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Abstract 

Background  The SARS-CoV-2 pandemic provided important insights into the relationship between infectious dis-
eases and the human genome. A genomic region encoding the 2′-5′-oligoadenylate synthetase (OAS) family proteins 
that sense viral genomic RNAs and trigger an antiviral response contains single nucleotide polymorphisms (SNPs) 
associated with SARS-CoV-2 infection susceptibility. A high-risk SNP identified at the splice acceptor site of OAS1 exon 
6—a terminal exon—alters the proportion of various splicing isoforms of OAS1 and its activity. However, the actual 
causality of this SNP or splicing to infection susceptibility remains unknown.

Results  In this study, it was found that serine–arginine-rich splicing factor 6 (SRSF6) binds to the splice donor site 
of the human OAS1 exon 5. SRSF6 determines the selected alternative terminal exon when the risk allele disrupts 
the splice acceptor site. Subsequently, an inhibitor for CDC-like kinase was rationally selected as a candidate splicing 
modulator. RNA-Seq and RT-PCR analyses revealed that this inhibitor can induce splice switching of OAS1 mRNAs 
in the human lung adenocarcinoma cell line Calu-3. Under the inhibitor treatment, the cells exhibited reduced 
SARS-CoV-2 infection rates. Meanwhile, the colonic epithelial cell line Caco-2 expressed non-risk type OAS1 mRNA 
isoforms that did not undergo splice-switching or demonstrate altered SARS-CoV-2 sensitivity following treatment 
with the inhibitor.

Conclusions  These results indicate that a high-risk SNP in OAS1 influences cell susceptibility to SARS-CoV-2 infec-
tion by inducing splice-switching at its terminal exon. Additionally, chemical splicing modifiers may prove beneficial 
in overcoming this genomic vulnerability.
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Background
As of December 2023, more than 770 million people 
were infected with severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), with more than 6.9 mil-
lion recorded deaths due to coronavirus disease 2019 
(COVID-19) [1]. At this point, as we begin to overcome 
this virus through the development of herd immunity 
and vaccination, it is important to understand the risk of 
the severe disease caused by polymorphisms among indi-
vidual genome sequences and continue research on ways 
to overcome this risk. A previous genome-wide associa-
tion study (GWAS) comprising more than 2000 patients 
with COVID-19 uncovered several susceptibility-associ-
ated genes, including LZTFL1, CCHCR1, OAS1, OAS2, 

OAS3, DPP9, TYK2, and IFNAR2 [2]. Similar findings 
have been reported by the COVID-19 Host Genetics Ini-
tiative, which has collected genetic information on over 
30 000 patients with COVID-19, including more than 
5000 with very severe respiratory symptoms [3]. The 
GWAS also revealed 131 SNPs associated with severe 
respiratory conditions (p < 5 × 10–8) in the OAS1/2/3 gene 
cluster (Fig. 1a): 5 SNPs within the OAS1 locus; 72 SNPs 
within intergenic regions across OAS1, OAS2, and OAS3; 
46 SNPs within the OAS3 locus; and 8 SNPs within the 
OAS2 locus. The odds ratios for symptoms associated 
with these loci reached 1.2, which is notable consider-
ing the continued spread of the virus. The importance 
of the OAS family of genes to SARS-CoV-2 infection 

Fig. 1  OAS1–3 loci possess COVID-19-associated SNPs and respond to SARS-CoV-2. Positions and GWAS p-values for SNPs at the OAS1, OAS3, 
and OAS2 loci. GWAS results of confirmed COVID-19 cases with very severe respiratory conditions (a), hospitalized patients with COVID-19 (b), 
and all patients with COVID-19 (c) (reported by COVID-19 Host Genome Initiative groups). Red and blue horizontal lines show the p-value positions 
of 5E-8 and 1E-5, respectively. The position of rs10774671 SNP is shown with a green dotted line and red arrows
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was further demonstrated in an in  vitro transcriptomic 
study of SARS-CoV-2 infection [4]; normal human 
bronchial epithelial (NHBE) cells exhibited upregulated 
OAS1, OAS2, and OAS3 expression (2.3-, 2.1-, and 2.2-
fold increases, respectively). These associated SNPs are 
concentrated around the terminal exon of OAS1 and 
intron 2 of OAS3; some were associated with hospitalized 
patients with COVID-19 (32 SNPs) and others with all 
patients with COVID-19 (125 SNPs; p < 5 × 10–8; Fig. 1b, 
c). Among them, the SNP with the lowest p-value was the 
G > A SNP rs10774671 at the last base of OAS1 intron 5 
(Table  1). This SNP is reportedly associated with vari-
ous infectious viruses, including SARS and dengue virus 
[5–7].

The objective of this study was to elucidate the molecu-
lar mechanisms underlying the effects of SNPs on SARS-
CoV-2 infection of human cells. Additionally, potential 
inhibitors were screened as candidates to protect individ-
uals carrying high-risk SNPs from severe SARS-CoV-2 
infection.

Results
OAS1 splice variant regulation by SRSF6
The rs10774671 A/G SNP controls the production of 
OAS1 splice variants [8–11]. The G allele of rs10774671 
creates the AG-dinucleotide essential for recognizing 
the exon 6 splice acceptor site for p46 variant produc-
tion. The A allele of rs10774671 leads to the alternative 
splicing of OAS1 pre-mRNA to produce the p42, p48, 
p44a, and p44b variants [8] (Fig.  2a). OAS1 senses the 
double-stranded RNA structure, including RNA dupli-
cation intermediates of SARS-CoV-2 [12, 13], to synthe-
size 2′-5′-oligoadenylates, which trigger the activation of 
latent ribonuclease L (RNase L) for viral RNA degrada-
tion [12, 13]. The catalytic activity of OAS1 varies with its 
splice variants; p46, the major OAS1 isoform produced 
in the presence of the G allele, presents optimal activity, 
whereas p42, the major isoform produced in the presence 
of the A allele, exhibits poor activity [14, 15].

