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Abstract 

The potential of inducing anti-tumour immunity after radiotherapy, especially type I 

interferon (IFN) production that can facilitate immune cell recruitment, has recently 

been explored in different cancer contexts to enhance therapeutic efficacy. The 

cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING) pathway 

has been regarded as one of the major routes in detecting cytosolic DNA as a result 

of DNA damage caused by radiotherapy. However, the possible formation of 

micronuclei (MN) harbouring highly condensed nucleosomal DNA post-radiation 

has been thought to hinder cGAS/STING pathway activation, and hence reduce 

type I IFN production. This study thus aimed to investigate whether type I IFN 

production induced by radiation could be promoted by altering cGAS-independent 

pathways such as suppressing glycogen synthase kinase-3 beta (GSK3β), or by 

boosting activation of the cGAS/STING pathway itself through histone deacetylase 

(HDAC) inhibition to amplify the pro-immunogenic effects of radiotherapy and 

increase therapeutic effectiveness. Results demonstrated that repression of GSK3β 

either by administration of GSK3β inhibitors or siRNA knockdown did not increase 

interferon-beta (IFN-β) production post-radiation. HDAC inhibition with vorinostat 

increased histone acetylation and, at moderate concentrations, possibly increased 

cGAS binding to MN and nuclear interferon regulatory factor-3 (IRF-3) levels shown 

by immunofluorescence. However, effects were not sustained at higher 

concentrations and were not corroborated by bulk assays, suggesting that more 

evidence was required to further support these exploratory findings. Taken together, 

neither approach was sufficient to robustly enhance IFN-β induction post-radiation. 

Although the interventions did not yield strong effects, this study delineates key 

methodological constraints and the biological complexity of IFN regulation. It 
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clarifies the limits of indirect modulation and points towards alternative and more 

direct approaches. 
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1. Introduction 

1.1 Radiotherapy and immunomodulation 

Radiotherapy is a type of cancer treatment that uses ionising radiation to eradicate 

tumour cells by inducing DNA damage. By generating DNA lesions, particularly 

double-strand breaks (DSBs), radiotherapy disrupts cellular replication and survival, 

ultimately leading to tumour cell death. (1) It is commonly delivered either as a 

definitive treatment or in combination with surgery and systemic therapies like 

chemotherapy, with the aim of achieving effective local tumour control. (2) 

From a radiobiological perspective, cellular and tumour responses to radiotherapy 

have traditionally been described by the “five R’s” of radiobiology: DNA damage 

repair, tumour cell repopulation, redistribution within the cell cycle, reoxygenation 

and intrinsic radiosensitivity. Together, these principles explain how radiation dose, 

scheduling and tumour biology may influence treatment efficacy and normal tissue 

responses. These classical concepts provide a foundational framework for 

understanding the biological effects of radiotherapy beyond its immediate cytotoxic 

action. (1,3) 

Clinically, radiotherapy has been one of the most extensively used cancer 

treatments over the past decade for both curative and palliative intent. With 

approximately 20 million new cases of cancer diagnosed globally in 2022, around 

10 million of these new patients were reported to require radiotherapy as part of 

their treatment procedures, demonstrating the prominent relevance of radiotherapy 

in treating various cancer types, ranging from head and neck cancers to cervical 

and prostate cancers. (4–6) 
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While radiotherapy is best known for killing cancer cells by creating irreversible and 

lethal DNA damage, its potential in inducing immunomodulatory effects on tumours 

and surrounding tissues has been explored in hopes of raising the treatment 

effectiveness of radiotherapy. Studies have shown that radiotherapy can induce the 

release of tumour antigens and upregulate a number of cell surface molecules on 

tumour cells, such as the major histocompatibility complex class I receptor for cross-

presentation of tumour antigens leading to T cell priming, as well as the Fas cell 

surface death receptor for apoptosis induction. Such effects contribute to the 

proliferation and activation of immune cells, and hence trigger the production of 

cytokines and chemokines like interferons (IFNs) that can then enhance the 

infiltration of effector immune cells into the tumour microenvironment (TME), 

promoting an anti-tumour immune response. (7–10) Due to these 

immunomodulatory properties, radiotherapy has also been explored in combination 

with immunotherapy to reach an abscopal effect, which is the induction of a systemic 

response on remote and unirradiated metastases. One of the widely investigated 

examples is the combination with immune checkpoint blockade, as radiotherapy 

may upregulate the expression of immune checkpoints and their co-stimulatory 

molecules, such as programmed death-ligand 1 and B7-1/2, which can be resolved 

by the introduction of monoclonal antibodies for such immune checkpoints. (9–13) 

This demonstrated the ability of radiotherapy in producing robust immunogenic 

responses alongside its original purpose of primary tumour control. 

While radiotherapy can stimulate anti-tumour immune responses, it is also 

recognised that its effects on the immune system are highly context- and dose-

dependent, encompassing both immunostimulatory and immunosuppressive 

outcomes. In addition to promoting antigen release and IFN signalling, radiotherapy 



 

15 
 

can induce immunosuppressive mechanisms as well, including the recruitment of 

regulatory immune populations like regulatory T cells and myeloid-derived 

suppressor cells, depletion of tumour-infiltrating lymphocytes and the release of 

suppressive cytokines such as transforming growth factor-β that can inhibit T cell 

proliferation. (14–17) These effects may limit sustained immune activation following 

treatment and contribute to variable clinical responses. 

Importantly, radiation dose and fractionation have been shown to critically influence 

radiation-induced immunogenicity and activation of the cGAS/STING pathway. 

Studies have demonstrated that low to moderate radiation doses can promote 

induction of the nuclear factor-kappa B (NF-κB) pathway, cytosolic DNA sensing 

and IFN signalling, displaying more immunostimulatory responses and effective 

cGAS/STING pathway activation. (18–20) On the other hand, higher single doses 

may induce DNA exonucleases such as three prime repair exonuclease 1, leading 

to degradation of cytosolic DNA and attenuation of cGAS/STING signalling. 

(14,17,21) Fractionated radiation was also considered locally immunosuppressive 

due to lymphocytes being cleared from the radiation field rapidly without sufficient 

time for recovery. (15,16) This dose-dependent balance provides a potential 

explanation for inconsistent immune activation following radiotherapy, and 

highlights the importance of understanding how downstream IFN responses are 

regulated following irradiation. 

Beyond dose and fractionation effects, the immunological effects of radiotherapy 

are further shaped by the TME, which comprises multiple components including 

tumour cells, immune cell populations, stromal elements, blood vessels and the 

extracellular matrix that collectively influence radiation responses. (22,23) Immune 

cells within the TME, such as dendritic cells, classically activated (M1) macrophages 
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and tumour-infiltrating lymphocytes, can modulate how tumours respond to 

radiation by affecting antigen presentation, inflammatory signalling involving 

cytokines and chemokines, as well as recruitment of immune cells like cytotoxic T 

cells. At the same time, immunosuppressive components of the TME like regulatory 

T cells and tumour-associated macrophages may counteract these effects and 

dampen radiation-induced immune activation. (24–28) (Figure 1) As a result, 

tumour-intrinsic responses to radiotherapy, including the induction of innate immune 

signalling pathways within irradiated tumour cells, can have important downstream 

consequences for immune modulation within the TME, providing critical context for 

interpreting radiation-induced immune responses. 
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1.2 Type I interferons (IFNs) and anti-tumour immunity 

As one of the most common cytokines induced upon activation of immune cells like 

plasmacytoid dendritic cells, (29,30) IFNs have been widely recognised for their 

functions in antiviral responses, but they have recently gained increasing attention 

for their anti-tumour properties. Type I IFNs like interferon-beta (IFN-β) can induce 

a range of intrinsic and extrinsic effects, affecting tumour cell growth and 

proliferation by means such as promoting apoptosis and inhibiting angiogenesis. 

(31,32) This ultimately leads to the stimulation of cytokine release, the recruitment 

of immune cells like tumour-infiltrating lymphocytes to the TME, as well as the 

induction of a range of immune cell responses. (32–36) In terms of innate immunity, 

type I IFNs have been shown to facilitate dendritic cell activation and presentation 

of tumour antigens essential for the initiation of an anti-tumour immune response. 

(36) They also possess the ability to enhance the phagocytic capacity as well as 

polarisation towards more pro-inflammatory phenotypes in macrophages. One 

study performed on mouse models and cell lines displayed an accumulation of 

potent anti-tumourigenic macrophages at tumour sites after intratumoural 

administration of cyclic GMP-AMP (cGAMP) that can strongly induce type I IFN 

production. (37,38) In terms of adaptive immunity, type I IFNs can promote CD8+ T 

cell priming and boost the recruitment and effector functions of these cytotoxic T 

Figure 1. Radiotherapy-induced immunomodulation within the tumour 
microenvironment. Radiotherapy induces DNA damage and subsequent DNA repair 
in tumour cells, leading to the release of tumour-derived danger signals such as 
damage-associated molecular patterns (DAMPs) and cytosolic DNA. These signals are 
sensed by immune cells within the tumour microenvironment (TME), shaping 
downstream immunostimulatory and immunosuppressive responses. 
Immunostimulatory effects include enhanced tumour antigen cross-presentation, 
recruitment of tumour-infiltrating lymphocytes and release of pro-inflammatory 
cytokines and chemokines, whereas immunosuppressive components of the TME, such 
as regulatory T cells and tumour-associated macrophages, may counteract these 
effects and hinder immune activation. (Created with BioRender) 
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cells, elevating their cytolytic activity for more effective tumour cell killing together 

with the help of CD4+ helper T cells. (39–41) In addition to that, type I IFNs suppress 

the migration of regulatory T cells to tumour sites, restricting the formation of an 

immunosuppressive TME and thus strengthening the generation of an impactful 

anti-tumour immune response. (42) (Figure 2) 

 

 

Overall, through these effects on the immune system, the induction of a type I IFN 

response can enhance anti-tumour immunity that inhibits cancer progression, 

promote immune clearance and potentially reshape the TME of immunosuppressive 

(immune-cold) tumours into immune-activating (immune-hot). (33,34) Therefore, it 

Figure 2. Anti-tumour properties of type I IFNs. Type I IFNs are capable of inducing 
different effects that lead to anti-tumour immune responses, including hindering tumour 
growth, recruiting and activating immune cells from innate immunity like dendritic cells 
and those from adaptive immunity like cytotoxic T cells. (Created with BioRender) 
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is worth understanding whether boosting IFN responses induced by radiation may 

promote anti-tumour immunity and ultimately improve treatment outcomes. 

