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A B S T R A C T

The transcription factor Sex-determining region Y-box protein 3 (SOX3) is well known for its critical 
roles in sex determination and cell differentiation; however, its function in antiviral innate immunity 
remains unexplored. This study uncovered how SOX3, induced by viral infections, modulates type I 
interferon (IFN–I) responses. RNA sequencing, quantitative PCR, and immunoblot analysis collec-
tively revealed that SOX3 overexpression suppresses virus-induced interferon beta 1(IFN-β) promoter 
activation and significantly inhibits the expression of key antiviral interferon-stimulated genes (ISGs), 
including ISG15 and interferon induced protein with tetratricopeptide repeats 1 (IFIT1). Conversely, 
the knockdown of SOX3 enhanced IFN-β production and ISGs expression, confirming its role as a 
negative regulator of antiviral immunity. Mechanistically, chromatin immunoprecipitation 
sequencing (ChIP-seq) identified SOX3 binding specifically at the AKT serine/threonine kinase 1 
(AKT1) locus. Further analysis demonstrated that SOX3 directly upregulates AKT1 expression, sub-
sequently increasing phosphorylation and inactivation of the tumor suppressor phosphatase and 
tensin homolog (PTEN). Inactivation of PTEN inhibited interferon regulatory factor 3 (IRF3) nuclear 
translocation, leading to reduced IFN-β expression. Thus, our findings uncover a previously unchar-
acterized SOX3-AKT1-PTEN signaling axis in the regulation of antiviral innate immunity, providing 
new insights into immune evasion strategies and highlighting potential therapeutic targets to enhance 
antiviral responses.

INTRODUCTION

The innate immune system provides the first line of defense against 
invading pathogens, with IFNs-I playing a pivotal role in controlling 
viral infections (Cao et al., 2018; Fensterl and Sen, 2009; Sun et al., 
2020). Upon viral invasion, germline-encoded pattern recognition re-
ceptors (PRRs) such as RIG-I-like receptors (RLRs), Toll-like receptors 
(TLRs), and NOD-like receptors (NLRs) recognize viral 
pathogen-associated molecular patterns (PAMPs), including viral 
nucleic acids and proteins. This recognition triggers the production of

type-I IFNs, primarily IFN-β, which orchestrates a potent antiviral 
response (Cao et al., 2018; Jang et al., 2015; Kasuga et al., 2021; 
Takeuchi and Akira, 2009). IFN-β then initiates a cascade of signaling 
events, leading to the expression of interferon-stimulated genes (ISGs) 
and establishing an antiviral state. While the core components of the 
type I IFN pathway are well-characterized, many regulatory mecha-
nisms remain to be elucidated.

SOX3, a member of the SOX (Sry-related HMG box) family of tran-
scription factors (TFs), is crucial for sex determination and cell differ-
entiation (Del Puerto et al., 2024; Jiang et al., 2024). SOX4, induced
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during viral infections, suppresses the TLR signaling pathway by 
inhibiting key components such as MyD88, IRAK4, and TRIF, while 
attenuating NF-κB and IRF3/7 activation (Shang et al., 2021). Similarly, 
SOX2 has been implicated in innate immunity, acting as a neutrophil 
DNA sensor to combat microbial infections (Xia et al., 2015). Interest-
ingly, our group recently revealed that SOX3 promotes hepatocarcino-
genesis via the AKT1-mTOR signalling pathway (Liu et al., 2025). 
However, the role of SOX3 in antiviral immunity remains unexplored. 
AKT1, a serine/threonine-protein kinase initially identified as a retro-
viral oncogene, can modulate the development and function of innate 
immune cells, including neutrophils, macrophages, and dendritic cells 
(Zhang et al., 2013). Activated AKT1 phosphorylates numerous sub-
strates, promoting various cellular processes such as cell survival, 
growth, migration, angiogenesis, protein synthesis, and glucose meta-
bolism (Wan et al., 2021). One such key substrate is the PTEN, a 
well-established tumour suppressor that also functions as a negative 
regulator of AKT signalling (Lee et al., 2018; Steinbach et al., 2019; 
Zhang et al., 2023). PTEN has also been shown to play a critical role in 
antiviral innate immunity by dephosphorylating IRF3, a crucial tran-
scription factor for IFN-β production (Li et al., 2016; Taylor et al., 2019). 
The molecular mechanism by which the SOX3-AKT1-PTEN pathway 
contributes to antiviral innate immunity is not yet elucidated. Therefore, 
further research is necessary to understand the upstream regulatory 
factors that control type I interferon activity.

In this study, we identified a novel role of the transcription factor 
SOX3 in antiviral innate immunity. We demonstrated that SOX3 induced 
by viral infections modulates IFNs-I responses. Combined results from 

RNA sequencing (RNA-seq), quantitative PCR, and immunoblot analysis 
revealed that SOX3 overexpression suppresses virus-induced IFN-β 
promoter activation and significantly inhibits the expression of key 
antiviral ISGs, including ISG15 and IFIT1. In contrast, the down-
regulation of endogenous SOX3 promotes IFN-β expression. Chromatin 
immunoprecipitation (ChIP)-seq analysis revealed that SOX3 directly 
binds to the AKT1 promoter, leading to upregulation of AKT1 expres-
sion. This leads to increased PTEN phosphorylation, its subsequent 
inactivation, impaired nuclear translocation of IRF3, and consequently, 
diminished type I interferon expression. Our findings uncover a previ-
ously uncharacterized regulatory role of the SOX3 involving the AKT1-
PTEN pathway, providing novel insights into viral immune evasion 
mechanisms and offering a potential therapeutic target to enhance 
antiviral innate immunity.

RESULTS

Genome-wide transcriptional modulation by SOX3 in SeV-
infected HEK293T cells

Previously, SOX2 and SOX4 were reported to be involved in innate 
immunity (Shang et al., 2021; Xia et al., 2015). Based on this, we hy-
pothesized that another member of the SOX family, SOX3, might also 
contribute to antiviral innate immunity, a role that has not yet been 
explored. To test this hypothesis, we examined how SOX3 influences 
IFN-I activation in response to viral infection.