In individuals with the A allele, disruption of the exon 
6 splice acceptor site induces OAS1 alternative splicing, 

yielding p44a, p44b, and p48 by activating acceptor sites 
downstream of exon 5 and p42 by failing to recognize the 
exon 5 donor site (Fig. 2a). Assuming that the splice shift 
from the inactive p42 to the other variants improves the 
immune response that is weakened due to the presence 
of the OAS1 A allele, the mechanism by which the p42 
variant is dominantly produced was investigated. While 
searching for splice motifs surrounding the OAS1 exon 5 
donor sites with the ESEfinder tool [16], a binding motif 
for serine–arginine-rich splicing factor 6 (SRSF6) (5′-
UGC​UUC​-3′) was observed immediately downstream 
of the exon 5 donor site (Fig.  2b). Accordingly, it was 
hypothesized that the interaction of SRSF6 with this site 
prevents U1snRNP from binding to the exon 5 donor 
site. To test this hypothesis, siRNA-mediated knock-
down of SRSF6 was performed in Calu-3 cells. The subse-
quent RNA pull-down assay with the exon 5 donor RNA 
sequence confirmed that U1-70 k binding was promoted 
when SRSF6 was absent (Fig. 2c).

A pan-CLK inhibitor CaNDY was then applied to dis-
sociate SRSF6 from RNA by preventing CLK-dependent 
phosphorylation of the SRSF6 RS domain [17], and an 
RNA pull-down assay was performed with the OAS1 
exon 5 donor sequence. Consistent with the effect of 
SRSF6 knockdown (Fig. 2c), CaNDY-treated Calu-3 cells 
showed more association of U1-70  k with the exon 5 
donor sequence, indicating binding of U1snRNP to the 
site (Fig. 2d). These data indicate that SRSF6 and U1sn-
RNP compete for binding to the OAS1 exon 5 donor site.

CaNDY induces splice shift in the A allele
To investigate the effect of CLK inhibition on OAS1 
mRNA alternative splicing with the A allele, Calu-3 
cells—lung adenocarcinoma cells homozygous for the 
OAS1 A allele (Additional file 1: Fig. S1a) [4, 16, 18–21] 
—were treated with 10 µM CaNDY or DMSO and ana-
lyzed for OAS1 splicing profiles. The RNA-Seq results 
revealed that CLK inhibition induced splice-switching 
for OAS1 with the A allele, suppressing p42 splicing by 
51% and promoting p44a splicing by 130% (Fig.  3a, b). 
The p44b isoform was also promoted, but its expression 

Table 1  SNPs at the OAS1 locus associated with confirmed COVID-19 cases with very severe respiratory conditions (p < 5 × 10–8)

* From GWAS of confirmed COVID-19 cases with very severe respiratory conditions

Chr Pos ID p-value* log
(Odds Ratio)*

Ref Alt Location to OAS1 transcript variant 1 (p46)

12 112,912,991 rs2057778 6.86 × 10–10 0.17 G T Intron 3 (1756th base of 5273 nt.)

12 112,914,354 rs4767023 1.70 × 10–10 0.17 T C Intron 3 (3119th base of 5273 nt)

12 112,919,388 rs10774671 1.10 × 10–12 0.18 G A Intron 5 (1688th base of 1688 nt)

12 112,919,404 rs1131476 4.54 × 10–12 0.18 G A Exon 6 (16th base of 515 nt, CDS, Ala > Thr)

12 112,919,637 rs2660 2.68 × 10–12 0.19 G A Exon 6 (249th base of 515 nt, 3’ UTR)
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remained subtle (Fig.  3a). This observation is consist-
ent with the model suggested by the RNA pull-down 
assay, wherein the exon 5 donor site is made available 
for U1snRNP binding upon functional suppression of 
SRSF6. OAS1 splice-switching was confirmed by RT-PCR 
analysis of Calu-3 cells treated with 10  µM CaNDY or 
DMSO, indicating a shift from the p42 to p44a isoform 
(Fig.  3c). In contrast, the p42 and p44a isoforms were 
absent in Daudi cells (lymphoma cells homozygous for 
rs10774671 G) (Fig.  3c, Additional file  1: Fig. S1b), as 
reported previously [8, 9]. Consistent with the p42-to-
p44a splice-switching with CaNDY treatment in Calu-3 
cells, siRNA-mediated knockdown of SRSF6 induced the 
splicing shift from p42 to p44a (Fig. 3d). Similar splice-
switching of OAS1 from the p42 to p44a isoform was 
observed following treatment of cells with other CLK 
inhibitors (i.e., ALGERNON and ALGERNON2 [22, 23]) 
(Additional file 1: Fig. S2) as under CaNDY treatment.

Introns not fully spliced under DMSO conditions 
were identified for further validation. When SRSF6-
binding sequences were − 10 to + 20 from the 5′ splice 

sites, increased splice site usage was detected under 
CaNDY treatments, whereas sites lacking SRSF6 bind-
ing sequences exhibited poor activity (Additional file 1: 
Fig. S3, Additional file 2: Table S1). These results indi-
cate that the CLK-dependent phosphorylation of SRSF6 
is responsible for the splicing regulation.