 

1.3 Cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING) 

pathway and radiotherapy-induced type I IFN production 

Type I IFNs can possibly be induced through numerous innate immune sensors and 

signals. Some examples are toll-like receptors and retinoic acid-inducible gene I 

(RIG-I)-like receptors, which are capable of recognising damage-associated 

molecular patterns released upon tissue injury or tumour cell death, as well as 

sensing cytosolic RNA from pathogens like oncolytic viruses. Subsequent signalling 

pathways from these receptors then eventually converge on transcription factors 

including interferon regulatory factors (IRFs) like IRF-3, IRF-7, as well as NF-κB, 

driving the transcription of type I IFNs. (43–46) However, among the broad range of 

signalling pathways that are able to promote type I IFN production, the cGAS/STING 

pathway has been reported to play a central role in mediating type I IFN responses 

in various cell types ranging from tumour cells themselves to immune cells like 

dendritic cells especially after radiation. (47–51) 

As mentioned previously, radiotherapy eliminates cancer cells primarily by inducing 

DNA damage. In cells that survive this damage after exposure to ionising radiation, 

the DNA repair process may lead to the formation of cytosolic DNA fragments, such 

as through incomplete DNA repair or the generation of chromosomal aberrations 

arising from DNA DSBs, which may mis-segregate during mitosis and localise in the 

cytoplasm. (51–53) These fragments can then be detected by cytosolic DNA 

sensors like cGAS. Once cGAS detects DNA, it induces the formation of cGAMP 
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that then activates downstream components of the pathway like STING. STING 

activation promotes the activation of TANK-binding kinase 1 (TBK1), which 

contributes to the phosphorylation of key transcription factors like IRF-3 and NF-κB. 

(33) The translocation of these transcription factors into the nucleus induces the 

transcription and production of type I IFNs, and ultimately leads to the induction of 

a radiation-induced anti-tumour immune response. (Figure 3) Therefore, both direct 

DNA damage that leads to cell death and the development of immune responses 

triggered by detection of cytosolic DNA can contribute to the therapeutic effects of 

radiotherapy. 

 

 

Figure 3. Illustration of the cGAS/STING pathway. Cytosolic DNA can be generated 
following DNA damage induced by radiotherapy, which is then detected by cGAS. cGAS 
activation leads to the production of cGAMP, which in turn activates downstream 
signalling components like STING, TBK1, IRF-3 and NF-κB that eventually results in 
type I IFN production. (Created with BioRender) 
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The production of type I IFNs induced post-radiotherapy plays an important role in 

unleashing the anti-tumour effects of radiotherapy and facilitating better treatment 

outcomes. One study showed an increase in intratumoural IFN-β production in 

tumours as well as increased T cell priming and T cell-dependent tumour regression 

following radiotherapy. They also suggested that type I IFNs were essential for 

radiotherapy-mediated tumour reduction by demonstrating a much stronger 

inhibition of tumour outgrowth post-radiotherapy in normal mice compared to mice 

that were unresponsive to type I IFNs. (54) Another study performed on patients 

with hepatocellular carcinoma (HCC) displayed increased serum levels of IFN-β 

post-radiation, particularly in those with favourable responses to treatment. (55) 

Higher post-radiotherapy serum IFN-β levels were also associated with better 

progression-free survival, which was validated in a similar study conducted on HCC 

patients that showed association with better overall survival as well. (56) These 

highlight the potential increase in therapeutic efficacy for radiotherapy when 

elevation in type I IFN levels is achieved post-radiation. 

 

1.4 Challenges in cGAS/STING pathway activation post-radiation 

While the cGAS/STING pathway itself is a major driver of IFN production, it was 

previously believed that cGAS detects DNA released from radiation-induced 

micronuclei (MN), which are fragments of the nuclear genome caused by DNA 

damage or chromosomal segregation errors and not incorporated into the main 

nucleus, upon rupture of the micronuclear envelope. This then activates STING and 

subsequent IFN signalling. (57–62) 
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However, recent findings have challenged this idea, showing that MN often contain 

highly condensed nucleosomal DNA that, despite binding to cGAS, limits 

cGAS/STING activation and reduces type I IFN production. (63–65) A study 

conducted by Takaki et al. mainly demonstrated this by showing that increased 

cGAS localisation to MN post-radiation did not result in significant changes in 

cGAMP levels. Nucleosome structures within MN were also suggested to 

structurally inhibit cGAS activation due to the acidic patch on histone H2A/H2B 

outcompeting double-stranded DNA for the DNA-binding surface of cGAS, causing 

cGAS to preferentially bind to these highly condensed structures. Moreover, naked 

DNA from sources like viruses can successfully activate the cGAS/STING pathway, 

further validating the effect of highly condensed nucleosomal DNA on hindering 

cGAS/STING pathway activation. (65) Nevertheless, while this has helped clarify 

why cGAS activation may be limited post-radiation, studies exploring strategies to 

overcome this barrier and restore or enhance cGAS/STING signalling are still 

lacking. Furthermore, although previous work has characterised cGAS binding to 

MN, (57–65) few studies have functionally linked these observations to downstream 

type I IFN signalling outcomes. 

 

1.5 cGAS-independent induction of type I IFN response with glycogen 

synthase kinase-3 beta (GSK3β) inhibition 

To overcome the above challenge, cGAS-independent alternative pathways were 

first considered to evaluate whether targets beyond the cGAS/STING pathway 

could compensate for the limitations observed with MN and enhance type I IFN 

responses. GSK3β, a kinase involved in glucose homeostasis, was ultimately 

selected as the target for this part of the study. It has been shown that many proto-
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oncogenic or tumour suppressing transcription and translation factors are 

substrates of GSK3β, such as β-catenin, NF-κB and tumour protein p53 (p53), with 

GSK3β being an important regulator of the Wnt/β-catenin signalling pathway, which 

is responsible for regulating cellular functions like proliferation, differentiation and 

apoptosis, by phosphorylating β-catenin and promoting its proteasomal degradation. 

(66–70) While GSK3β generally acts as a positive modulator of NF-κB-dependent 

transcription, its overall role in cancer is highly context-dependent. GSK3β has been 

reported to be a tumour promoter in cancer types like pancreatic or colorectal cancer, 

while being a suppressor in others like gastric, breast or prostate cancer. (66,71,72) 

In terms of being a tumour promoter, overexpression of active GSK3β was reported 

to sustain pro-survival transcription and aggressive phenotypes. Elevated levels of 

total and active GSK3β were capable of triggering apoptosis, correlated with worse 

prognosis and disrupted transcription mediated by the NF-κB pathway independent 

of nuclear β-catenin status. (71–77) In terms of being a tumour suppressor, GSK3β 

was mainly believed to hinder cancer cell proliferation and survival by promoting the 

degradation of β-catenin, which is responsible for activating transcription of genes 

for cancer cell growth. GSK3β was also suggested to downregulate numerous 

proto-oncogenic proteins and cell cycle checkpoint proteins to inhibit cell 

proliferation and restrain epithelial-mesenchymal transition. (66,72,75,78–81) 

Despite GSK3β inhibition being reported to sensitise various cancers to radio- and 

chemotherapy in cells, (72,82,83) it is unclear whether GSK3β negatively regulates 

IFN-β production. Therefore, it was hypothesised that if GSK3β negatively regulates 

IFN-β production, then upon repression of GSK3β, IFN-β production will increase 

following irradiation to improve pro-immunogenic responses. To test this, two small-

molecule inhibitors – LY2090314 and 9-ING-41 – were selected. Both drugs are 
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potent, highly selective adenosine triphosphate (ATP)-competitive GSK3β inhibitors 

and are currently under evaluation in early-phase clinical trials, (84–89) deeming 

them suitable for assessing how GSK3β inhibition may influence downstream type 

I IFN signalling induced by radiation. 

Although both GSK3β inhibitors have been investigated in combination with 

chemotherapy in several cancer models, such as bladder cancer and glioblastoma, 

as well as in clinical trials with established safety profiles, studies examining their 

combination with radiotherapy remain limited. Existing literature has largely focused 

on their effects as monotherapies or in combination with chemotherapeutic agents, 

with little direct evaluation of their interactions with radiation-induced signalling 

pathways. (86–88,90–92) Thus, the role of GSK3β and the influence of its inhibition, 

particularly by the inhibitors used in this study, warrant further investigation in the 

context of radiotherapy. 

 

1.6 Activation of cGAS/STING pathway with histone deacetylase (HDAC) 

inhibition 

As mentioned previously, the recent study conducted by Takaki et al. showed that 

cGAS activation was structurally limited due to highly condensed nucleosomal DNA 

in radiation-induced MN, while naked DNA from sources such as viruses could 

successfully activate the cGAS/STING pathway. (65) Therefore, in the second part 

of this study, we reverted our focus back to the cGAS/STING pathway in an attempt 

to directly address the hindrance in activation of this pathway caused by MN. 

HDACs are responsible for reducing acetylation in histones and hence condense 

chromatin structures, making DNA less accessible for transcription and thus 
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decreasing gene expression. While HDACs are often overexpressed in malignant 

cells, (93) we hypothesised that HDAC inhibition may relax chromatin structures by 

increasing acetylation to allow cGAS to bind to more accessible DNA upon 

radiation-induced MN formation. This may then potentially promote activation of 

cGAS and the cGAS/STING pathway, leading to increased downstream signalling 

like nuclear translocation of the key transcription factor IRF-3, that can ultimately 

lead to increased IFN-β production. To evaluate this, the HDAC inhibitor vorinostat 

was selected, as its pan-HDAC inhibition nature can ensure effective increases in 

acetylation levels, potentially inducing effects on MN. (94,95) Vorinostat is an 

approved drug for cutaneous T-cell lymphoma, with additional evidence of 

tolerability in combination with radiotherapy or chemotherapy in early-phase clinical 

trials. In particular, results from several phase I clinical trials combining the use of 

vorinostat with radiotherapy showed good overall tolerance in patients with 

malignancies like gastrointestinal carcinoma, glioblastoma and paediatric glioma, 

(96–99) making it a suitable candidate for exploring links between HDAC inhibition, 

radiation and type I IFN signalling. 