We first evaluated the transcriptional profiles of HEK293T cells 
infected with or without Sendai virus (SeV) and with or without SOX3 
overexpression (SOX3SeV, VECSeV, SOX3, VEC) by identifying differen-
tially expressed genes (P-value ≤0.05, fold change >1.0). Volcano plots 
were employed to visualize gene expression variation, revealing that the 
number of genes with significantly altered expression varied across 
different conditions (control or SOX3 expression, with or without SeV 
infection). The highest number of altered genes observed in SOX3SeV vs 
mock (VECSeV, SOX3, and VEC) with 4034 genes which were primarily 
involved in the type I interferon response (IFNB1, IFNE, IFNL1, IFIT1, 
IFIT2, IFIH1), antiviral response (ISG15, ISG20, OASL), and proin-
flammatory cytokines and chemokines (TNFSF13B, CCL2, CCL8, CXCL8, 
CXCL1, CXCL10, CXCL11) (Fig. 1A, Supplementary Fig. S1A and B). To

identify signaling pathways affected by SOX3 in SeV-infected HEK293T 
cells, we performed gene ontology and pathway analysis (Fig. 1B, Sup-
plementary Fig. S1C). SOX3SeV vs mock cells showed diminished induc-
tion of genes involved in the antiviral innate immune response (Fig. 1C and 
D, Supplementary Fig. S2A), proinflammatory cytokine signalling (Fig. 1E 
and F, Supplementary Fig. S2B), the pattern recognition receptor (PRR) 
response (Supplementary Fig. S3A and B), and antigen presentation 
(Supplementary Fig. S3C and D). Overall, these results indicate that SOX3 
overexpression in SeV-infected HEK293T cells leads to the down-
regulation of key immune response genes, including those involved in type 
I interferon signaling, antiviral defense, and proinflammatory cytokine 
production, highlighting its role in modulating the immune response 
during viral infection.

SOX3 suppresses virus-induced type I interferon activation

To validate our transcriptomic findings, we overexpressed SOX3 in 
HEK293T and A549 cells and performed a pGL3-IFN-β promoter lucif-
erase reporter assay, which revealed that SOX3 significantly inhibited 
SeV and herpes simplex virus type 1 (HSV-1)-induced IFN-β promoter 
activation in a dose-dependent manner (Fig. 2A; Supplementary 
Fig. S4A). We then assessed the impact of SOX3 overexpression on SeV 
and HSV-1-induced IFN-β mRNA expression. Quantitative real-time PCR 
analysis revealed that SOX3 overexpression significantly reduced virus-
induced IFNB1 expression in a dose-dependent manner (Fig. 2B; Sup-
plementary Fig. S4B). Since IFN-β activation leads to the expression of 
downstream ISGs (Kishimoto et al., 2021; Lang et al., 2022; Schneider 
et al., 2014), we next evaluated the effects of SOX3 on ISGs expression. 
SOX3 overexpression markedly inhibited the expression of ISG15 
(Fig. 2C; Supplementary Fig. S4C, left panel) and IFIT1 (Fig. 2C; Sup-
plementary Fig. S4C, right panel), which are key ISGs involved in the 
antiviral response (Diamond and Farzan, 2013; McDougal et al., 2024; 
Perng and Lenschow, 2018; Zhang et al., 2021).

IFN-I expression occurs in two phases: an initial rapid phase, where 
pattern recognition receptors (PRRs) detect viral pathogen-associated 
molecular patterns (PAMPs), activating IRF3 to induce IFN-β produc-
tion, and a second phase of positive feedback involving IRF7(Li et al., 
2016; Ning et al., 2011; Popli et al., 2022). To investigate the role of 
SOX3 in these stages, we measured IFNB1 and ISG15 mRNA levels at 
various time intervals following SeV infection. SOX3 overexpression 
suppressed both IFNB1 and ISG15 mRNA expression from 6 to 15 h 
post-infection (Fig. 2D, left and right panels), suggesting that SOX3 in-
hibits the antiviral response at both the early and late stages of IFN 
production. These findings indicate that SOX3 effectively dampens 
virus-induced IFN-β activation, highlighting its role in modulating 
antiviral immune responses.

Induction of SOX3 during viral infection inhibits key antiviral 
innate immune pathways

The involvement of SOX3 in antiviral responses was further explored 
by analyzing its expression during viral infection. Immunoblot analysis 
revealed a significant upregulation of SOX3 protein expression in 
HEK293T cells following SeV infection (Fig. 3A). To explore the broad 
antiviral innate immunity role of SOX3, we investigated its induction in 
response to different viral infections. This induction of SOX3 was also 
observed at the mRNA level in THP-1 cells infected with SeV, vesicular 
stomatitis virus (VSV), or HSV-1 (Fig. 3B). These findings indicate that 
SOX3 expression is induced by diverse viral infections, suggesting a 
potential role in modulating antiviral immune responses against both 
RNA and DNA viruses.

Next, we investigated the impact of SOX3 on key antiviral signaling 
pathways; overexpression of SOX3 significantly suppressed IFN-β pro-
moter activation induced by RIG-I, TBK1, and MAVS in HEK293T cells 
(Fig. 3C–E). This inhibitory effect suggests that SOX3 negatively regu-
lates antiviral signaling by suppressing these key upstream components
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of the IFN-β pathway. We further explored the role of SOX3 in IFN-I 
responses by assessing IFN-β promoter activity in RAW264.7 macro-
phages stimulated with various ligands, including PBS, lipopolysac-
charide (LPS), and synthetic RNA duplex poly (I:C). SOX3 
overexpression significantly suppressed IFN-β activation in response to 
all these stimuli (Fig. 3F), indicating that SOX3 negatively regulates IFN-
β production in a manner independent of the specific stimulus and cell 
type.

Finally, we assessed the impact of SOX3 on broader antiviral 
signaling, including interferon-stimulated response element (ISRE) and 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). 
SOX3 overexpression inhibited SeV-induced ISRE promoter activity 
(Fig. 3G) and reduced SeV-induced NF-κB activation in a dose-
dependent manner (Fig. 3H). Taken together, these results demon-
strate that SOX3 is induced during viral infection and functions as a 
negative regulator of antiviral innate immunity by broadly suppressing 
signaling pathways, including those mediated by RIG-I, TBK1, MAVS, 
ISRE, and NF-κB.

SOX3 knockdown enhances antiviral responses

We then explored whether SOX3 knockdown could enhance antiviral 
immune responses by examining its effects on IFN-β activation and the 
expression of key ISGs. To confirm the specificity of SOX3 knockdown 
and rule out potential off-target effects, we used both siRNA and sgRNA. 
We first confirmed efficient knockdown of SOX3 in HEK293T cells 
transfected with either SOX3-targeting siRNAs (siSOX3) and sgRNAs 
(sgSOX3) compared to cells transfected with non-targeting controls, as 
demonstrated by immunoblot analysis (Fig. 4A). Subsequently, SeV-
induced IFN-β promoter activity was significantly suppressed by Flag-
SOX3 overexpression, and this inhibitory effect was relieved by co-
expression of Lenti-V2-sgSOX3, validating the specificity of SOX3's 
negative regulatory role. (Fig. 4B). This increase in IFN-β promoter ac-
tivity was accompanied by a significant elevation in IFNB1 mRNA 
expression following SeV and HSV-1 infection, as determined by quan-
titative RT-PCR (Fig. 4C; Supplementary Fig. S5A). These results indi-
cate that SOX3 negatively regulates IFN-β expression during antiviral 
responses.