The OAS1 p44a isoform is a minor splicing isoform 
expressed in cells carrying the rs10774671 A allele. [8, 
9]. However, the antivirus functions of this isoform 
have not been well characterized. Meanwhile, the colo-
calization of OAS1 protein with virus-derived dsRNA 
is critical to its antivirus functions [24]. Additionally, 
OAS1 p46 localizes to Golgi, where it can access pro-
liferating viruses [11, 25]. Meanwhile, OAS1 p42 does 
not localize to Golgi, accounting for its weaker anti-
viral activity [11]. In the present study, p44a co-local-
ized with the Golgi membrane (Pearson’s coefficient 
(r) = 0.71; 95% confidence interval (CI): 0.64–0.78 in 13 
cells) in HeLa cells (Fig. 3e, f ). This observation further 
supports that the OAS1 p44a isoform exerts functional 
antiviral activity.

Fig. 2  CLK inhibitor CaNDY induces splice-switching in the OAS1 rs10774671 A allele. a Allele-dependent OAS1 alternative splicing. Pre-mRNA 
of OAS1, with the rs10774671 G allele at -1 position of exon 6 splice acceptor (SA), dominantly produces the p46 variant; the A allele leads 
to alternative splicing to produce the p42, p48, p44a, and p44b variants with differences in the last exon (yellow boxes). b SRSF6-binding motif 
(red letters) near the U1-binding site of the OAS1 donor site for p44a/p44b/p48 splicing. Blue dots: U1snRNA pairing. c Western blotting of U1-70 k 
and phosphorylated SRSF6 (p-SRSF6) for RNA pull-down products of the OAS1 exon 5 splice donor (SD) sequence in si-non-specific targets (NS) 
and si-SRSF6 Calu-3 cells. Input, input samples; bait (-), negative control products without the bait RNA oligo. ACTB served as a loading control. d 
Western blotting of U1-70 k and p-SRSF6 for the RNA pull-down products of the OAS1 exon 5 SD sequence in Calu-3 cells treated with 0.1% DMSO 
or 10 µM CaNDY. Captions are the same as in Fig. 2c
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Through the RNA-Seq analysis of Calu-3 cells with or 
without CaNDY treatment, 98 DEGs and DASs (Addi-
tional file  2: Tables S2 and S3, and Additional file  1: 
Fig. S4). Of these, 79 DEGs and 43 DASs were similarly 
affected in Caco-2 cells. The effects of these transcrip-
tome changes on viral infection are presented in the 
Discussion.

Splice shifts mitigate SARS‑CoV‑2 infection
Differences in the SARS-CoV-2 infection rate of Calu-3 
cells were evaluated after switching the splicing isoform 
from p42 to p44a. To sufficiently alter the splicing iso-
form proportion, cells were pre-treated with CaNDY for 

24 h before infection. The virus titer was assayed 2 days 
post-infection (Fig.  4a). The virus titer decreased from 
7.69 to 7.45 [log10(TCID50/mL)] (FC = 0.57) in cells 
treated with CaNDY (Fig. 4b, Additional file 2: Table S4). 
Additionally, analysis of RNA-Seq reads derived from 
SARS-CoV-2 revealed a 0.88-fold reduction in Calu-3 
cells treated with CaNDY (Additional file 1: Fig. S5).

RNA degradation products were measured to con-
firm whether the decreased virus titer was due to OAS1 
splicing isoform switching. If the enzymatic activity of 
OAS1 increases, the activity of RNase L is also expected 
to increase. Thus, considering that activated RNase 
L degrades exogenous host cell RNA molecules and 

Fig. 3  CLK inhibitor CaNDY induces splice-switching in the OAS1 rs10774671 A allele. a Number of RNA-Seq reads for each OAS1 splice variant 
in Calu-3 cells based on the RNA-Seq results. For p46, p48, p44a and p44b isoforms, splice-junction reads for their specific Intron 5 were counts. 
For p42 isoform, RNA-Seq read continuously aligned from 3′ of Exon 5 to Intron 5 were counted. Dots, number of repeats; error bars ± SD. n.s. 
p ≥ 0.05; *p < 0.05; **p < 0.01 by two-sided Student’s t-test. b RNA-Seq results indicated by a Sashimi plot for a region covering p42, p44a, and p46, 
treated with 0.1% DMSO or 10 µM CaNDY for 24 h. c RT-PCR for OAS1 alternative splicing profile in Daudi (G/G allele) and Calu-3 (A/A allele) cells 
treated with 0.1% DMSO or 10 µM CaNDY for 24 h. ACTB served as the loading control. d (top panel) RT-PCR for OAS1 alternative splicing profile 
in si-NS and si-SRSF6 Calu-3 cells. ACTB served as the loading control (bottom panel). Relative expression of SRSF6 mRNAs on si-NS and si-SRSF6 
Calu-3 cells, based on the RT-PCR. e Representative images for localization of OAS1 p46 and p44a to Golgi membrane. Immunocytostaining 
for OAS1 p46 and p44a, with 58 K Golgi protein for Golgi membrane marker and Hoechst33342 for nuclear marker in HeLa cells. Bars, 10 µm. f 
Quantification of OAS1 p46 and p44a colocalization at the Golgi membrane plotted by Pearson’s correlation coefficient (Pearson’s r). Each point 
represents one cell; 22 and 13 cells were observed for p46 and p44a, respectively. Long horizontal line, median; short horizontal lines, upper 
and lower quartiles; whiskers, positions of the furthest data points within 1.5 × interquartile range from upper or lower quartile; n.s. p ≥ 0.05 
by Student’s two-tailed t-test
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endogenous ribosomal RNAs (rRNAs) [7], rRNA degra-
dation was evaluated to measure RNase L activity. Bands 
representing degraded rRNA were confirmed in cells 
infected with SARS-CoV-2 (Fig. 4c). The decomposition 
product composition (2000–3000 nucleotides) increased 
slightly (FC = 1.35), with a decrease in the molecu-
lar weight and concentration of the 28S rRNA peak 
(FC = 0.56) upon CaNDY treatment (Fig.  4c, Additional 
file 1: Fig. S6).