 

1.7 Aims and objectives of the study 

This study therefore investigated strategies to address the above challenge and 

enhance IFN-β production post-radiation through two main approaches, which were 

(1) modulating IFN-β signalling via potentially cGAS-independent alternative 

pathways, more specifically repression of GSK3β and (2) promoting cGAS/STING 

pathway activation through chromatin remodelling by investigating whether HDAC 

inhibition could increase DNA accessibility via decreasing chromatin compaction in 

MN and facilitate cGAS activation. 
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The challenge in activating the cGAS/STING pathway post-radiation and the two 

main approaches investigated are summarised in Figure 4. The ultimate aim of the 

study was to enhance IFN-β production post-radiation to boost pro-immunogenic 

effects of radiotherapy and improve therapeutic efficacy. 

To achieve the above aims, the following objectives were set out: 

1. Evaluate the effects of GSK3β inhibition on IFN-β production levels post-

radiation using siRNA knockdown and small-molecule GSK3β inhibitors. 

2. Determine whether HDAC inhibition with vorinostat increases micronuclear 

DNA accessibility and enhances cGAS/STING activation post-radiation, 

examined by cGAS binding to MN and IRF-3 nuclear translocation. 

3. Assess whether HDAC inhibition augments downstream signalling 

components of the cGAS/STING pathway involved in type I IFN production 

post-radiation. 
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Figure 4. Schematic overview of rationale and key aims of the study. Radiotherapy 
can induce DNA damage and micronuclei (MN) formation, but highly condensed 
nucleosomal DNA within MN may restrict cGAS activation and thereby limit type I IFN 
production. To address this, two main strategies were explored: (1) targeting cGAS-
independent alternative pathways via GSK3β inhibition to modulate type I IFN signalling 
and (2) promoting activation of cGAS/STING signalling via HDAC inhibition to relax 
chromatin structures in MN and increase DNA accessibility. Together, these approaches 
were evaluated for their ability in restoring type I IFN production and enhancing anti-
tumour immunity post-radiotherapy. (Diagram created with BioRender) 
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2. Materials and Methods 

2.1 Cell culture 

Human embryonic kidney 293 (HEK293) wildtype (WT) cells (a kind gift from 

Professor Ian Tomlinson) and HeLa WT cells (human cervical adenocarcinoma cell 

line) (American Type Culture Collection) were cultured in Dulbecco's Modified Eagle 

Medium (DMEM) high glucose (Sigma-Aldrich) supplemented with 10% fetal bovine 

serum (FBS) (Gibco) and 1% Penicillin-Streptomycin (Sigma-Aldrich cat #P4333) in 

a water-jacketed incubator (37°C, 5% carbon dioxide, humidified) respectively. Cell 

lines were tested for mycoplasma contamination monthly and before running each 

experiment with Mycoalert™ Mycoplasma Detection Kit (Lonza cat #LT07-418). Cell 

samples were spun at 200 xg for 5 minutes, and the supernatant was transferred to 

a white 96-well flat bottom plate. Mycoalert™ Reagent (Lonza cat #LT27-237) and 

Mycoalert™ Substrate (Lonza cat #LT27-238) were reconstituted in Mycoalert™ 

Assay Buffer (Lonza cat #LT27-220) according to manufacturer’s instructions, and 

then incubated for 15 minutes at room temperature. Mycoalert™ Reagent was 

added to samples in a 1:1 volume ratio and incubated for 5 minutes before 

measuring luminescence with the POLARstar Omega microplate reader (Bmg 

Labtech). Mycoalert™ Substrate was then added to samples with the same volume 

as the Mycoalert™ Reagent added, and incubated for 10 minutes before measuring 

luminescence. Experiments only proceeded when results were mycoplasma-

negative (second luminescence reading divided by first reading < 0.9). 

2.2 Small interfering RNA (siRNA) transfections for knockdown of GSK3β 

Silencer™ Select Negative Control No. 1 siRNA (Invitrogen cat #4390844) was 

used as the non-targeting siRNA (siNT) control. Both siNT and siGSK3β (5’-

CUCAAGAACUGUCAAGUAAtt-3’) (Silencer™ Select validated siRNA from 
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Invitrogen) were diluted with 1X Opti-MEM Medium (Gibco) to reach a concentration 

of 200 nM. Lipofectamine RNAiMAX Transfection Reagent (Invitrogen cat 

#13778075) was diluted with 1X Opti-MEM Medium in a 1:100 dilution, then mixed 

with the diluted siRNA in a 1:1 volume ratio. The transfection complex was incubated 

on ice for 20 minutes before being added to HEK293 cells seeded at 1.5 x 106 cells 

per well (7.5 x 105 cells/mL) in 6-well plates, with a final concentration of 20 nM for 

siRNA and a 1:1000 dilution performed in total for RNAiMAX. 72 hours after 

transfection, cells were collected either for plasmid transfection or Western blotting 

(WB). 

2.3 Plasmid transfections 

The CMV-GFP plasmid (green fluorescent protein (GFP) expressed under the 

cytomegalovirus (CMV) promoter) was used as a positive control for transient 

transfection and was a kind gift from Professor Len Seymour. The IFN-β-hygro 

reporter plasmid (enhanced GFP under the control of the IFN-β promoter, followed 

by an internal ribosome entry site and a hygromycin B phosphotransferase 

resistance cassette (EGFP-IRES-HygR)) was cloned in our laboratory and provided 

for use in experiments. 

HEK293 WT cells or siRNA knockdown HEK293 cells collected 72 hours after siRNA 

transfection were seeded at 2.5 x 105 cells per well (5 x 105 cells/mL) in 24-well 

plates. Lipofectamine 3000 Reagent (Invitrogen cat #100022052) was first diluted 

with 1X Opti-MEM Medium in a 1:42.67 dilution. Plasmid DNA was diluted in 1X 

Opti-MEM Medium at a ratio of 1 µg plasmid per 50 µL 1X Opti-MEM. P3000 

Reagent (Invitrogen cat #100022058) was then added to the diluted plasmids at 1 

µL per 50 µL 1X Opti-MEM, and the master mixes were incubated for 5 minutes at 

room temperature. Diluted Lipofectamine 3000 Reagent and the diluted plasmid 
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master mixes were then mixed in a 1:1 volume ratio and incubated for 20 minutes 

at room temperature. The DNA-lipid complex was added to cells with a target 

plasmid DNA quantity of 0.5 µg per well, and samples were incubated for 24 hours 

before proceeding to inhibitor treatment or irradiation. 

2.4 GSK3β inhibitor treatment and irradiation 

HEK293 WT cells were treated 24 hours after plasmid transfection with 40 nM 

LY2090314 (Selleck Chemicals cat #S7063) or 20 µM 9-ING-41 (Selleck Chemicals 

cat #S9602) diluted in dimethyl sulfoxide (DMSO) (Sigma-Aldrich cat #D8418). A 

medium change was performed before inhibitor treatment. DMSO was added to 

untreated controls to reach a final concentration of 0.4%. Cells were irradiated at 10 

Gray (Gy) using the GSR D1 137Cs gamma irradiator (Gamma-Service Medical 

GmbH), which produced γ radiation with photon energy of 662 keV and a calibrated 

dose rate of 1.65 Gy per minute, 4 hours after treatment. siRNA knockdown HEK293 

cells were irradiated at 10 Gy following a medium change 24 hours after plasmid 

transfection. 

2.5 Flow cytometry 

HEK293 WT cells and siRNA knockdown HEK293 cells harvested at 24 or 72 hours 

post-irradiation were washed with 1X phosphate-buffered saline (Dulbecco A) (PBS) 

(Oxoid ref #BR0014G) and trypsinised with Trypsin-EDTA Solution (Sigma-Aldrich). 

FBS was added to stop trypsinisation, and samples were transferred to 96-well 

round bottom plates (Costar ref #7007). Cells were taken from untreated samples 

and boiled at 95°C, then mixed with cells taken again from untreated samples for 

positive control. Plates were centrifuged at 400 xg for 4 minutes. Cells were washed 

with 1X PBS and centrifuged (400 xg for 4 minutes), then stained with Zombie NIR 

Fixable Viability Kit (BioLegend cat #423106) and incubated at room temperature 



 

31 
 

for 20 minutes in the dark. After incubation, cells were centrifuged (400 xg for 4 

minutes) and fixed with 4% Formaldehyde (PFA) diluted from Pierce™ 16% PFA 

(Thermo Fisher Scientific cat #28908) with 1X PBS, followed by an incubation of 10 

minutes at room temperature in the dark. Cells were centrifuged (400 xg for 4 

minutes) and resuspended in 1X PBS, then analysed on the CytoFLEX Flow 

Cytometer (Beckman Coulter). Data analysis was performed using FlowJo software 

10.10.0. 

2.6 HDAC inhibitor treatment and irradiation 

For immunofluorescence microscopy (IF), HeLa WT cells were seeded in 96-well 

black microplates (PerkinElmer cat #101676-436) at 4000 cells per well (2 x 104 

cells/mL) and left to incubate overnight. Cells were then treated with 0 nM, 50 nM, 

200 nM or 500 nM vorinostat (Sigma-Aldrich cat #SML0061) diluted in DMSO. 

DMSO was added to untreated controls to reach a final concentration of 1%. Cells 

were irradiated at 3 Gy or 5 Gy using the GSR D1 gamma irradiator 4 hours after 

treatment, and harvested 48 hours after irradiation. 

For WB, HeLa WT cells were seeded at 1 x 106 cells per well (5 x 105 cells/mL) in 

6-well plates and incubated overnight. Cells were then treated with 0 nM, 200 nM, 

500 nM, 1 µM or 2 µM vorinostat diluted in DMSO. DMSO was added to untreated 

controls to reach a final concentration of 1%. Cells were irradiated with the same 

conditions as above and harvested 48 hours after irradiation. 

