding Protein 

Immunoprecipitation Kit 

Millipore Sigma (#17-700) 

CRISPRevolution sgRNA EZ Kit SYNTHEGO 

QuikChange II XL Site-Directed Mutagenesis 

Kit 

Agilent (#200521) 

Streptavidin MagneSphere Paramagnetic 

Particles 

Promega (#Z5481) 

Glycerol Promega (#H5433) 

KCl (2M), RNase-free Fisher Scientific (AM9640G) 

LiCl Precipitation Solution (7.5 M) Fisher Scientific (AM9480) 

RIPA Lysis and Extraction Buffer Fisher Scientific (89900) 

Anti-FLAG M2 Magnetic Beads Millipore Sigma (#8823) 

3XFLAG peptide Millipore Sigma (#F4799) 

SYBRTM-Gold dye ThermoFisher Scientific (#S11494) 
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