To further examine the downstream effects of SOX3 knockdown, we 
assessed the expression levels of the ISGs (ISG15 and IFIT1). SOX3 
depletion significantly increased the expression of both ISG15 and IFIT1 
following SeV and HSV-1 infection (Fig. 4D; Supplementary Fig. S5B. 
These results demonstrate that the absence of SOX3 enhances antiviral 
immune responses, further supporting its role as a negative regulator of 
IFN-I and antiviral signaling pathways.

ChIP-seq analysis unveils SOX3 binding repertoire in HSV-1 
infection

While our study initially examined the antiviral response to SeV 
infection, we expanded our investigation to include HSV-1 for the 
ChIP-seq analysis in order to explore the broader generalizability of

SOX3 as a negative regulator of immune responses. By incorporating 
both RNA (SeV) and DNA (HSV-1) viruses, we aimed to evaluate the 
versatility of SOX3 in regulating antiviral responses across different 
viral types. This approach provides insights into whether SOX3 
functions as a negative regulator of type I IFN and ISG expression, 
contributing to immune evasion strategies across a broader spectrum 

of viral infections.
To investigate how SOX3 modulates antiviral responses, we per-

formed ChIP-seq analysis to identify SOX3 binding sites in HEK293T 
cells with and without virus stimulation. Flag-tagged SOX3 was immu-
noprecipitated using a Flag antibody, and the resulting DNA fragments 
were sequenced and analyzed to assess changes in SOX3 binding 
following HSV-1 infection. Analysis of the distribution of SOX3 ChIP-seq 
reads in HEK293T cells showed specific enrichment in intergenic and 
intronic regions, confirming the reliability of the ChIP-seq analysis and 
efficient capture of SOX3-bound chromatin (Supplementary Fig. S6A 
and B). The average read counts for SOX3 binding relative to the tran-
scription start site (TSS) revealed differential binding patterns between 
HSV-1 infected and mock-infected cells, with significant shifts in SOX3 
binding following viral infection (Fig. 5A and Supplementary Fig. S6C). 
In particular, a pronounced enrichment of SOX3 binding is observed in 
HSV-1 infected cells compared to the mock conditions, with peaks near 
the TSS region suggesting a potential role for SOX3 in regulating genes 
during HSV-1 infection (Fig. 5B). A substantial number of binding sites 
(1051) were unique to the HSV-1 infected condition, indicating that 
viral infection induces specific recruitment of SOX3 to chromatin 
(Fig. 5C, top panel). The number of SOX3-bound peaks increased 
significantly in HSV-1-infected cells (1221 peaks) compared to mock 
controls (456 peaks), reflecting the role of SOX3 as a virus-induced 
regulator of transcriptional changes (Fig. 5C, bottom panel, Supple-
mentary Fig. S6D; Supplementary Tables S1 and S2). We then investi-
gated the impact of SOX3 differentially bound gene expression. A 
significant number of upregulated genes (546) were associated with 
SOX3 binding, including 427 genes with fold changes ≥2 (Fig. 5D and 
Supplementary Fig. S7A–C).

To explore the potential biological functions of SOX3 during HSV-1 
infection, we performed Gene Ontology (GO) analysis of SOX3-
differentially bound genes. This analysis revealed an upregulation of mo-
lecular functions involving protein kinases (AKT1, CASR, ESR1, and ROR2) 
and phosphatidylinositol binding, potentially modulating to the inflam-
matory and interferon response pathways (Hendy and Canaff, 2016; Hsu 
et al., 2010; Liu and Cohen, 2015; Yang et al., 2020) (Fig. 5E, top panel; 
Supplementary Table S3). In contrast, SOX3 downregulated molecular 
functions such as metal ion transport, neurotransmitter receptor activity, 
and SNARE binding, which could impair cytokine release and immune cell 
activation and disrupt calcium signaling and cAMP regulation (de Jesus 
and de Araújo Andrade, 2020; Stow et al., 2006; Tavares et al., 2020; Vig 
and Kinet, 2009) (Fig. 5E, bottom panel; Supplementary Table S4). This 
inhibition of key cellular processes could contribute to immune evasion 
and reduced antiviral immunity. Altogether, ChIP-seq analysis reveals that 
SOX3 binding is significantly altered during HSV-1 infection, likely 
impacting the expression of immune-related genes.

Fig. 1. Genome-wide transcriptional modulation by SOX3 in SeV-infected HEK293T cells. The cells were transfected for 24 h with plasmids encoding Flag-SOX3 and 
pEF-Flag and were then stimulated or left unstimulated with SeV at an MOI of 10 for 8 h. A Volcano plots are shown as -log10 adjusted P value (adjPval) versus log2 
Fold change (FC). Differentially expressed genes in SOX3SeV versus VECSeV (left panel) and SOX3SeV versus SOX3 (right panel) conditions with an adjusted P 
value < 0.05 and fold change >1 is shown as colored dots. The names of the most significant genes are indicated in the plots. B Heatmaps of the top enriched 
functional annotations of genes significantly downregulated (adjusted P value < 0.05) across the comparisons of VECSeV vs VEC, SOX3 vs VEC, SOX3SeV vs VECSeV, 
and SOX3SeV vs SOX3. C Heatmap depicting relative transcription of type I interferon genes and ISGs for the comparisons between VECSeV vs VEC, SOX3 vs VEC, 
SOX3SeV vs VECSeV, and SOX3SeV vs SOX3. The data are the average of three experiments. D Gene expression values of type I interferon genes and ISGs from 

RNAseq in VEC, VECSeV, SOX3, and SOX3 SeV. Data are the mean (±SEM) of three experiments. E Heatmap of the relative expression of selected genes involved in 
proinflammatory signaling under the conditions of VECSeV vs VEC, SOX3 vs VEC, SOX3SeV vs VECSeV, and SOX3SeV vs SOX3. The data are the average of three 
experiments. F Gene expression values of proinflammatory signaling from RNAseq in VEC, VECSeV, SOX3, and SOX3SeV. Data are the mean (±SEM) of three 
experiments.
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AKT1 is a key gene upregulated by SOX3 during viral infection

Building on the ChIP-seq analysis, we examined the expression of 
genes with differential SOX3 binding in SOX3-overexpressing HEK293T 
cells infected with or without HSV-1, aiming to identify key regulators of 
the antiviral response. This analysis revealed a significant increase in