2.7 Positive control treatment 

For IF, polyinosinic-polycytidylic acid (poly (I:C)) (Sigma-Aldrich cat #P1530) was 

reconstituted in tissue culture grade water (diethylpyrocarbonate-treated, DNASE, 

RNASE free) (Fisher BioReagents cat #BP561-1), followed by heating at 50°C for 
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10 minutes and cooling at room temperature for re-annealing before use. 1X Opti-

MEM Medium was used to dilute poly (I:C) to reach a concentration of 160 µg/mL. 

Lipofectamine 2000 (Invitrogen cat #11668019) was diluted in a 1:3.57 ratio with 1X 

Opti-MEM Medium. Both dilutions were incubated on ice for 5 minutes, then mixed 

in a 1:1 volume ratio. The mixture was further incubated on ice for 20 minutes before 

being added to HeLa cells at a final concentration of 4 µg/mL for poly (I:C). 

The second positive control 2’3’-cGAMP (Sigma-Aldrich cat #SML1229) was 

reconstituted in tissue culture grade water, diluted to 2 mM with 1X Opti-MEM 

Medium and incubated for 5 minutes on ice. Lipofectamine 2000 was then added in 

a 1:2 dilution, and the mixture was incubated on ice for 20 minutes. After incubation, 

the mixture was added to cells for 2’3’-cGAMP transfection at a final concentration 

of 50 µM. Cells treated with both positive controls were harvested 4 hours after 

transfection for IF analysis. 

For WB, 2’3’-cGAMP was reconstituted in tissue culture grade water and diluted 

with 1X Opti-MEM Medium to reach a concentration of 250.26 µM. The diluted 2’3’-

cGAMP was incubated on ice for 5 minutes, followed by addition of Lipofectamine 

2000 to achieve a 1:6 dilution. The transfection complex was incubated on ice for 

another 20 minutes before transfecting HeLa cells at a final concentration of 26 µM. 

Cells were harvested 4 hours after transfection for WB. 

2.8 Immunofluorescence (IF) microscopy 

HeLa WT cells were washed with 1X PBS containing 0.1% Tween-20 (Sigma-

Aldrich cat #P7949) (PBS-T) twice 48 hours after irradiation. Cells were then fixed 

with ice-cold 1X PBS containing 4% PFA and 2% sucrose (Sigma-Aldrich cat 

#S0389) for 10 minutes on ice. After fixation, cells were washed twice with 1X PBS-
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T, then incubated with 1X PBS containing 0.5% NP-40 Surfact-Amps™ Detergent 

Solution (Thermo Scientific cat #85124) for 10 minutes at room temperature to 

permeabilise cells. Cells were washed twice with 1X PBS-T for 5 minutes per wash, 

followed by blocking with 3% Bovine Serum Albumin (BSA) (Sigma-Aldrich cat 

#A7906) in 1X PBS-T for 1 hour at room temperature. Primary antibody incubation 

was performed overnight at 4°C with the following: 1:1000 cGAS (Cell Signalling 

Technology cat #15102S), 1:500 IRF-3 (Cell Signalling Technology cat #10949S) 

and 1:2000 Histone H3 lysine 27 acetylation (H3K27ac) marker (Abcam cat 

#ab4729). 

After the incubation, cells were washed three times gently with 1X PBS-T for 5 

minutes per wash, then incubated for 1 hour at room temperature in the dark with 

the following secondary antibodies: 1:500 Goat anti-rabbit IgG Alexa Fluor 488 

(Invitrogen cat #A11034), 1:500 Goat anti-rabbit IgG Alexa Fluor 555 (Invitrogen cat 

#A21429) and 1:1000 Goat anti-mouse IgG Alexa Fluor 647 (Invitrogen cat 

#A21236). Cells were also incubated with 100 ng/mL 4′,6-diamidino-2-phenylindole 

(DAPI) (Sigma-Aldrich cat #D9542) at the same time as the secondary antibodies. 

Cells were then washed three times gently with 1X PBS-T for 5 minutes per wash, 

submerged in 1X PBS and imaged with the Dragonfly spinning disk confocal 

microscope (Andor Technology). 

2.9 Cell fractionation for WB 

Irradiated HeLa WT cells were washed, scraped with a cell scraper and collected 

with 1X PBS. The cell pellets were resuspended in cytoplasmic extraction buffer 

consisting of 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 

(Sigma-Aldrich cat #H3375), 1.5 mM magnesium chloride (MgCl2) (Sigma-Aldrich 

cat #M8266), 10 mM potassium chloride (Alfa Aesar cat # A11662), 1.0 mM 



 

34 
 

ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich cat #E5134) and 0.075% 

NP-40 in distilled water adjusted to pH 7.6. 1 mM dithiothreitol (DTT) (Thermo 

Scientific cat #R0861), 1X cOmplete™ Mini protease inhibitor cocktail (Roche cat 

#11836153001) and phosphatase inhibitor cocktail 2 (1:100 dilution) (Sigma-Aldrich 

cat #P5726) were added fresh to the buffer before use. Cells were incubated with 

the cytoplasmic extraction buffer for 5 minutes on ice, then centrifuged at 400 xg for 

4 minutes. The supernatant containing the cytoplasmic extracts were moved to 

clean tubes, and the remaining nuclei were washed gently with cytoplasmic 

extraction buffer without NP-40 added. 

The nucleus suspension was then centrifuged at 400 xg for 4 minutes, and the 

supernatant was removed. The nuclear pellets were resuspended in nuclear 

extraction buffer consisting of 20 mM HEPES, 1.5 mM MgCl2, 420 mM sodium 

chloride (NaCl) (Sigma-Aldrich cat #S9888), 0.2 mM EDTA and 25% glycerol 

(Thermo Scientific cat #C15892.K2) in distilled water adjusted to pH 8.0. 0.5 mM 

DTT, 1X protease inhibitor cocktail and phosphatase inhibitor cocktail 2 (1:100 

dilution) were added fresh to the buffer before use. 5 M NaCl was then added to the 

suspension to adjust salt concentration to 400 mM. Nuclear extraction buffer was 

added again to the suspension with the same volume as the previous addition. The 

suspension was vortexed and incubated on ice for 10 minutes with periodical vortex 

to resuspend the pellet and obtain the nuclear extracts. The tubes containing the 

cytoplasmic extracts or the nuclear extracts were then centrifuged respectively at 

25000 xg for 10 minutes to pellet any nuclei. The supernatant from the tubes were 

transferred separately to clean tubes, and glycerol was added to the tubes 

containing the cytoplasmic extracts to reach a concentration of 20%. 
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2.10 Western blotting (WB) 

For GSK3β knockdown validation, siRNA knockdown HEK293 cells were lysed with 

Pierce™ RIPA lysis buffer (Thermo Scientific cat #89900) containing 1X protease 

inhibitor cocktail and phosphatase inhibitor cocktail 2 (1:100 dilution). Cell lysates 

underwent sonication for 10 seconds and were centrifuged at 4°C at 25000 xg for 

10 minutes. Bicinchoninic acid (BCA) assay was conducted to determine the total 

protein concentration in samples. Cell lysates were then mixed with 1X NuPAGE™ 

LDS Sample Buffer (Invitrogen cat #NP0007) containing 50 mM DTT and incubated 

for 5 minutes at 95°C. 4–20% Mini-PROTEAN® TGX™ 10-well, 50 µl Precast 

Protein Gels (Bio-rad cat #4561094) were used with 1X sodium dodecyl sulfate 

(SDS) running buffer. 1X SDS running buffer was prepared from 10X SDS running 

buffer containing 0.0347 M SDS (Sigma-Aldrich cat #L3771), 0.25 M Trizma® base 

(Sigma-Aldrich cat #T1503) and 1.918 M glycine (Sigma-Aldrich cat #G7126) in 

distilled water. Precision Plus Protein Dual Color Standards (Bio-Rad cat #1610374) 

and samples were loaded. After gel-running, proteins were transferred from the gels 

to nitrocellulose membranes using Trans-Blot Turbo Mini 0.2 µm Nitrocellulose 

Transfer Pack (Bio-Rad cat #1704158) and Trans-Blot® Turbo™ Transfer System 

(Bio-Rad cat #1704150). Membranes were blocked in 3% BSA in 1X Tris-buffered 

saline containing 0.1% Tween-20 (TBS-T) for 1 hour at room temperature. 1X Tris-

buffered saline (TBS) was prepared from 20X TBS containing 0.4 M Trizma® base 

and 2.74 M NaCl in distilled water. Membranes were then incubated overnight at 

4°C with the following primary antibodies: 1:1000 GSK3β (Cell Signalling 

Technology cat #9315S) and 1:50000 vinculin (Abcam cat #ab18058). Membranes 

were washed 3 times in 1X TBS-T and incubated for 1 hour at room temperature 

with the following secondary antibodies: 1:10000 Goat anti-rabbit IgG HRP-linked 
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Antibody (Cell Signalling Technology cat #7074S) and 1:20000 Horse anti-mouse 

IgG HRP-linked Antibody (Cell Signalling Technology cat #7076S). Membranes 

were then washed 3 times in 1X TBS-T, and protein bands were visualised using 

Amersham™ ECL Prime Western Blotting Detection Reagent (Cytiva cat 

#RPN2236) and the ChemiDoc Imaging System (Bio-Rad). 