Degraded dsRNA activates interferon (IFN) gene tran-
scription through the OASL- and RIG-I-related pathways 
[26, 27]. CaNDY treatment increased the transcription 
of IFNB1 during viral infection (Fig.  4d, e). Addition-
ally, GSEA for Calu-3 cells treated with CaNDY before 
SARS-CoV-2 infection revealed an enrichment of a gene 
set containing upregulated genes in bronchial epithelial 
cells with interferon β treatments (Gene set ID: M34022, 
Additional file 1: Fig. S7) [4]. They were consistent with 
previous studies showing IFNB1 transactivation during 
viral infection [28, 29].

To further validate the relationship between the 
induced production of the OAS1 p44a isoform and 

mitigation of SARS-CoV-2 infection, Calu-3 cells stably 
overexpressing OAS1 p44a were produced (Fig. 5a). The 
SARS-CoV-2 viral titration assay for OAS1 p44a-overex-
pressing and parental Calu-3 cells revealed a lower virus 
titer in the cells overexpressing the OAS1 p44a isoform 
(Fig.  5b, from 7.09 to 6.06 [log10(TCID50/mL)]). These 
results support the importance of CaNDY-induced OAS1 
p44a for mitigating SARS-CoV-2 infection.

A SARS-CoV-2 infection assay was also performed 
using human colon adenocarcinoma Caco-2 cells known 
to be susceptible to SARS-CoV-2 infection [30]. Caco-2 
cells harbor more than two copies of chromosome 12 
[31] with heterozygosity for rs10774671 A and G alleles, 
whereas the G allele is predominantly transcribed (> 97%, 
Additional file  1: Fig. S8a) to produce the p46 isoform. 
RNA-Seq revealed that CaNDY treatment did not alter 
the p46-dominant profile of OAS1 expression in Caco-2 
cells (Additional file 1: Fig. S8a). Concordantly, there was 
no significant difference in SARS-CoV-2 infection with or 
without CaNDY treatment (p > 0.05. Additional file 1: Fig. 
S8b, DMSO: 3.02, CaNDY: 3.40 [log10 (TCID50/mL)]). 
These results indicate that CaNDY treatment promotes 

Fig. 4  Calu-3 cells pre-treated with CaNDY mitigated SARS-CoV-2 infection by activating the RNase L and IFN pathways. a Scheme for pretreatment 
with CaNDY before the virus titer assay. b Box plots showing logarithm translated virus titers; values are corrected for batch effects (See 
Methods and Additional file 2: Table S4). Center line, median; box limits, upper and lower quartiles; whiskers, positions of the furthest data points 
within 1.5 × interquartile range from upper or lower quartiles; *p < 0.05 by two-sided Student’s t-test. c Bar plot for cleaved RNA products and 28S 
rRNA measured using the BioAnalyzer system for the RNA samples from Calu-3 cells, before and after viral infection for 24 h, with and without 
CaNDY treatments. Error bars, ± SD; *p < 0.05 by two-sided Student’s t-test. d RT-PCR results for IFNB1 mRNA. e, Bar plot for quantified IFNB1/ACTB 
in the infected cells based on the RT-PCR results. Error bars, ± SD; **p < 0.01 by two-sided Student’s t-test
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Fig. 5  Calu-3 cells with stable OAS1 p44a isoform expression exhibit mitigated SARS-CoV-2 infection. a RT-PCR results for the p42 and p44a isoforms 
of OAS1 mRNAs in parental and stably overexpressing the OAS1 p44a isoform Calu-3 cells. ACTB served as the loading control. b Box plots showing 
logarithm translated virus titers. Center line, median; box limits, upper and lower quartiles; whiskers, 1.5 × interquartile range; *p < 0.05 by two-sided 
Student’s t-test

Fig. 6  Graphical summary of this study. In the A allele of OAS1, the p42 isoform is dominantly expressed. Treatment with the CLK inhibitor CaNDY 
prevents exon 5 splicing donor recognition by functionally inhibiting SRSF6 from binding to the vicinity of the exon 5 splicing donor site. This 
stimulates splice-switching from p42 to p44a. Enhanced production of the OAS1 p44a isoform improves OAS1 activity to increase antiviral responses 
to SARS-CoV-2
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the infection-dependent RNase L pathway and the type 
I IFN pathway induced by degraded RNAs via splice-
switching of OAS1 isoforms from p42 to p44a in Calu-3 
cells (Fig. 6).