SOX3 binding at the AKT1, MAVS, and PTEN loci in HSV-1-infected cells 
overexpressing Flag-SOX3, compared to control conditions (Fig. 6A; 
Supplementary Fig. S8A and B). Among these genes, AKT1 emerged as a 
prominent candidate, showing pronounced SOX3 enrichment at its 
promoter region specifically in HSV-1-infected cells, supporting the 
notion that SOX3 may directly regulate AKT1 expression during viral

Fig. 2. SOX3 inhibits virus-induced activation of IFN-β. A Luciferase assay analyzing IFNB1 promoter activity (top) and immunoblot analysis of Flag-SOX3 and 
GAPDH (loading control) (below) in HEK293T cells transfected for 24 h with a plasmid encoding an IFN-β firefly luciferase reporter (IFN-β–Luc), along with pEF-Flag, 
pRL-TK, or increasing doses of pEF-Flag-SOX3 plasmids, and cells were left stimulated or unstimulated with SeV at an MOI of 10 for 8 h; luciferase reporter activity is 
normalized to that of renilla luciferase. B Quantitative RT-PCR analysis of IFNB1 mRNA in HEK293T cells transfected with pEF-Flag or increasing doses of pEF-Flag-
SOX3 plasmids. After 24 h, cells were left stimulated or unstimulated for 8 h with SeV (MOI = 10). C Quantitative RT-PCR analysis of ISG15 (left panel) and IFIT1 
(right panel) mRNA in HEK293 cells transfected with pEF-Flag or pEF-Flag-SOX3 plasmids. After 24 h, cells were left stimulated or unstimulated for 8 h with SeV 
(MOI = 10). D Quantitative RT-PCR analysis of IFNB1 (left panel) and ISG15 (right panel) mRNA in HEK293T cells transfected with pEF-Flag or pEF-Flag-SOX3 
plasmids. After 24 h, cells were infected for 0–15 h (horizontal axis) with SeV (MOI = 10). The P-values in (A–D) were calculated using Student's t-test. Data are 
presented as mean ± SEM, with statistical significance indicated (***P < 0.001, **P < 0.01, *P < 0.05).
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Fig. 3. SOX3 modulates antiviral immune signaling pathways in response to diverse stimuli. A Immunoblot analysis of SOX3 and GAPDH (loading control) in 
HEK293T cells, and cells were left stimulated with SeV at an MOI of 10 for 8 h (left panel). Quantification of SOX3 band intensity normalized to GAPDH (right panel). 
B Quantitative RT-PCR analysis of SOX3 mRNA in THP-1 cells, after 36 h, cells were left infected for another 12 h with SeV, Vesicular Stomatitis Virus (VSV) 
(MOI = 0.1), and HSV-1 (MOI = 10). C Luciferase assay analyzing IFNB1 promoter activity in HEK293T cells transfected for 48 h with a plasmid encoding an IFN-β 
firefly luciferase reporter (IFN-β–Luc), along with pEF-Flag, pEF-RIG-1, pRL-TK, or increasing doses of pEF-Flag-SOX3 plasmids; luciferase reporter activity is 
normalized to that of renilla luciferase. D Luciferase assay analyzing IFNB1 promoter activity in HEK293T cells transfected for 48 h with a plasmid encoding an IFN-β 
firefly luciferase reporter (IFN-β-Luc), along with pEF-Flag, pEF-TBK1, pRL-TK, or increasing doses of pEF-Flag-SOX3 plasmids; luciferase reporter activity is 
normalized to that of renilla luciferase. E Luciferase assay analyzing IFNB1 promoter activity in HEK293T cells transfected for 48 h with a plasmid encoding an IFN-β 
firefly luciferase reporter (IFN-β-Luc), along with pEF-Flag, pEF-MAVS, pRL-TK, or increasing doses of pEF-Flag-SOX3 plasmids; luciferase reporter activity is 
normalized to that of renilla luciferase. F Luciferase assay analyzing IFNB1 promoter activity in RAW264.7 cells transfected for 24 h with a plasmid encoding an IFN-β 
firefly luciferase reporter (IFN-β-Luc), along with pEF-Flag, pRL-TK, or pEF-Flag-SOX3 plasmids, and were stimulated for 10 h with PBS, bacterial lipopolysaccharide 
(LPS), and poly (I:C); luciferase reporter activity is normalized to that of renilla luciferase. G Luciferase assay analyzing ISRE promoter activity in HEK293T cells 
transfected for 24 h with a plasmid encoding an ISRE firefly luciferase reporter (ISRE–Luc), along with pEF-Flag, pRL-TK, or increasing doses of pEF-Flag-SOX3 
plasmids, and cells were left stimulated or unstimulated with SeV for 8 h; luciferase reporter activity is normalized to that of renilla luciferase. H Luciferase 
assay analyzing NFκB promoter activity in HEK293T cells transfected for 24 h with a plasmid encoding an ISRE firefly luciferase reporter (NFκB-Luc), along pEF-Flag, 
pRL-TK, or increasing doses of pEF-Flag-SOX3 plasmids, and cells were left stimulated or unstimulated with SeV for 8 h; luciferase reporter activity is normalized to 
that of renilla luciferase. The P-values in (A–H) were calculated using Student's t-test. Data are presented as mean ± SEM, with statistical significance indicated 
(***P < 0.001, **P < 0.01, *P < 0.05).
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infection (Fig. 6B and C). Luciferase reporter assays revealed that SOX3 
significantly enhanced the activity of the AKT1 promoter fragments 
containing peak_387 and peak_389, while mutation of the FIMO-
predicted SOX3 binding motifs (CCTCTGTCTG and CTATTGTGAA) 
abolished this activation (Fig. 6D; Supplementary Fig. S8C; Supple-
mentary Table S5). AKT1 encodes a serine/threonine-protein kinase 
with crucial roles in cell survival, proliferation, and metabolism and has 
been implicated in regulating various viral infections (Cohen, 2018; Liu 
and Cohen, 2015). Given this, we next sought to determine whether 
SOX3 influences AKT1 expression. To this end, we overexpressed SOX3 
in HEK293T and A549 cells and assessed AKT1 expression levels. 
Immunoblot analysis revealed that SOX3 overexpression led to a 
dose-dependent increase in AKT1 protein levels, not only upon HSV-1 
infection but also upon SeV infection (Fig. 6E).

To validate the interaction between SOX3 and the AKT1 promoter, we 
performed ChIP assays in HEK293T cells overexpressing Flag-tagged SOX3. 
Cells were stimulated with SeV to mimic viral infection, and SOX3 occu-
pancy at the AKT1 promoter was subsequently analyzed. Immunoprecip-
itation with a Flag antibody confirmed successful expression of Flag-SOX3

(Fig. 6F). Importantly, ChIP analysis revealed a significant enrichment of 
SOX3 binding to the AKT1 promoter region in SeV-stimulated cells 
compared to unstimulated controls (Fig. 6G). This dynamic regulation of 
SOX3 binding during viral infection supports the notion that AKT1 may 
serve as a key downstream effector in SOX3-mediated suppression of 
antiviral innate immunity.