For HDAC inhibition, irradiated HeLa WT cells were lysed with the same reagents 

and conditions as above to obtain whole cell lysates. After determining protein 

concentrations in samples with BCA assay, whole cell lysates or fractionated lysates 

(cytoplasmic and nuclear extracts) then underwent the same steps as above for 

preparation of loading samples, gel running and transfer. Membranes were blocked 

in 5% BSA in 1X TBS-T for 1 hour at room temperature, then incubated overnight 

at 4°C with the following primary antibodies: 1:1000 phospho-IRF-3 (p-IRF-3) 

(Ser396) (Cell Signalling Technology cat #4947S), 1:1000 total IRF-3 (Cell 

Signalling Technology cat #11904S), 1:1000 phospho-STING (p-STING) (Ser366) 

(Cell Signalling Technology cat #19781S), 1:1000 H3K27ac (Abcam cat #ab4729), 

1:1000 phospho-TBK1 (p-TBK1) (Ser172) (Cell Signalling Technology cat #5483S), 

1:1000 NF-κB p65 (Cell Signalling Technology cat #8242T), 1:2000 histone H3 (Cell 

Signalling Technology cat #4499S) and 1:50000 vinculin (Abcam cat #ab18058). All 

antibodies were diluted with 5% BSA in 1X TBS-T except vinculin, which was diluted 

with 3% BSA in 1X TBS-T. Membranes were washed 3 times in 1X TBS-T and 

incubated for 1 hour at room temperature with the same secondary antibodies used 

above. Membranes were then washed 3 times in 1X TBS-T, and protein bands were 

visualised using the same detection reagents and imaging system as above. 
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2.11 Alamar blue assay 

HEK293 cells were seeded in 96-well plates at 300 cells per well (1.71 x 103 cells/mL) 

and 500 cells per well (2.86 x 103 cells/mL) respectively. HeLa cells were seeded at 

500 cells per well (2.86 x 103 cells/mL) and 750 cells per well (4.28 x 103 cells/mL) 

respectively. Cells were incubated overnight before treatment with LY2090314, 9-

ING-41 or vorinostat. For LY2090314, HEK293 cells were treated at eight final well 

concentrations ranging from 5 nM to 640 nM in a two-fold serial dilution series. For 

9-ING-41, HEK293 cells were treated with seven concentrations ranging from 4.875 

nM to 312 nM in a two-fold serial dilution series, plus 20 µM as an additional high-

concentration point. As for vorinostat, HeLa cells were treated at eight 

concentrations ranging from 25 nM to 3200 nM (3.2 µM) in a two-fold serial dilution 

series as well. For vehicle controls (0 nM), DMSO was added to wells to give final 

concentrations equivalent to the DMSO content in wells with the highest drug 

treatment concentrations (LY2090314: 0.512%, 9-ING-41: 1.6%, vorinostat: 2.56%). 

For the negative control, only DMEM was added to wells without any cells. After 4 

hours, cells were irradiated with either 3 Gy (both HEK293 and HeLa cells) or 5 Gy 

(HeLa cells only). Cells were then left to incubate for 7 days in the incubator. At 72 

hours post-radiation, the medium containing the GSK3β inhibitor 9-ING-41 was 

replaced with fresh medium without the inhibitors. At the end of the incubation period, 

the redox dye resazurin (Sigma-Aldrich cat #R7017) (dissolved in 1X PBS and 

warmed up to 37°C) was added to each sample in a 1:10 ratio to give a 1X solution 

with final concentration of 0.1 mg/mL. Samples containing the dye were incubated 

for another 3 hours before fluorescence measurement at 560Ex/590Em. 
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2.12 Statistical analysis 

Data analysis and figure preparation were performed using GraphPad Prism 10.5.0. 

Results were presented as mean ± standard deviation or median ± interquartile 

range (specified in figure legends). For experiments on GSK3β repression and IF 

after HDAC inhibition, statistical significance was assessed on biological replicates 

or per-image mean intensities by two-way ANOVA with Dunnett’s or Bonferroni’s 

multiple comparisons, depending on whether comparisons were made between 

three or more conditions or two conditions respectively (specific contrasts detailed 

in figure legends). Paired t test was performed for individual comparison between 

two conditions. For cell viability curves, radiosensitisation was assessed by non-

linear regression and comparison of half maximal inhibitory concentration (IC50) 

across radiation doses using extra sum-of-squares F-test, if absolute IC50 with 95% 

confidence interval (CI) could be estimated from the fitted range covered by the 

curves (vorinostat). Otherwise, radiosensitisation was assessed by two-way ANOVA 

with Bonferroni’s multiple comparisons for comparison between 0 Gy and 3 Gy for 

each concentration (LY2090314 and 9-ING-41). Unless stated otherwise, tests were 

two-sided and a p-value of < 0.05 was considered statistically significant. 
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3. Results 

3.1 Impacts of GSK3β inhibitors on cell viability and radiosensitisation 

While there is the possibility that IFN-β production may be influenced by cell death 

caused by irradiation or toxicity of the inhibitors, Alamar blue assays were 

conducted to verify whether effects on cell viability or radiosensitisation would 

introduce bias to the analysis regarding enhancement in IFN-β levels. HEK293 cells 

were seeded and treated with a range of concentrations for each inhibitor, irradiated 

at 3 Gy 4 hours after treatment, and subjected to fluorescence detection following 

addition of resazurin 7 days after irradiation. 

3.1.1 9-ING-41 

For 9-ING-41, HEK293 cell viability was reduced in a dose-dependent manner at 

both seeding densities of 300 cells per well (cells/well) and 500 cells/well (Figures 

5A-B). In unirradiated cells (0 Gy), viability stayed close to baseline (around 100%) 

for concentrations below 100 nM, remaining almost flat from 0 nM to the point 

representing 78 nM. However, higher concentrations at around 156 nM started 

experiencing a much steeper drop in cell viability, with near-complete loss of viability 

at concentrations above 1 µM. When combined with 3 Gy irradiation, baseline 

viability was reduced to around 40% (300 cells/well) or 60% (500 cells/well), 

showing that radiation alone decreased baseline viability more strongly at lower 

seeding densities. Addition of 9-ING-41 further decreased viability across the tested 

concentration range, with a trend similar to that observed in unirradiated cells.  

While irradiation alone reduced baseline viability, the overall dose-response curves 

for 9-ING-41 treatment in irradiated and unirradiated cells were of very similar shape, 

indicating that 9-ING-41 did not sensitise cells to radiation (Figures 5A-B). This was 

supported by normalising the irradiated condition to a baseline of 100% cell viability. 
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Comparison between 0 Gy and 3 Gy for each concentration point displayed no 

consistent significant differences (Supplementary Figure 1). Therefore, these 

results suggested that 9-ING-41 is more cytotoxic to HEK293 cells at higher 

concentrations of above 100 nM, and that this inhibitor did not provide evidence of 

consistent radiosensitisation effects on cells. 

3.1.2 LY2090314 

For LY2090314, HEK293 cell viability was also reduced in a dose-dependent 

manner at seeding densities of 300 cells/well and 500 cells/well (Figures 5C-D). At 

0 Gy with 300 cells/well, viability remained close to baseline levels at concentrations 

below 10 nM, with only a gradual decrease with increasingly steeper slope from 

close to 100% at 5 nM to around 65% at 640 nM (Figure 5C). A similar trend was 

observed at 0 Gy with 500 cells/well, with a decrease of smaller extent from close 

to 100% at 5 nM to slightly above 80% at 640 nM (Figure 5D). When combined with 

3 Gy irradiation, baseline viability was reduced to around 45% (300 cells/well) or 80% 

(500 cells/well) (Figures 5C-D). Across both densities, the addition of LY2090314 

markedly reduced viability in irradiated samples compared to unirradiated samples, 

with a much sharper decline beginning at around 10 nM and extending through 

higher concentrations. At 3 Gy with 300 cells/well, viability dropped from around 45% 

at baseline to around 20% at approximately 30 nM, and approached near-complete 

loss of around 10% by 640 nM (Figure 5C). With 500 cells/well, viability dropped 

with increasingly steeper slope from 80% at baseline to around 40% at 80 nM, then 

further dropped to around 15% by 640 nM (Figure 5D). These suggested a leftward 

shift in the dose-response curve compared to 0 Gy. 

Unlike the similar trends observed with 9-ING-41, comparison of irradiated versus 

unirradiated curves indicated radiosensitising effects of LY2090314, as the decline 
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in viability was consistently more pronounced under irradiation at both seeding 

densities (Figures 5C-D). This was further supported by statistical comparisons of 

cell viability at individual concentrations, which revealed significant differences 

between 0 Gy and 3 Gy for concentrations ranging approximately from 10 nM to 

640 nM (Figures 5E-F). Therefore, these results indicated that LY2090314 is less 

likely cytotoxic to HEK293 cells unless concentration exceeds 100 nM, with 

radiosensitisation effects observed across the tested concentration range, in 

contrast to the other GSK3β inhibitor 9-ING-41. 

 

3.2 Effects on IFN-β production post-radiation following administration of 

GSK3β inhibitors 

To test whether GSK3β inhibition altered IFN-β production post-radiation, HEK293 

cells were first treated with GSK3β inhibitors LY2090314 and 9-ING-41. Cells were 

transfected with or without the IFN-β-hygro reporter plasmid, treated with the 

inhibitors 24 hours after transfection, and then irradiated with 10 Gy 4 hours after 

the inhibitor treatments. Flow cytometry was then used to quantify the median 

fluorescence intensity (MFI) of the GFP signal measured in the live cell population. 

Another purpose of this experiment was to determine whether the inhibitors 

exhibited intrinsic fluorescence, as GFP signals produced from the reporter plasmid 

were mainly measured to quantify IFN-β promoter activity, and fluorescence from 

these inhibitors may interfere with such signals and skew the analysis. 

Figure 6A shows the representative gating strategies for identifying GFP-positive 

cells from the live single cell population. The live cell gate and GFP-positive gate 

were set up according to the no treatment controls without the reporter plasmid, and  
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the live cell gate was also verified by the live/dead dye positive control containing 

boiled dead cells. This was to ensure that an appropriate number of live cells could 

still be included in the analysis after exclusion of dead cells caused by radiation or 

inhibitor treatments. In addition to MFI levels (Figures 6B-C, left panel), the MFI 

distribution normalised to mode for each treatment condition was also presented as 

histograms for qualitative comparison (Figures 6B-C, right panel). GFP+ positive 

control confirmed successful plasmid transfection (Figures 6B-C). 

At 24 hours post-radiation, no significant differences were observed between the 

MFI of the no stimulus control (with reporter plasmid, right of dashed line) and 

transfected samples treated with LY2090314, regardless of whether irradiation was 

performed (Figure 6B). The lack of significance was also seen at 72 hours post-

radiation (Figure 6C). This suggested that IFN-β levels were not significantly 

affected by the administration of LY2090314. LY2090314 treatment alone did not 

significantly alter the GFP signals compared to the no treatment control (without 

plasmid, left of dashed line), again regardless of whether irradiation was conducted 

(Figures 6B-C), showing that no significant intrinsic fluorescence from LY2090314 

was detected that might interfere with fluorescence activity of the reporter plasmid. 