Discussion
This study showed that differences in the OAS1 splic-
ing isoform balance impact the SARS-CoV-2 infectiv-
ity of cells by modulating the innate immune response. 
This suggests that rs10774671 G > A SNP at -1 posi-
tion of OAS1 intervening sequence (IVS) 5 that alters 
the OAS1 splicing pattern is a causative genetic risk for 
COVID-19. Although CaNDY treatment did not induce 
strong viral inhibition, the altered splicing effect of this 
chemical compound is concentration-dependent [17]. 
Thus, CaNDY treatment would likely exhibit a similar 
concentration effect on SARS-CoV-2 infection. Origi-
nally, CaNDY was reported as a therapeutic candidate for 
cystic fibrosis caused by the c.3849 + 10  kb C > T splic-
ing mutation of CFTR [17]. In the present study, CaNDY 
treatment increased the yield of the p44a splice isoform, 
mitigating infection of Calu-3 cells, suggesting that 
CaNDY treatment overcame A allele-derived vulnerabili-
ties to SARS-CoV-2 infection.

In Caco-2 cells, the SARS-CoV-2 titer was not reduced 
following pretreatment with CaNDY. This provided 
insights into the mode of action of CaNDY. More specifi-
cally, CaNDY-pretreated Calu-3 and Caco-2 cells shared 
79 DEGs and 43 DAS, suggesting that they did not partic-
ipate in the antiviral effect elicited in Calu-3 cells. Mean-
while, pre-treated Calu-3 and Caco-2 cells exhibit unique 
switching of the 5′ splice sites of OAS1 intron 5 due to dif-
ferent SNPs at the OAS1 IVT5-1 position (rs10774671). 
This further supports the idea that OAS1 splice-switch-
ing is the primary mode of action of CaNDY.

The stability of the p44b splicing isoform is reportedly 
poor [14, 15]. However, the Calu-3 cells stably express-
ing p44a in the current study exhibited antiviral poten-
tial, indicating that the expressed p44a isoform was 
functional. The G allele of SNP rs10774671 produces the 
p46 splice variant, which possesses 56 amino acids at the 
C-terminus, compared with the 18 different amino acids 
present in the p42 splice variant produced by the A allele 
(Additional file 1: Fig. S9). This alters OAS1 localization 
and its interacting partners [9], which may be associated 
with the differential 2′-5′-oligoadenylate synthesis activi-
ties, RNase L activation, and interferon pathway acti-
vation. A C-terminal CaaX motif in p46 is required for 
prenylation and localization to the endomembrane sys-
tem, including the Golgi apparatus or mitochondria [11, 
24, 32]. This localization to the Golgi increases access to 
proliferating virions. In contrast, the weakened antiviral 
activity of OAS1 p42 relates to its inability to localize to 

the Golgi [11, 25]. Although OAS1 p44a lacks the pre-
nylation motif, its C-terminal cysteine is possibly sub-
ject to S-palmitoylation. In the case of the D2 dopamine 
receptor, C-terminal cysteine and S-palmitoylation act as 
an anterograde signal on the Golgi [33, 34]. In the current 
study, p44a localized to the Golgi apparatus, resulting in 
antiviral activity; however, the antiviral activity of p42 
and p44a were not directly titrated.

Several clinical trials have evaluated the efficacy of 
interventions targeting the IFN-β pathway to slow 
COVID-19 progression [35–37]. The inhibition of the 
IFN pathway is deemed crucial to prevent cytokine 
storms in patients with severe COVID-19 [38]. As the 
rs10774671 SNP can alter the response intensity of the 
IFN-β pathway, stratification of patients with COVID-19 
based on this SNP may inform the selection of appropri-
ate IFN treatments. A recent study by Wickenhagen et al. 
showed that OAS1 is an anti-SARS-CoV-2 effector, a gene 
at the top of the signal transduction cascade starting with 
the IFN signaling pathway [24]. Moreover, IFN-β over-
expression can prevent SARS-CoV-2 infection of human 
cells [24]. These results support the hypothesis regarding 
the relationships between OAS1 and IFN-β. However, 
due to the complexity of the human immune response, 
reducing the SARS-CoV-2 viral load may not alleviate 
severe symptoms.

Protective SNPs at the OAS1/2/3 loci reportedly origi-
nated in Neanderthals [39, 40]. Interestingly, rs10774671 
A allele, confirmed to be associated with COVID-19 
aggravation in this study, was not found in the ancient 
human genome, the sequenced Neanderthal genome, 
or the Denisovan genome [41]. This suggests that the G 
to A mutation at the OAS1 IVS5-1 position occurred at 
a relatively modern age in human history. Nevertheless, 
the rs10774671 A allele has expanded to become a major 
allele, particularly in Asian populations (Additional file 1: 
Fig. S10) [21]. This suggests that this variant exerts posi-
tive effects on human survival that trade-off with the 
reduced resistance to viruses.

The current study results indicate that the rs10774671 
SNP exacerbates COVID-19 by eliciting changes in the 
OAS1 splicing isoform balance. Individuals with the A 
allele may have a higher risk of SARS-CoV-2 infection 
and more severe COVID-19 than those with the G allele. 
However, this genetic risk can be overcome by modulat-
ing the splicing phenomenon. Splicing modulation with 
CaNDY decreased the virus infection rate by 0.56 times 
in vitro. Changes in the number of susceptible or infected 
people are simulated for infectious diseases based on 
the infection rate. If the OAS1 splicing pattern is altered 
in individuals carrying the rs10774671 A allele and the 
immunity of the entire population is boosted, the num-
ber of infected individuals should be reduced during peak 
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infection periods. Hence, combined with SARS-CoV-2 
prophylactic vaccines, CaNDY could serve as a protective 
measure for individuals carrying the rs10774671 A allele.