SOX3 modulates PTEN tail phosphorylation via AKT1 to 
negatively regulate virus-induced type I interferon expression

Having established AKT1 as a key downstream target of SOX3, we 
next examined the functional consequences of this interaction in the 
context of antiviral immune responses. Since SOX3 upregulates AKT1, 
we investigated whether PTEN, a well-known negative regulator of IFN-I 
production, acts as a downstream effector in this regulatory axis (Cao 
et al., 2018; Zhang et al., 2023). Our group previously demonstrated that 
PTEN dephosphorylates IRF3, promoting its nuclear translocation and 
subsequent induction of IFN-Is (Li et al., 2016). Moreover, PTEN activity 
is regulated by phosphorylation at its C-terminal tail, with

Fig. 4. SOX3 deficiency strengthens antiviral immune signaling. A Immunoblot analysis of SOX3 and GAPDH (loading control) in HEK293T cells transfected for 48 h 
with a non-targeting siNC or siRNA targeting SOX3 (siSOX3-1) (left panel). Immunoblot analysis of SOX3 and GAPDH (loading control) in A549 cells transduced with 
Lenti-V2-sgCtrl or two independent sgRNAs targeting SOX3 (Lenti-V2-sgSOX3 #01 and #02) (right panel). Quantification of SOX3 band intensity normalized to 
GAPDH (top panel). B Luciferase assay analyzing IFNB1 promoter activity in HEK293T cells transfected with IFN-β- firefly luciferase reporter, Renilla luciferase 
control plasmid, and combinations of Lenti-V2-sgCtrl, Lenti-V2-sgSOX3-1, Lenti-V2-sgSOX3-2, and pEF-Flag-SOX3 as indicated. The experiment used a mixture of 
both sgSOX3-1 and sgSOX3-2. At 36 h post-transfection, cells were left uninfected (Mock) or infected with SeV (MOI = 10) for 8 h. Data represent relative firefly 
luciferase activity normalized to Renilla luciferase. C Quantitative RT-PCR analysis of IFNB1 mRNA in HEK293T cells transfected with non-targeting siNC or siRNA 
targeting SOX3 (siSOX3-1). After 24 h, cells were left stimulated or unstimulated for 8 h with SeV (MOI = 10). D Quantitative RT-PCR analysis of ISG15 (left panel) 
and IFIT1 (right panel) mRNA in HEK293T cells transfected with non-targeting siNC or siRNA targeting SOX3 (siSOX3-1). After 24 h, cells were left stimulated or 
unstimulated for 8 h with SeV (MOI = 10). The P-values in (A–D) were calculated using Student's t-test. Data are presented as mean ± SEM, with statistical sig-
nificance indicated (***P < 0.001, **P < 0.01, *P < 0.05).

T. Yousaf et al. Virologica Sinica 40 (2025) 921–934

927



Fig. 5. Atlas of SOX3-HSV-1 binding sites and their potential biological roles based on ChIP-seq data. The cells were transfected for 36 h with plasmids encoding 
Flag-SOX3 and were then stimulated or left unstimulated with HSV-1 at an MOI of 10 for 12 h. A ChIP-seq analysis of SOX3 binding in HEK293T cells with or without 
HSV-1 infection. Flag-tagged SOX3 was immunoprecipitated using a Flag antibody (Flag-SOX3_HSV-1 and Flag-SOX3_Mock) or IgG (input_HSV-1 and input_Mock). 
SOX3 binding (average read counts per 50 bp) is plotted relative to the TSS ±1 kb. B Signal density plots (top) and heatmaps (bottom) of SOX3 ChIP-seq read 
distribution around the TSS (±1 kb) in HEK293T cells. Results for Flag-tagged SOX3 immunoprecipitation (Flag-SOX3_HSV-1 and Flag-SOX3_Mock) and IgG controls 
(input_HSV-1 and input_Mock) are shown. Each heatmap row represents a gene. C Venn diagram showing the overlap of SOX3 ChIP-seq peaks (fold change >2, 
adjusted P < 0.05) in HSV-1 infected vs. mock-infected HEK293T cells (top panel). Number of SOX3 ChIP-seq peaks in each condition (bottom panel). D Number of 
upregulated and downregulated differentially expressed genes bound by SOX3 (adjusted P < 0.05) in HEK293T cells with vs. without HSV-1 infection. Black bars 
indicate genes with a fold change ≥2. E The bar chart showing pathway enrichment from GO analysis of upregulated (top panel) and downregulated (bottom panel) 
SOX3-bound genes, with p-values indicated (bottom panel).
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phosphorylation at Ser380, Thr382, and Thr383 known to inhibit its 
phosphatase function (Dempsey et al., 2021). Since AKT1is a 
serine/threonine-protein kinase can phosphorylate PTEN, we hypothe-
sized that SOX3, through its regulation of AKT1, may modulate PTEN 
activity and consequently influence IFN-I expression.

First, we examined the effect of SOX3 on PTEN phosphorylation. 
Immunoblot analysis revealed that SOX3 knockdown led to a marked 
decrease in PTEN phosphorylation in HEK293T cells following SeV 
stimulation (Fig. 7A). These findings suggest that SOX3 positively

regulates PTEN phosphorylation, potentially through its influence on 
AKT1 activity.

To confirm the role of AKT1 in SOX3-mediated regulation of PTEN, 
we first validated the efficiency of AKT1 knockdown. Efficient silencing 
of AKT1 was confirmed by reduced mRNA and protein expression levels 
(Supplementary Fig. S9A and B). We then assessed PTEN phosphoryla-
tion in cells with or without AKT1 knockdown. Immunoblot analysis 
revealed that AKT1 knockdown abolished the SOX3-induced increase in 
PTEN phosphorylation, following SeV and HSV-1 stimulation (Fig. 7B;