Figure 5. HEK293 cell viability following treatment with GSK3β inhibitors of 
increasing concentrations and irradiation. HEK293 cells were seeded at two different 
seeding densities (300 and 500 cells/well) and treated with different concentrations of 
(A-B) 9-ING-41 (0, 4.875, 9.75, 19.5, 39, 78, 156, 312 nM and 20 µM) or (C-D) 
LY2090314 (0, 5, 10, 20, 40, 80, 160, 320 and 640 nM), followed by irradiation with 3 
Gy. Values obtained from fluorescence detection upon addition of resazurin to wells 7 
days post-radiation were normalised to the vehicle control at 0 Gy (set as 100% cell 
viability) and the negative control (set as 0% cell viability). For LY2090314, cell viability 
was further normalised in (E-F) with values for 0 Gy normalised to vehicle control at 0 
Gy (set as 100%) and values for 3 Gy normalised to vehicle control at 3 Gy (set as 100% 
as well) to detect any radiosensitisation effects. Data presented as mean ± standard 
deviation with x-axis plotted on a log10 scale. Three biological replicates (N = 3) with 
three technical replicates (n = 3). Statistical significance assessed on biological 
replicates by two-way ANOVA with Bonferroni’s multiple comparisons for comparison 
between 0 Gy and 3 Gy for each concentration, *** p < 0.001, **** p < 0.0001. 
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However, there was a slightly significant increase in MFI in transfected samples 

treated with 9-ING-41 compared to the no stimulus control (with plasmid, right of 

dashed line) without exposure to radiation at 24 hours post-radiation (p = 0.0457) 

(Figure 6B). With exposure to radiation (10 Gy), this increase was no longer 

considered significant (p = 0.1216). This was also observed at 72 hours post-

radiation (0 Gy: p = 0.0027, 10 Gy: p = 0.0953) (Figure 6C). At the same time, it 

was observed that samples treated with 9-ING-41 alone showed a significant 

increase in MFI compared to the no treatment control (no plasmid, left of dashed 

line) at both timepoints without radiation exposure (24 hours and 72 hours post-

radiation: p < 0.0001) or after exposure to 10 Gy radiation (24 hours post-radiation: 

p = 0.0004; 72 hours post-radiation: p < 0.0001) (Figures 6B-C). All these 

suggested the possibility of intrinsic fluorescence from the drug itself that might 

interfere with GFP signals from the reporter plasmid. Therefore, the lack of 

Figure 6. MFI of GFP signals measured in HEK293 live cells after GSK3β inhibitor 
treatment and irradiation. HEK293 cells were seeded and transfected with or without 
the IFN-β-hygro reporter plasmid, then treated with either LY2090314 (40 nM) or 9-ING-
41 (20 µM) and irradiated at 10 Gy. Flow cytometry was used to measure stimulation in 
IFN-β promoter activity in the form of GFP signals. (A) Representative gating strategies 
employed in flow cytometry analysis for distinguishing GFP-positive cells from the live 
single cell population. At least 1000 cells were captured in each condition for analysis. 
The live/dead dye positive control (containing boiled dead cells) was also displayed as 
a reference of how the live cell gate was capable of gating out dead cells. MFI of GFP 
signals generated from the reporter plasmid at (B) 24 hours or (C) 72 hours post-
radiation was reported (left panel) together with representative histograms displaying 
distribution of MFI normalised to mode for qualitative comparison (right panel) of shifts 
in GFP signal. GFP+ control confirmed successful transfection of plasmids. Data 
presented as mean ± standard deviation. N = 3, n = 3. Each circular symbol represents 
one technical replicate. Statistical significance assessed on biological replicates by two-
way ANOVA with Dunnett’s or Bonferroni’s multiple comparisons (Dunnett’s for 
comparison between no treatment control without plasmid or no stimulus control 
transfected with plasmid (both with DMSO) and their respective inhibitor-treated 
samples, Bonferroni’s for comparison between radiation doses (0 Gy versus 10 Gy) for 
each condition). Paired t test for comparison between 0 Gy and 10 Gy for GFP+ 
transfection control. ns = non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 
0.0001. L/D, live/dead; GFP, green fluorescent protein; w/o, without; w/, with; MFI, 
median fluorescence intensity; DMSO, dimethyl sulfoxide. 
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significant changes in IFN-β production post-radiation after administration of GSK3β 

inhibitors could not be entirely concluded from this experiment. 

 

3.3 Effects on IFN-β production post-radiation following GSK3β knockdown 

with siRNA 

To validate the results obtained from pharmacological inhibition of GSK3β and avoid 

the potential issue of fluorescence interference from the drugs, HEK293 cells were 

transfected with either siNT as control or siGSK3β to knock down GSK3β. 72 hours 

after that, siRNA knockdown cells were transfected with or without the IFN-β-hygro 

reporter plasmid and subjected to irradiation at 10 Gy 24 hours after plasmid 

transfection. Flow cytometry was again used to quantify the MFI of GFP signals. 

Similar gating strategies were applied (Figure 6A). Similar to above, apart from MFI 

levels (Figures 7A-B, left panel), histograms were also presented for qualitative 

comparison (Figures 7A-B, right panel). Successful knockdown of GSK3β in cells 

was confirmed by western blotting (Figure 7C). 

According to Figures 7A and 7B, no significant differences in MFI were shown 

between the siNT control and samples with GSK3β knockdown that were 

transfected with the reporter plasmid at both 24 and 72 hours post-radiation. Similar 

results were obtained under both unirradiated and irradiated conditions. 

Consistently low GFP signals detected in controls without the reporter plasmid 

confirmed minimal GFP signal interference from siRNA transfection, while GFP+ 

positive control confirmed successful plasmid transfection. This suggested that IFN-

β production was not significantly altered by GSK3β knockdown post-radiation, 

similar to what was observed after LY2090314 administration. 
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One thing to note was that the MFI of siNT and siGSK3β samples without the 

reporter plasmid seemed to experience prominent increases after cells were 

irradiated for both 24 and 72 hours post-radiation, suggesting possible 

autofluorescence effects from dead cells that were captured in flow cytometry 

(Figures 7A-B). Overall, results from both approaches suggested that GSK3β 

repression did not greatly affect IFN-β production post-radiation. 

 

3.4 Influence of vorinostat on cell viability and radiosensitisation 

Before moving on to investigate whether HDAC inhibition promoted cGAS/STING 

pathway activation and eventual increase in IFN-β production post-radiation, 

Alamar blue assays were performed to determine whether the HDAC inhibitor 

vorinostat induced any effects on cell viability or radiosensitisation. HeLa cells were 

seeded and treated with a range of vorinostat concentrations, irradiated at 3 Gy or 

5 Gy 4 hours after treatment according to the radiation doses that would be used in 

Figure 7. MFI of GFP signals measured in HEK293 live cells after knockdown of 
GSK3β with siRNA and irradiation. HEK293 cells were seeded and transfected with 
either siNT or siGSK3β. After siRNA knockdown, cells were transfected with or without 
the IFN-β-hygro reporter plasmid, then irradiated at 10 Gy. Flow cytometry was utilised 
to measure stimulation in IFN-β promoter activity in the form of GFP signals. At least 
1000 cells were captured in each condition for analysis. MFI of GFP signals generated 
from the reporter plasmid at (A) 24 hours or (B) 72 hours post-radiation was quantified 
(left panel) together with representative histograms displaying distribution of MFI 
normalised to mode for qualitative comparison (right panel) of shifts in GFP signal. 
GFP+ control confirmed successful transfection of plasmids. (C) Successful knockdown 
of GSK3β was validated by western blotting. Data presented as mean ± standard 
deviation. N = 3, n = 3. Each circular symbol represents one technical replicate. 
Statistical significance assessed on biological replicates by two-way ANOVA with 
Bonferroni’s multiple comparisons for comparison between siNT control and siGSK3β 
knockdown without or with plasmid respectively, or between radiation doses (0 Gy 
versus 10 Gy) for each condition. Paired t test for comparison between 0 Gy and 10 Gy 
for GFP+ transfection control. ns = non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001. siNT, non-targeting siRNA; KD, knockdown; GFP, green fluorescent 
protein; w/o, without; w/, with; MFI, median fluorescence intensity. 
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the other experiments, and then subjected to fluorescence detection following 

addition of resazurin 7 days after irradiation. 

HeLa cell viability was reduced in a dose-dependent manner at seeding densities 

of 500 cells/well and 750 cells/well (Figures 8A-B). In unirradiated samples (0 Gy), 

viability remained close to baseline levels at around 100% for concentrations lower 

than 500 nM, with the curve staying almost flat from 0 nM to the point representing 

400 nM. At higher doses starting from around 800 nM, cell viability decreased 

gradually with steeper slopes, and near-complete loss of viability occurred at around 

3.2 µM. 

 

 

 

Figure 8. HeLa cell viability following treatment with HDAC inhibitor vorinostat of 
increasing concentrations and radiation doses. HeLa cells were seeded at (A) 500 
cells/well or (B) 750 cells/well and treated with different concentrations of vorinostat (0, 
25, 50, 100, 200, 400, 800, 1600 and 3200 nM), followed by irradiation with 3 Gy or 5 
Gy. Values obtained from fluorescence detection upon addition of resazurin to wells 7 
days post-radiation were normalised to the vehicle control at 0 Gy (set as 100% cell 
viability) and the negative control (set as 0% cell viability). Data presented as mean ± 
standard deviation with x-axis plotted on a log10 scale. Three biological replicates (N = 
3) with three technical replicates (n = 3). Absolute IC50 with 95% CI calculated together 
with extra sum-of-squares F test for statistical analysis. CI, confidence interval; IC50, half 
maximal inhibitory concentration. 
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When combined with 3 Gy irradiation, baseline viability was reduced to around 50% 

(500 cells/well) or 60% (750 cells/well). This was further reduced to around 20% 

(500 cells/well) or 25% (750 cells/well) at 5 Gy radiation. Addition of vorinostat to 

irradiated samples further decreased cell viability across the tested concentration 

range, with trends similar to that observed in unirradiated samples (Figures 8A-B). 