This study has certain limitations. First, the findings 
were not confirmed in an in vivo model. Given that this 
study evaluated the effect of treatment on human-spe-
cific SNPs, establishing an animal model will require 
substantial effort and validation. Additionally, to further 
elucidate the antiviral mechanism of CaNDY, additional 
rescue experiments with RNase L KO or catalytically 
dead OAS1 are necessary.

Conclusions
In this study, high-risk OAS1 SNPs associated with 
COVID-19 were evaluated in a large-scale GWAS. 
OAS1 is vital for sensing foreign double-stranded RNAs, 
including viral RNA genomes. An SNP in the acceptor 
site of OAS1 exon 6 alters RNA splicing, which impacts 
the infectivity of SARS-CoV-2 in human cells. Hence, this 
change in RNA splicing represents a potential association 
mechanism between the high-risk SNP and COVID-19. 
This was further validated by pre-treating cells with a 
small chemical compound, CaNDY, which inhibits phos-
phorylation of the splicing factor SRSF6. This resolved 
the competitive binding of phosphorylated SRSF6 and 
U1 snRNAs on the donor site of OAS1 exon 5. Thus, 
manipulating splicing with a small chemical compound 
could potentially enhance the resistance to SARS-CoV-2 
in individuals with reduced innate immunity due to the 
presence of the rs10774671 A allele.

Methods
Analysis of GWAS data
GWAS results were obtained from the COVID-19 Host 
Genetics Initiative database [3]. The following terms were 
used: “A2_ALL_leave_23andme” for a GWAS of con-
firmed COVID-19 patients with very severe respiratory 
conditions vs. population; “B2_ALL_leave_23andme” 
for a GWAS of hospitalized patients with COVID-19 vs. 
population; and “C2_ALL_leave_23andme” for a GWAS 
of all patients with COVID-19 vs. population. Data ver-
sion 5 was used for all data obtained in this study (Jan-
uary 18, 2021). Sample sizes of 5582, 12 888, and 36 
590 individuals were selected for the GWAS datasets 
of severe respiratory symptoms, hospitalization, and 
COVID-19 susceptibility, respectively. Sample sizes were 
determined based on the number of applicable datasets 
without exclusion.

Cell lines
Daudi cells, derived from Burkitt’s lymphoma, were 
obtained from the cell bank of the National Institutes of 
Biomedical Innovation, Health and Nutrition (NIBIOHN, 

Osaka, Japan) and maintained in Roswell Park Memorial 
Institute (RPMI)-1640 medium (Nacalai Tesque, Kyoto, 
Japan) supplemented with 20% fetal bovine serum (FBS), 
100 U/mL penicillin, and 100 µg/mL streptomycin.

Calu-3 cells, derived from lung adenocarcinoma, 
were obtained from American Type Culture Collection 
(ATCC, Manassas, VA, USA) and cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; Nacalai Tesque) 
supplemented with 10% FBS, 100 U/mL penicillin, and 
100 µg/mL streptomycin.

Colon adenocarcinoma Caco-2 cells were obtained 
from ATCC and cultured in DMEM supplemented with 
10% FBS, 100 U/mL penicillin, 100  µg/mL streptomy-
cin, and minimum essential media (MEM) non-essential 
amino acid solution (1 ×) (Nacalai Tesque).

VeroE6/TMPRSS2 cells were obtained from JCRB Cell 
Bank and cultured in DMEM (Sigma–Aldrich) supple-
mented with 10% FBS, 100 U/mL penicillin, and 100 µg/
mL streptomycin. All cells were maintained in an incu-
bator at 37 °C with 5% CO2; mycoplasma was confirmed 
negative in routine polymerase chain reaction (PCR) 
tests.

Calu-3 cells stably overexpressing OAS1 p44a were 
prepared by introducing the OAS1 p44a-coding 
sequence with a 3xFLAG amino-terminal attachment 
into the pAcGFP-N1 vector (Takara Bio) at restriction 
sites XhoI and NotI (pAM153). Following transfection 
with Lipofectamine 2000 (Thermo Fisher Scientific), 
Calu-3 cells were cultured in 10 cm plates with 800 μg/
mL G-418-containing media. After 30 days of selection, 
the resulting colonies were trypsinized and pooled. The 
cells were stocked as Calu-3 cells stably overexpressing 
OAS1 p44a and used in RT-PCR and infection assays.

siRNA‑mediated knockdown of SRSF6
SRSF6 knockdown was conducted as described previ-
ously [42]. Briefly, Calu-3 cells at ~ 50% confluence in six-
well plates were transfected with siRNAs targeting SRSF6 
(s12741; Thermo Fisher Scientific) or a non-targeting 
sequence (#4,390,843; Thermo Fisher Scientific) using 
Lipofectamine RNAi max (Thermo Fisher Scientific)-
mediated lipofection with 40 nM siRNA. Cell lysates and 
total RNA samples were prepared 48 and 72 h after the 
transfection, respectively.