Fig. 6. AKT1 as a key gene bound by SOX3 revealed through SOX3-HSV-1 ChIP-seq. The cells were transfected for 36 h with plasmids encoding Flag-SOX3 and were 
then stimulated or left unstimulated with HSV-1 at an MOI of 10 for 12 h. A Volcano plot showing differentially expressed genes between Flag-SOX3_HSV-1 and Flag-
SOX3_Mock. Upregulated genes are in red, downregulated genes in light blue, with the most significant genes annotated within figure. B Bar graph showing SOX3-
HSV-1 bound differentially expressed genes, selected based on P-adj <0.05 and [log2FC] > 1. C ChIP-seq profiles of SOX3 binding at the AKT1 gene promoter region 
under Flag-SOX3_HSV-1, input_HSV-1 (MOI = 10, for 12 h infection), Flag-SOX3_Mock, and input_Mock conditions. A schematic of the AKT1 gene is shown at the 
bottom of figure. D Luciferase reporter assays in A549 cells using pGL3-basic, wild-type (WT), or SOX3-binding site–mutant (Mut) AKT1 promoter constructs revealed 
that SOX3 significantly enhances transcriptional activity at peak_387 (chr14: 104776499–104776938) and peak_389 (chr14: 104792391–104792641). E Immunoblot 
analysis of AKT1, Flag-SOX3, and GAPDH (loading control) in HEK293T cells transfected with pEF-Flag or increasing doses of pEF-Flag-SOX3 plasmids, and cells 
were left stimulated with SeV (MOI = 10) for 8 h (left panel) Immunoblot analysis of AKT1, Flag-SOX3, and GAPDH (loading control) in A549 cells transfected with 
increasing doses (0 μg, 1 μg, 2 μg) of pEF-Flag-SOX3 plasmid. After 36 h, cells were infected with HSV-1 (MOI = 10) for 12 h (right panel). F-G Immunoprecipitation 
and immunoblot (F) analysis of Flag-SOX3 and GAPDH (loading control) in HEK293T cells transfected with pEF-Flag-SOX3 plasmids. After 24 h, cells were left 
stimulated or unstimulated for 8 h with SeV (MOI = 10), followed by chromatin immunoprecipitation (ChIP) analysis of SOX3 occupancy on AKT1 promoter (G). The 
P-values in (D and G) were calculated using Student's t-test. Data are presented as mean ± SEM, with statistical significance indicated (***P < 0.001, 
**P < 0.01, *P < 0.05).
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Supplementary Fig. S9C). These findings indicate that AKT1 is a key 
mediator of SOX3-driven PTEN phosphorylation.

Next, we investigated the impact of SOX3 and AKT1 on IFN-I 
expression. Quantitative RT-PCR analysis revealed that SOX3 over-
expression significantly reduced SeV-induced IFNB1 mRNA expression. 
Notably, this effect was reversed by AKT1 knockdown, indicating that

SOX3 and AKT1 exert opposing effects on interferon expression 
(Fig. 7C). Finally, we evaluated the impact of SOX3 and AKT1 signaling 
on IRF3 nuclear translocation, a critical step in IFN-I induction. Immu-
noblot analysis of cytoplasmic and nuclear fractions revealed that SOX3 
overexpression markedly reduced SeV- and HSV-1-induced nuclear 
accumulation of IRF3. Importantly, this suppression was accompanied

Fig. 7. SOX3-mediated regulation of PTEN tail phosphorylation via AKT1 in virus-induced type I interferon response. A Immunoblot analysis of AKT1, p-PTEN, 
SOX3, and GAPDH (loading control) in HEK293T cells transfected for 24 h with either non-targeting siNC or siRNA targeting SOX3 (siSOX3-1), and cells were left 
stimulated or unstimulated for 8 h with SeV (MOI = 10). B Immunoblot analysis of p-PTEN, AKT1, Flag-SOX3, and GAPDH (loading control) in HEK293T cells 
transfected for 24 h with non-targeting siNC or siRNA targeting AKT1 (siAKT1-1), along with either pEF-Flag or pEF-Flag-SOX3 plasmids. Cells were either stimulated 
or unstimulated for 8 h with SeV (MOI = 10). C Quantitative RT-PCR analysis of IFNB1 mRNA in HEK293T cells transfected for 24 h with non-targeting siNC or siRNA 
targeting AKT1 (siAKT1-1), along with either pEF-Flag or pEF-Flag-SOX3 plasmids. Cells were either stimulated or unstimulated for 8 h with SeV (MOI = 10). The P-
values were calculated using Student's t-test. Data are presented as mean ± SEM, with statistical significance indicated (***P < 0.001, **P < 0.01, *P < 0.05). D 
Immunoblot analysis of cytoplasmic and nuclear fractions from HEK293T cells transfected with pEF-Flag or pEF-Flag-SOX3 plasmids and treated with or without the 
AKT1 phosphorylation inhibitor MK2206 as indicated. At 24 h post-transfection, cells were infected with SeV (MOI = 10) for 8 h. Blots were probed for IRF3 (to 
assess nuclear translocation), p-PTEN, p-AKT1, and total AKT1. Lamin-β and GAPDH serve as nuclear and cytoplasmic loading controls, respectively.
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by increased phosphorylation of AKT1 and PTEN. Treatment with the 
AKT1 phosphorylation inhibitor MK2206 restored IRF3 nuclear trans-
location and concurrently reduced p-AKT1 and p-PTEN levels, despite 
continued SOX3 overexpression (Fig. 7D; Supplementary Fig. S9D). 
These findings establish that SOX3 suppresses antiviral responses by 
enhancing AKT1-dependent PTEN phosphorylation, which impairs IRF3 
nuclear translocation and consequently attenuates IFN-I expression.

DISCUSSION

The induction of type I interferon (IFN-I) and inflammatory cyto-
kines is a hallmark of the innate immune response to viral infections 
(Aoki et al., 2024; Chen et al., 2018). Precise regulation of NF-κB and 
IFN-I–signaling pathways is essential to ensure effective antiviral 
response yet avert harmful immunological consequences. Although 
SOX2 and SOX4 were previously reported to be involved in innate im-
munity (Shang et al., 2021; Xia et al., 2015), research on SOX3 has 
predominantly focused on its roles in sex determination and cell dif-
ferentiation. Given the functional similarities among SOX family pro-
teins, it is plausible that SOX3 is also involved in the innate immune 
response. Here, we identified a previously unrecognized role for the 
transcription factor SOX3 in the negative regulation of IFN-I–signaling 
pathways and host innate immunity.

We initially conducted a comprehensive genome-wide transcrip-
tional analysis that revealed SOX3 overexpression in SeV-infected cells 
led to the downregulation of several immune response genes, including 
those involved in IFN-I signaling, antiviral defense, and proin-
flammatory cytokines. Next, we confirmed that SOX3 overexpression 
potently suppressed IFN-β promoter activation and mRNA expression in 
a dose-dependent manner. This effect was observed in both the early and 
late phases of IFN production, suggesting that SOX3 broadly targets the 
IFN pathway. Interestingly, we observed that SOX3 expression is 
induced by SeV, VSV, or HSV-1 infection at both the mRNA and protein 
levels in THP-1 cells. This suggests a potential mechanism by which 
viruses can exploit host factors to their advantage. Indeed, several vi-
ruses have evolved strategies to manipulate host protein expression to 
facilitate their replication and spread (García-Sastre, 2017; Walsh and 
Mohr, 2011).