At 500 cells/well, the absolute IC50 of vorinostat at 0 Gy, 3 Gy and 5 Gy radiation 

was 1269 nM (95% CI [1144, 1409]), 1159 nM (95% CI [939, 1406]) and 1438 nM 

(95% CI [1127, 1764]) respectively. At 750 cells/well, the IC50 was 1532 nM (95% 

CI [1353, 1750]), 1233 nM (95% CI [1096, 1386]) and 1379 nM (95% CI [1001, 

1754]) respectively. These indicated that the IC50 of vorinostat under unirradiated 

conditions was similar to that under irradiated conditions. The overall dose-

response curves for irradiated and unirradiated samples were also of very similar 

shape (Figures 8A-B), and this was further supported by normalising the irradiated 

conditions to a baseline of 100% cell viability (Supplementary Figure 2). An extra 

sum-of-squares F test comparing models with shared versus separate logIC50 

values across 0 Gy, 3 Gy and 5 Gy radiation also found no significant differences 

(500 cells/well: p = 0.2170, 750 cells/well: p = 0.5233). Therefore, these results 

suggested that vorinostat is only more cytotoxic to HeLa cells at higher 

concentrations of above 800 nM, and that it did not provide evidence on significant 

radiosensitisation effects on cells. 
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3.5 Effects of vorinostat on cGAS binding to MN, IRF-3 nuclear translocation 

and chromatin acetylation post-radiation 

To determine whether vorinostat enhanced cGAS/STING activation post-radiation, 

cGAS binding to MN and IRF-3 nuclear translocation were evaluated. Chromatin 

acetylation levels (H3K27ac) were also measured to ensure effective HDAC 

inhibition achieved by vorinostat treatment. HeLa cells were treated with different 

concentrations of vorinostat 4 hours before irradiation with 3 Gy or 5 Gy. Cells were 

harvested for IF 48 hours after irradiation to allow sufficient time for cell division and 

MN formation. Representative IF images of cGAS association with MN and nuclear 

IRF-3 levels in HeLa cells after 3 Gy radiation exposure and 200 nM vorinostat 

treatment were shown as a reference in Figure 9A. 

3.5.1 MN formation induced by radiation 

To assess whether radiation influenced genomic instability and induced MN 

formation, the number of MN was quantified and normalised to nuclei counts 

(Supplementary Figure 3), expressed as MN per 100 nuclei (Figure 9B). At 0 Gy, 

MN frequency was below 5 per 100 nuclei across all vorinostat concentrations. This 

frequency rose to around 11-20 MN per 100 nuclei at 3 Gy radiation, and further 

increased to around 18-38 MN per 100 nuclei at 5 Gy radiation. However, no clear 

vorinostat concentration-dependent trends or substantial differences in MN 

frequencies were observed at each radiation dose. Therefore, these data 

demonstrated that radiation effectively induced MN formation, consistent with its 

known genotoxic effects, but no obvious effects of vorinostat concentration on MN 

frequency were detected under these conditions. 
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3.5.2 H3K27ac acetylation induced by vorinostat 

To determine whether vorinostat effectively increased histone acetylation, H3K27ac 

intensity was quantified at single-cell level across vorinostat concentrations and 

irradiation conditions (Figure 9C). Global nuclear acetylation levels increased in a 

concentration-dependent manner, with distributions showing clear upward shifts 

especially at higher concentrations of vorinostat (200 nM and 500 nM) compared to 

baseline (0 nM). At 0 Gy, median intensity values and intensity distribution rose 

progressively with vorinostat treatment, peaking at 500 nM. Similar concentration-

dependent increases were observed at both 3 Gy and 5 Gy radiation, with the 

highest vorinostat concentrations consistently producing the strongest acetylation 

signals. Although only one biological replicate was available, statistical analysis 

performed on per-image mean intensities supported that acetylation levels at 200 

nM and 500 nM were significantly higher compared to 0 nM at all radiation doses. 

Radiation itself did not consistently alter nuclear acetylation levels across vorinostat 

concentrations. These findings suggested effective HDAC inhibition and enhanced 

histone acetylation by vorinostat under the tested conditions. 

Acetylation was also examined specifically in MN to evaluate whether vorinostat-

induced acetylation extended to these structures (Figure 9D). Although MN were 

much fewer in number compared to nuclei, especially at 0 Gy, detectable H3K27ac 

signal was present. Similar to nuclear measurements, MN acetylation levels tended 

to increase at higher vorinostat concentrations, particularly at 500 nM. However, the 

data were more variable due to lower MN counts, and therefore provided only 

qualitative confirmation that acetylation also occurred in MN. Together, these results 

demonstrated that vorinostat robustly increased global histone acetylation and 
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possibly DNA relaxation in cells. This effect also extended to MN, albeit with greater 

variability. 

3.5.3 cGAS binding to MN 

In terms of cGAS binding to MN, the proportion of cGAS-positive MN among total 

MN was examined across vorinostat concentrations and irradiation conditions 

(Figure 9E). Specific MN and cGAS-positive MN counts were recorded in 

Supplementary Figure 4. At 0 Gy, cGAS binding to MN was around 44.4% at 

baseline (0 nM), and this remained similar at 50 nM (42.9%) or 200 nM (45.6%) 

vorinostat treatment. However, this percentage dropped to around 25.0% at 500 nM 

vorinostat. Irradiated cells, on the other hand, displayed higher proportions of cGAS-

positive MN compared to unirradiated samples. At baseline level (0 nM), the 

percentage increased from 44.4% at 0 Gy to around 60.7% at 3 Gy radiation and 

around 60.4% at 5 Gy radiation, indicating the possibility of radiation playing a role 

in enhancing cGAS binding to MN. At 3 Gy radiation, the percentage of cGAS-

positive MN at 50 nM vorinostat remained similar to that at 0 nM, with a percentage 

of around 59.8%. This then slightly increased at 200 nM to around 64.6%, but then 

dropped to around 55.0% at 500 nM. For 5 Gy radiation, the percentage at 50 nM 

increased to around 66.3% compared to 60.7% at 0 nM. This percentage then 

peaked at 200 nM at around 73.8%, before decreasing back to around 60.5% at 

500 nM, which was similar to baseline level (60.4%). As similar trends were 

observed across all radiation doses, with the percentage of cGAS-positive MN 

increasing at 200 nM vorinostat but dropping at 500 nM, these observations 

suggested that irradiation increased the overall proportion of MN bound by cGAS. 

Vorinostat might also further promote cGAS recruitment at moderate concentrations 
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(200 nM), although this was based on a single experimental replicate and cannot 

be interpreted quantitatively. 

3.5.4 IRF-3 nuclear translocation 

Similar trends were observed for IRF-3 nuclear translocation as shown in Figure 

9F. Nuclear IRF-3 intensity values measured at single-cell level revealed generally 

overlapping distributions across vorinostat concentrations, although modest shifts 

in the distributions were observed at intermediate concentrations. At 0 Gy, the 

median nuclear IRF-3 intensity remained close to baseline (0 nM) at 50 nM 

vorinostat, but appeared to increase slightly at 200 nM before returning towards 

baseline at 500 nM. The intensity distribution also showed the clearest upward shift 

at 200 nM vorinostat. A similar trend was observed at 3 Gy, with both the median 

intensity and upward shift in distribution peaking at 200 nM, and then declining back 

to around baseline level (0 nM) at 500 nM. At 5 Gy radiation, distributions showed 

less variation across vorinostat concentrations, with median intensities and overall 

distributions of all tested concentrations remaining relatively unchanged compared 

to baseline (0 nM). cGAMP- or poly(I:C)-treated positive controls produced more 

elongated and clear upward shifts in intensity distributions compared to vorinostat-

treated samples, consistent with robust IRF-3 nuclear accumulation and confirming 

capability of the assay in detecting IRF-3 nuclear localisation. In terms of whether 

radiation augmented or synergised with vorinostat to promote more IRF-3 nuclear 

localisation, comparisons between radiation doses at each vorinostat concentration 

showed that distributions at 3 Gy and 5 Gy were either visually similar or sometimes 

even lower than that at 0 Gy across all concentrations. Overall, this suggested more 

IRF-3 nuclear translocation was potentially induced by cGAS binding and activation 

at moderate vorinostat concentrations like 200 nM, but such effects seemed to 
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diminish at higher concentrations like 500 nM. On the other hand, looking at the 

effects of radiation dose across treatments, there were generally no consistent 

synergistic effects between vorinostat and radiation. 

Although the experiment only consisted of one biological replicate, per-image mean 

intensities (≥ 4 images per condition) were used for statistical testing to provide 

more evidence for the trends described. Results displayed that only 200 nM 

vorinostat significantly increased nuclear IRF-3 intensity compared to 0 nM at both 

0 Gy and 3 Gy (0 Gy: p = 0.0379, 3 Gy: p = 0.0012) (Figure 9F). Differences 

between 0 nM and 50 nM or 500 nM were all non-significant. Similarly, no 

consistently significant positive interactions between radiation and vorinostat were 

detected (summarised in table). 

Figure 9. Evaluation of MN formation, chromatin acetylation and cGAS/STING 
pathway responses following HDAC inhibition and irradiation. HeLa cells were 
treated with vorinostat (0, 50, 200 or 500 nM), irradiated with 3 Gy or 5 Gy, and harvested 
for IF microscopy. (A) Representative IF images showing nuclei and MN (DAPI, blue), 
cGAS (green) association with MN and nuclear IRF-3 (red) levels in HeLa cells. Samples 
that were untreated or treated with 200 nM vorinostat after 3 Gy radiation exposure are 
shown as a reference. 4-8 images were captured per condition and used to quantify (B) 
MN formation presented as number of MN per 100 nuclei, (C-D) histone acetylation 
levels (represented by H3K27ac marker) in (C) cells globally or (D) MN specifically, (E) 
percentage of cGAS-positive MN among all MN and (F) IRF-3 nuclear localisation by 
measuring fluorescence intensity levels. cGAMP or poly(I:C)-treated positive controls 
were used as references for robust IRF-3 activation and nuclear localisation. 