RNA pull‑down assay and western blotting
Calu-3 whole cell lysates were prepared using lysis buffer 
containing 10  mM Tris–HCl (pH 7.4), 150  mM NaCl, 
1 mM ethylenediaminetetraacetic acid, 1% Triton X-100, 
0.1% sodium dodecyl sulfate, 0.25% sodium deoxycho-
late, and 10% glycerol with protease inhibitors (Nacalai 
Tesque) and phosphatase inhibitors (Sigma–Aldrich, 
Munich, Germany). They were then sonicated, treated 
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with DNase I (Promega, Madison, WI, USA) at 37 °C for 
5  min, and centrifuged (24 000 × g at 4  °C for 15  min). 
The supernatant was used as the soluble fraction for 
the RNA pull-down assay: 5′-biotin, 3′-dTdT-attached 
RNA, designed for the sequence adjacent to the OAS1 
exon 5 splice donor (5′-CUG​CUG​GUG​AGA​CCU​CCU​
GCU​UCC​-3′, oAM685), was incubated with NeutrA-
vidin beads (Thermo Fisher Scientific, Waltham, MA, 
USA) for 2 h at 4 °C (no bait RNA was used for the nega-
tive control). The RNA-bound beads were washed with 
Tris-buffered saline (TBS) thrice and incubated with the 
Calu-3 cell lysate in the presence of 1% DMSO or 10 μM 
CaNDY—a CDC-like kinase (CLK) inhibitor [17]—for 
16 h with rotation at 4 °C. This was followed by washing 
thrice with TBS and elution with Laemmli buffer. Three 
technical replicates for the RNA pull-down assay were 
independently conducted, three times from a stocked cell 
lysate.

For western blotting, whole cell lysates or RNA pull-
down samples were analyzed using SDS-PAGE with a 
4%–20% gradient gel (Bio-Rad, Cat# 4,561,096); the Pre-
cision Plus protein standard (Bio-Rad) served as molecu-
lar weight marker. Proteins separated via polyacrylamide 
gel electrophoresis were transferred onto polyvinylidene 
fluoride (PVDF) membranes and blocked with 5% skim 
milk in TBS for 60  min at room temperature. Subse-
quently, membranes were incubated with the following 
primary antibodies overnight at 4 °C: anti-U1-70 k mouse 
monoclonal antibody (9C4.1; 05–1588; 1:500; Merk Mil-
lipore, Burlington, MA, USA), anti-SR protein (1H4G7) 
mouse monoclonal antibody (33–9400; 1:200; Thermo 
Fisher Scientific, Waltham, MA, USA), and anti-β-actin 
(ACTB) mouse monoclonal antibody (Ac-15; sc-69879; 
1:4000; Santa Cruz Biotechnology, Dallas, TX, USA). 
Membranes were then washed with TBS thrice and incu-
bated with horseradish peroxidase (HRP)-conjugated 
mouse or rabbit IgG secondary antibodies. Chemilu-
minescent signals were detected using a ChemiDoc MP 
Imaging System (Bio-Rad, Hercules, CA, USA).

Transcriptome analysis of CaNDY‑treated Calu‑3 cells
RNA was extracted from Calu-3 cells using the RNe-
asy Mini kit (QIAGEN, Hilden, Germany), treated with 
10  µM CaNDY or 0.1% dimethyl sulfoxide (DMSO) for 
18  h, and used for RNA sequencing (RNA-Seq). Three 
technical replicates of the total RNA stock were included 
in the three RNA-Seq assays. RNA-Seq reads were 
mapped to the human genome sequences (GRCh38) 
using STAR (ver. 2.7.1a, https://​github.​com/​alexd​obin/​
STAR) with ENCODE options, using the Ensembl 
genome annotation (ver. 102). Raw reads were counted 
with bam files, and transcripts per million (TPM) values 
were calculated using RSEM (ver. 1.2.31, https://​github.​

com/​dewey​lab/​RSEM). Differentially expressed genes 
(DEGs) were identified with DESeq2 (ver. 1.26, https://​
bioco​nduct​or.​org/​packa​ges/​relea​se/​bioc/​html/​DESeq2.​
html) according to the following criteria: false discov-
ery rate (FDR) < 0.01, absolute log2 fold change (FC) ≥ 1, 
TPM ≥ 1, and read counts ≥ 31. Differential alterna-
tive splicing (DAS) events were analyzed using a previ-
ously described method [43] with the rMATS program 
(ver. 4.1.1, http://​rnaseq-​mats.​sourc​eforge.​net/​rmats4.​
1.1/) according to the following criteria: FDR < 0.01, read 
counts ≥ 15, and delta Percent Spliced-In (PSI) ≥ 0.05. 
The DAS events were compared with the gene annota-
tion data, and the event types were classified as events on 
the exons constituting the productive mRNAs, events on 
additional exons/regions of the productive mRNAs, and 
others.

The Metascape website (https://​metas​cape.​org/) was 
used to characterize the gene set and transcriptome pro-
files [18]. The same samples were used for RT-PCR.

To assess the relative SARS-CoV-2 RNA expression lev-
els, RNA-Seq data was obtained for Calu-3 cells treated 
with the virus for 24 h. The RNA-Seq reads were mapped 
to the combined human genome and SARS-CoV-2 
genome database (accession: NC_045512.2); RNA-seq 
reads uniquely mapped to the SARS-CoV-2 genome were 
counted.