Although SOX3 overexpression produced modest basal increases in 
selected interferon/ISG transcripts (e.g., IFNE, IFIT3, IFIH1, IFI6), these 
likely reflect compensatory responses to SOX3 overexpression rather 
than a pro-antiviral function; upon viral stimulation, SOX3 consistently

attenuated antiviral signaling, reducing IFNB1 and downstream ISG 
induction, supporting a context-dependent negative-regulatory role 
during infection (Fig. 8). Furthermore, SOX3 overexpression inhibited 
the activation of key signaling molecules upstream of IFN-β, including 
RIG-I, TBK1, and MAVS. These results indicate that SOX3 interferes with 
the sensing of viral infection and the initiation of antiviral signaling 
cascades. This is consistent with previous studies demonstrating that 
viral proteins can antagonize PRR signaling pathways to evade host 
detection (Bowie and Unterholzner, 2008; Chan and Gack, 2016). 
Importantly, SOX3 also suppressed the activation of ISRE and NF-κB, 
transcription factors that drive the expression of ISGs and inflammatory 
mediators. This suggests that SOX3 not only inhibits the initial pro-
duction of IFN-β but also dampens the downstream effects of IFN sig-
nalling, further compromising the host's ability to mount an effective 
antiviral response. The ability of SOX3 to modulate both ISRE and NF-κB 
signaling suggests a broader role in regulating immune responses, as 
NF-κB is a central regulator of inflammation and is implicated in various 
immune processes (Capece et al., 2022; Liu et al., 2017).

While our mechanistic investigation focused on the SOX3-AKT1-
PTEN axis, the innate immune response is inherently complex and 
likely involves extensive crosstalk with additional pathways such as NF-
κB and STAT signaling. Future studies integrating RNA-seq with SOX3 
ChIP-seq will be instrumental in identifying additional SOX3-regulated 
targets (e.g., SOCS1, SOCS3) and determining whether SOX3 directly 
modulates these loci to influence NF-κB/STAT activation and IFN-I 
output. Such systems-level analyses will help delineate how SOX3 or-
chestrates broader regulatory networks beyond the AKT1-PTEN 
pathway to fine-tune antiviral immunity.

Conversely, the knockdown of SOX3 enhanced IFN-β production and 
ISG expression, further supporting its role as a negative regulator of 
antiviral immunity. These findings are consistent with the observation 
that SOX3 expression is induced by viral infection, reinforcing the 
concept that viruses can exploit SOX3 to evade host defenses. This 
highlights the complex interplay between viruses and host factors, 
where viruses can manipulate host proteins to their advantage. Several 
viruses have evolved strategies to interfere with IFN production or 
signaling, allowing them to establish persistent infections.

To elucidate the mechanism underlying SOX3-mediated suppression 
of IFN responses, we performed ChIP-seq analysis and identified AKT1 
as a key target gene directly bound and upregulated by SOX3. AKT1 is a 
serine/threonine kinase with diverse roles in cell survival, proliferation, 
and metabolism. Our findings demonstrate that SOX3-mediated

Fig. 8. SOX3 regulates antiviral immunity via the AKT1-PTEN pathway. In the mock condition (left), SOX3 fails to activate AKT1, keeping PTEN active. Upon viral 
infection (right), SOX3 activates AKT1, inactivates PTEN, and disrupts IRF3 translocation, resulting in reduced IFN-β and ISG expression.
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upregulation of AKT1 leads to increased phosphorylation and, as a 
result, inactivation of PTEN, which is a known modulator of IRF3 ac-
tivity. PTEN has been shown to dephosphorylate IRF3, promoting its 
nuclear translocation and activation of IFN-I expression. Therefore, by 
inhibiting PTEN activity, SOX3 impairs IRF3 nuclear translocation and 
diminishes IFN-I production. The AKT-PTEN axis plays a central role in 
regulating various cellular processes (Kamo et al., 2013; Tsai et al., 
2024; Vidotto et al., 2020). This finding provides new insights into the 
AKT-PTEN axis, highlighting its essential role in regulating antiviral 
immune responses. Our findings demonstrate that SOX3 suppresses 
virus-induced IFN-β activation and signaling, highlighting its potential 
role in immune evasion and viral pathogenesis by directly modulating 
signaling molecules, including AKT1 and PTEN.

CONCLUSION

In conclusion, this study uncovers a previously unrecognized role of 
SOX3 in regulating IFN-I responses and highlights its significance in 
antiviral immunity. Our findings identify SOX3 as a potential thera-
peutic target for modulating interferon signaling during viral infection. 
Future studies should further investigate the SOX3-AKT1-PTEN axis 
across diverse viral models, assess its relevance in other cell types and in 
vivo systems, and explore strategies to therapeutically target SOX3 to 
enhance antiviral defense.

MATERIALS AND METHODS

Plasmids, ligands, sgRNAs, and siRNAs

The eukaryotic expression vector pEF-Flag was obtained from 

Professor Zhi-Jian Chen's laboratory (Southwestern Medical Research 
Center, USA). RIG-I, TBK1, and MAVS expression constructs were 
previously generated in our laboratory. The SOX3 gene fragment was 
amplified from HEK293T cell cDNA and cloned into the pEF-Flag 
vector using XhoI/MluI restriction sites. The AKT1 gene fragment 
was similarly cloned into pEF-Flag. The pGL3-IFN-β promoter lucif-
erase reporter plasmid was obtained from Professor Hong-Bing Shu's 
laboratory (Wuhan University Medical School). Dual-luciferase re-
porter system plasmids (pGL3-basic and pRL-TK-Renilla) were pur-
chased from Promega (USA). AKT1-Promoter clones (chr14: 
104792360–104792657 and 104776286–104777753) were cloned 
into pGL3-basic using XhoI and MluI restriction enzymes. Bacterial 
lipopolysaccharide (LPS) and poly (I:C) were purchased from Sigma 
(USA). siRNAs targeting SOX3 (siSOX3), AKT1 (siAKT1), and a non-
targeting siNC were purchased from Guangzhou RiboBio Co., Ltd. All 
constructs were verified by DNA sequencing. siRNA, sgRNA sequences, 
and primers used for construct generation are listed in Supplementary 
Table S6.

Cell culture, transfection, and viral stimulation

HEK293T, RAW264.7, A549, and THP-1 cell lines were used in this 
study. HEK293T cells were obtained from the China Center for Type 
Culture Collection. THP-1, A549, and RAW264.7 cells were provided by 
Professor Ming-Xiong Guo's laboratory (School of Life Sciences, Wuhan 
University). All cells were cultured in DMEM (Gibco/Life Technologies, 
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% 

FBS (Gibco/Life Technologies) and 1% penicillin-streptomycin solution 
at 37 ◦ C in a humidified 5% CO 2 incubator.