Immunocytostaining
Full-length OAS1 p46 and p44a coding sequences with 
an amino-terminal FLAG-tag were subcloned into 
the pAcGFP-N1 expression vector (Takara Bio. Inc. 
Shiga, Japan) at XhoI and NotI sites; the resulting vec-
tor encodes OAS1 p46 and p44a through the CMV pro-
moter and carries a SV40 polyadenylation signal. HeLa 
cells cultured in CellCarrier-96 Ultra Microplates (Per-
kin Elmer, Waltham, USA) were transfected with OAS1 
p46 and p44a expression vectors using Lipofectamine 
3000 (Thermo Fisher Scientific) for 24  h. Cells were 
washed with phosphate-buffered saline (PBS) and fixed 
with 4% paraformaldehyde. Cells were then washed with 
PBS, permeabilized with 0.1% Triton-X100, washed with 
PBS, and blocked with 5% normal donkey serum and 3% 
bovine serum albumin (BSA) in PBS. Subsequently, cells 
were incubated with anti-58  K Golgi mouse monoclo-
nal (58  K-9, Abcam) and anti-FLAG rabbit polyclonal 
(Sigma) primary antibodies. They were then incubated 
with secondary antibodies: anti-rabbit IgG donkey poly-
clonal with Alexa Fluor 555 (Thermo Fisher Scientific) 
and anti-mouse IgG donkey polyclonal with Alexa Fluor 
647 (Thermo Fisher Scientific). Following nuclear stain-
ing with hoechst33342 (Thermo Fisher Scientific), fluo-
rescent images were acquired with an SP8 confocal 

https://github.com/alexdobin/STAR
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microscope (Leica, Wetzler, Germany); colocalization 
was quantified using Fiji [44].

SARS‑CoV‑2 infection
SARS-CoV-2 isolate (SARS-CoV-2/Hu/DP/Kng/19–027), 
kindly provided by the Kanagawa Prefectural Institute of 
Public Health, was propagated in VeroE6/TMPRSS2 cells 
[45], which was used as the virus stock after clarification 
of cell debris. Calu-3 and Caco-2 cells were pre-treated 
with 10  μM CaNDY or 0.1% DMSO for 24  h, infected 
with SARS-CoV-2 at a multiplicity of infection (MOI) of 
0.01, and maintained in the presence of 10  μM CaNDY 
or 0.1% DMSO. OAS1 p44a-overexpressing Calu-3 and 
parental Calu-3 cells were infected under the same con-
dition without compound treatment. Virus titers were 
determined using the 50% tissue culture infectious dose 
(TCID50) with VeroE6/TMPRSS2 cells at 48 h post-infec-
tion (pi).

RNA was also extracted from Calu-3 cells treated with 
CaNDY or DMSO and infected with SARS-CoV-2 at an 
MOI of 1.0 for 24  h. Titration assays were conducted 
with six biological replicates for Calu-3 under CaNDY 
treatment, three for Caco-2 under CaNDY treatment, 
and three for Calu-3 stably overexpressing OAS1 p44a. 
All experiments with SARS-CoV-2 were performed in a 
biosafety level 3 containment laboratory at the Institute 
for Life and Medical Sciences, Kyoto University.

RNA degradation analysis
RNA samples were diluted with RNase-free ultrapure 
water to 200 ng/μL. The quality of the diluted RNA sam-
ples was evaluated using the Agilent RNA 6000 Nano 
Kit and the Agilent 2100 Bioanalyzer. Three biological 
replicates from independent cell cultures were prepared 
for DMSO and CaNDY treatments for the infected cells, 
respectively. Total RNA from transcriptome analysis rep-
resented the uninfected control. The gel-like image pro-
duced by the 2100 Bioanalyzer was visualized using 2100 
Expert Software (ver. B.02.11, Agilent Technologies) in 
pseudo colors with default settings. For detailed analy-
ses, the migration time and fluorescence unit data were 
extracted in CSV format aligned with the sample data. 
Next, the fluorescence unit values were normalized to 
an RNA concentration of 300  ng/μL. The data between 
43.3 s and 48.0 s of the migration time were selected as 
cleaved RNA products and between 49.9 s and 51.4 s as 
the 28S rRNA. The sums of the fluorescence unit values 
were used for further analysis. The values were scaled to 
the mean values of DMSO samples to construct bar plots.

RT‑PCR and real‑time RT‑PCR
The total RNA extracted from cultured cells was 
reverse transcribed using PrimeScript RTase (Takara 

Bio, Shiga, Japan) with random hexamers; the prod-
ucts were amplified with ExTaq DNA polymerase 
(Takara Bio) or KOD one (TOYOBO, Osaka, Japan) 
with target-specific primer sets (Additional file  2: 
Table S5). The RT-PCR products were detected using 
the ChemiDoc MP Imaging System (Bio-Rad); sub-
sequent analysis was performed using Image Lab 
software (Bio-Rad). RT-PCR was conducted in three 
technical replicates per sample. Real-time RT-PCR 
was conducted for SRSF6 (Hs00740177_g1, Thermo 
Fisher Scientific) and ACTB (Hs01060665_g1, Thermo 
Fisher Scientific), using the TaqMan PCR master mix 
(Thermo Fisher Scientific) for RT products. Real-time 
RT-PCR signals were detected using the Step One Plus 
real-time PCR system (Thermo Fisher Scientific) and 
analyzed for the relative expression level of SRSF6 
using the 2−ΔΔCt method.

Gene Set Enrichment Analysis
For Gene Set Enrichment Analysis (GSEA), a software 
version 4.4.3 [19] and a database; the Molecular Signa-
tures Database (MSigDB) version 7.4 were used. RNA-
seq profiles were obtained from SARS-Cov-2-infected 
Calu-3 cells. Target samples (n = 3) were pre-treated 
with CaNDY, and control samples (n = 3) were not pre-
treated. Genes were discarded from this analysis when 
the TPM value was < 1.0. For ranking the genes, “Diff_
of_Classes” method was used.
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