For transfection experiments, cells were transfected with plasmids 
(200 ng–1000 ng) or siRNAs (50–100 nM) using Lipofectamine 2000 
(Invitrogen, Thermo Fisher Scientific) according to the manufacturer's 
instructions. After 24 or 36 h, cells were stimulated with SeV, VSV, HSV-1, 
or specific ligands for 8–12 h. SeV, VSV, and HSV-1 were sourced from our 
laboratory.

Luciferase reporter assays

HEK293T, A549, and RAW264.7 cells were seeded on 24-well plates 
and incubated for 12 h prior to transfection. Cells were co-transfected 
with the firefly luciferase reporter constructs (IFN-β, ISRE, NF-κB), 
pRL-TK-Renilla, and increasing doses of pEF-Flag-SOX3. pEF-Flag, pEF-
RIG-I, TBK1, and MAVS were also included as indicated. Luciferase ac-
tivity was measured using the Dual-Luciferase Reporter Assay System 

(Promega) according to the manufacturer's instructions. Firefly lucif-
erase activity was normalized to Renilla luciferase activity to control for 
transfection efficiency.

RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was isolated using TRIzol reagent (Invitrogen). cDNA was 
synthesized using the PrimeScript RT Reagent Kit (Takara, Japan). qPCR 
was performed using the SYBR PrimeScript RT-PCR Kit (Takara). 
GAPDH served as an internal control. Relative gene expression levels 
were determined using the 2 − ΔΔCt method, where Ct represents the PCR 
cycle threshold. All the qPCR primers are listed in Supplementary 
Table S7.

Western blotting

Cells were lysed using RIPA lysis and protein extraction buffer 
(Beyotime, Shanghai, China). Protein concentrations were determined 
using the enhanced BCA protein assay kit (Beyotime). Equal amounts of 
protein were separated by SDS-PAGE and transferred to nitrocellulose 
membranes (Millipore, Billerica, MA). Membranes were blocked with 
5% non-fat dry milk in Tris-buffered saline with Tween-20 [TBS-T; 
120 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% Tween 20] and incu-
bated with primary antibodies followed by appropriate secondary 
antibodies.

The following antibodies were used: SOX3 (Santa Cruz, cat. no. sc-
20089), AKT1 (Cell Signaling Technology, cat. no. 75692), Phospho-
AKT1 (Cell Signaling Technology, cat. no. 4060S), Phospho-PTEN 
(Cell Signaling Technology, cat. no. 9188S), Flag (Proteintech, cat. no. 
20543-1-AP), GAPDH (Proteintech, cat. no. 10494-1-AP), and α-Tubulin 
(ABclonal, cat. no. A12289).

Nuclear and cytoplasmic protein fractionation

Nuclear and cytoplasmic protein fractions were isolated using the 
Nuclear and Cytoplasmic Protein Extraction Kit (Prellygen Gene Tech-
nology Co., Ltd., Cat. No. P1200) according to the manufacturer's pro-
tocol. Protease inhibitors were included throughout. Fraction purity was 
confirmed by Western blotting using GAPDH or α-Tubulin (cytoplasmic 
markers) and lamin-β (nuclear marker). The resulting fractions were 
subsequently used for Western blot analysis.

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using HEK293T cells transfected with 
SOX3. Briefly, cells were fixed with 1% formaldehyde and lysed. Chro-
matin was sheared using an ultrasonic cell disruptor. Protein-DNA 
complexes were immunoprecipitated with normal IgG or anti-FLAG 
M2 agarose beads (Sigma-Aldrich). Following immunoprecipitation, 
cross-links were reversed, and DNA was purified. Specific primers were 
used to amplify the AKT1 promoter region from the immunoprecipitated 
DNA.

RNA sequencing analysis

RNA sequencing (RNA-Seq) was conducted to analyze gene expres-
sion profiles across four experimental conditions: SOX3, SOX3SeV, VEC, 
and VECSeV. Total RNA was extracted, and libraries were prepared
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using the Illumina platform for paired-end sequencing (6 GB per sample) 
with the UID-mRNA-seq PE-150 method. Raw data were pre-processed 
with FastQC for quality assessment and trimmed using Trimmomatic 
to remove low-quality reads. Clean reads were aligned to the Homo 
sapiens GRCh38 reference genome using HISAT2, and gene expression 
levels were quantified in RPKM (Reads Per Kilobase per Million Reads) 
to normalize for gene length and sequencing depth. Differentially 
expressed genes (DEGs) were identified using edgeR with a logFC >1 
and P-value <0.05. GO and KEGG pathway enrichment analyses were 
performed using the online METASCAPE tool. Biological replicate cor-
relation was evaluated with Spearman correlation, and sample similar-
ity was further assessed using hierarchical clustering and PCA. Volcano 
plots were generated for DEG visualization. All analyses were conducted 
using standard bioinformatics pipelines, with statistical significance set 
at P < 0.05, and results were visualized in R (version 4.2.2).

ChIP-sequencing (ChIP-seq) and data analysis

ChIP-sequencing (ChIP-seq) analysis was conducted across two 
experimental conditions: Flag_SOX3_HSV-1 and Flag_SOX3_Mock. ChIP-
seq libraries were prepared using DNA isolated from ChIP assays, using 
standard protocols. DNA was purified using a commercial kit (e.g., 
Qiagen) and sheared to approximately 200–400 bp fragments. 
Sequencing was performed on an Illumina HiSeq 2500 platform with 
paired-end 150 bp reads. Raw sequence data (FASTQ format) were 
quality-checked using FastQC and trimmed using Trim Galore. Trimmed 
reads were aligned to the human genome (GRCh38) using the Burrows-
Wheeler Aligner (BWA). Alignment quality was assessed with SAMtools. 
Duplicate reads were removed using Picard tools. Peak calling was 
performed using MACS2 (version 2.1.1) with P-values < 1e-5 and q-
values <0.05. Differential binding analysis was conducted using 
DESeq2. Gene Ontology (GO) enrichment analysis was performed using 
the online METASCAPE tool.

Statistical analysis

Statistical analyses and graphs were generated using GraphPad 
Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA). Data are 
presented as mean ± standard deviation (SD) unless otherwise noted. A 
two-tailed Student's t-test was used for comparisons between groups. A 
P-value <0.05 was considered statistically significant. All experiments 
were performed with a minimum of three biological replicates. “ns” 
denotes no significant difference. *P < 0.05, **P < 0.01, and 
***P < 0.001 indicate different levels of significance.
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