Data in (B) and (E) are presented as total numbers or percentages from combining all 
images for each condition due to low and varying MN count in some images. Underlying 
nuclei, MN and cGAS-positive MN count data used to derive (B) and (E) are shown in 
Supplementary Figures 3 and 4. Data in (C), (D) and (F) are presented as single-cell 
fluorescence distributions with median ± interquartile range, and with each individual 
point representing a single cell quantified from IF images. Single experiment (N = 1) with 
one replicate measurement (n = 1). Statistical significance was assessed on per-image 
(4-8 images per condition) mean intensities by two-way ANOVA with Dunnett’s multiple 
comparisons for comparison between vorinostat concentrations at each radiation dose 
and between radiation doses for each vorinostat concentration (summarised in table) to 
determine any additive or synergistic effects. ns = non-significant, * p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001. MN, micronuclei; H3K27ac, histone H3 lysine 27 
acetylation; IF, immunofluorescence. 
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Overall, vorinostat may modestly enhance IRF-3 nuclear accumulation at 

intermediate concentrations (200 nM), but this effect was not sustained at higher 

concentrations. Radiation also did not consistently amplify the effects of vorinostat 

on nuclear IRF-3 localisation, indicating no consistent synergy with vorinostat, 

although these conclusions were based on a single replicate and should be 

interpreted cautiously. 

 

3.6 Responses from downstream signalling components of cGAS/STING 

pathway following HDAC inhibition post-radiation 

To validate the results obtained from IF and further investigate whether HDAC 

inhibition promoted cGAS/STING pathway activation post-radiation that would in 

turn elevate activation of downstream signalling components, WB was performed 

on both whole-cell lysates and fractionated lysates of HeLa cells treated with 

different concentrations of vorinostat, and irradiated with 3 Gy or 5 Gy 4 hours after 

treatment. Cells were collected 48 hours after irradiation for whole-cell lysis or cell 

fractionation into cytoplasmic and nuclear fractions respectively. 

Whole-cell lysates were analysed by WB to evaluate changes in levels of 

downstream signalling proteins not involved in nuclear translocation, such as p-

TBK1 and p-STING. H3K27ac levels were also examined to determine whether 

histone acetylation increased with vorinostat concentration. Chemiluminescent 

images of the blots represented in Figure 10A showed that there were no clear 

differences in band intensity for p-TBK1 (84 kDa) across tested vorinostat 

concentrations (0-2 µM) and irradiation conditions. The cGAMP-treated positive 

control also did not seem to produce a stronger signal, indicating possible minimal 
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pathway activation under these conditions. For p-STING, faint bands were observed 

at around 40 kDa along with stronger off-target bands located at lower molecular 

weights (around 16 kDa and 22 kDa). Band intensity at the expected size of around 

40 kDa did not vary consistently with treatment or irradiation, including the cGAMP-

treated positive controls, and the presence of off-target bands suggested limited 

antibody specificity when blotting for this protein. In contrast, H3K27ac histone 

acetylation marker levels increased with vorinostat concentration, most evident at 

1-2 µM, supporting effective HDAC inhibition by vorinostat. Notably, the cGAMP-

treated positive controls showed lower H3K27ac levels compared to untreated or 

vorinostat-treated samples. Radiation also did not induce obvious effects on 

acetylation levels. Vinculin was used as loading control and confirmed comparable 

sample loading across different conditions. Overall, within the sensitivity of whole-

cell WB, vorinostat increased histone acetylation but did not reveal clear changes 

in p-TBK1 or p-STING levels post-radiation. 

To evaluate nuclear translocation of p-IRF-3 indicative of cGAS/STING pathway 

activation, as well as effects on total IRF-3 protein levels, fractionated lysates were 

probed in both cytoplasmic and nuclear fractions. This was also to provide a 

complementary biochemical approach to the single-cell readouts from IF. As shown 

in Figures 10B-C, vorinostat at all tested concentrations did not yield a consistent 

increase in nuclear p-IRF-3 levels (around 45-55 kDa) relative to the untreated 

control (0 nM). Total nuclear IRF-3 levels (around 50-55 kDa) showed only minor 

and inconsistent variations across concentrations. Cytoplasmic p-IRF-3 and total 

IRF-3 levels were broadly similar between conditions, mirroring what was observed 

in the nuclear fraction. Radiation exposure also did not seem to play a part in altering 

cytoplasmic or nuclear p-IRF-3 and total IRF-3 levels across vorinostat 
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concentrations. Vinculin and total histone H3 were utilised as cytoplasmic and 

nuclear loading controls respectively, and confirmed comparable sample loading 

across all conditions. 

By contrast, cGAMP-treated positive controls produced a clear increase in band 

intensity for nuclear p-IRF-3 compared to all other samples. This was also 

accompanied by a modest increase in total nuclear IRF-3, consistent with canonical 

cGAS/STING pathway activation which included IRF-3 phosphorylation with nuclear 

translocation, as expected from a positive control. Similar observations were also 

made in cytoplasmic p-IRF-3 with a clear elevation of such levels, but total 

cytoplasmic IRF-3 levels were comparable to that of all other samples. Irradiation 

(3 Gy or 5 Gy) did not induce obvious differences in either cytoplasmic or nuclear 

p-IRF-3 and total IRF-3 readouts. 
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To further validate whether minimal changes were made to cGAS/STING activation 

following vorinostat treatment, fractionated lysates were further probed for NF-κB in 

cytoplasmic and nuclear fractions, which showed comparable band intensities at 65 

kDa across all vorinostat concentrations and positive controls for all radiation doses 

in both fractions. Therefore, within the sensitivity of fractionated WB, vorinostat did 

not detectably enhance IRF-3 phosphorylation or nuclear translocation, nor did it 

promote NF-κB nuclear localisation post-radiation. 

 

 

 

 

 

 

Figure 10. Evaluation of responses from downstream signalling components of 
cGAS/STING pathway following HDAC inhibition and irradiation. HeLa cells were 
treated with vorinostat (0, 200, 500, 1000 and 2000 nM), irradiated with 3 Gy or 5 Gy, 
and harvested for cell fractionation and western blotting. cGAMP-treated samples were 
used as positive control for activation of STING and downstream signalling components. 
(A) Proteins that mainly stay in either the cytoplasm (p-TBK1, p-STING) or nucleus 
(H3K27ac) and are not involved in nuclear translocation were blotted using whole-cell 
lysates. Vinculin was used as loading control. Proteins involved in nuclear localisation 
(p-IRF-3, total IRF-3 and NF-κB) were blotted using (B) nuclear fraction extracts and (C) 
cytoplasmic fraction extracts obtained from cell fractionation. Vinculin and histone H3 
were used as cytoplasmic and nuclear loading controls respectively. Single experiment 
(N = 1) with one replicate measurement (n = 1). 

Western blot images were cropped for presentation clarity. Due to lane number 
constraints, samples were resolved across separate gels within each panel, with 
samples 1-9 and 10-18, as indicated in the figure, derived from different gels run under 
identical experimental conditions and imaged together using the same exposure 
settings. Blots for different target proteins were generated from separate gels and 
membranes and assembled for comparative presentation. Each gel included the 
appropriate loading control to verify even protein loading, with representative loading 
controls shown in this figure for clarity. 
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4. Discussion 

The potential of inducing anti-tumour immunity after radiotherapy, especially type I 

IFN production that can facilitate immune cell recruitment, has recently been 

explored in different cancer contexts to enhance therapeutic efficacy. (100–102) 

The cGAS/STING pathway is generally activated by cytosolic DNA produced as a 

result of radiation-induced DNA damage. However, following irradiation, damaged 

chromosomal fragments may become sequestered within MN in the cytoplasm 

away from the main nucleus. Highly condensed nucleosomal DNA in MN can limit 

effective cGAS activation and consequently reduce downstream type I IFN 

production. This study thus evaluated whether modulation of GSK3β or HDAC 

activity could enhance radiation-induced IFN-β production. Here we discuss the 

biological and methodological factors that may explain the limited effects observed. 

 

4.1 Differential effects of LY2090314 and 9-ING-41 on GSK3β inhibition and 

radiosensitisation 

The two GSK3β inhibitors LY2090314 and 9-ING-41 differed in their effects on 

radiosensitisation as measured by the 7-day Alamar blue assays, which were not 

subject to GFP fluorescence interference observed with 9-ING-41 in flow cytometric 

analysis. Although both inhibitors decreased cell viability in a concentration-

dependent manner, LY2090314 reduced cell viability further when in combination 

with irradiation, consistent with radiosensitisation, while 9-ING-41 had no such 

effect. This divergence was notable given that both drugs have been reported to be 

ATP-competitive inhibitors of GSK3β and are currently being tested in early-phase 

clinical trials. (86,87,89) 
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Apart from playing a major role in the Wnt/β-catenin pathway, GSK3β has also been 

shown to play a role in DNA damage response (DDR) and different repair pathways, 

such as base excision repair and DSB repair, by regulating different key proteins 

important for DNA repair, such as tumor protein p53 binding protein 1 and Rad3-

related protein. GSK-3β also phosphorylated targets to trigger proteasomal 

degradation and promote activation of NF-κB activity for evading apoptosis. 

(82,83,103–106) These supported the idea that sufficiently deep GSK3β inhibition 

possessed potential in inducing radiosensitisation effects by impeding DNA damage 

repair. 

While both LY2090314 and 9-ING-41 inhibited GSK3β, one of the factors that might 

have contributed to their differences in radiosensitisation was the possibility of 

differences in functional target engagement. Even though both drugs targeted 

GSK3β, their potency, selectivity and off-target effects might not be identical. 

LY2090314 was developed to modulate β-catenin levels and Wnt signalling in 

cancer. It has been shown to promote stabilisation of β-catenin, which is usually 

degraded after being phosphorylated by GSK3β, as well as elevate the expression 

of axis inhibition protein 2, a Wnt responsive gene and marker of pathway activation 

in a panel of melanoma and neuroblastoma cell lines. (84,85) These served as 

pharmacodynamic evidence of deep GSK3β inhibition. On the other hand, while 9-

ING-41 demonstrated the ability to suppress GSK3β activity in neuroblastoma cells 

by downregulating phospho-glycogen synthase, a direct downstream target of 

GSK3β, (107) it inhibited validated targets of GSK3β action to a lesser extent, 

including the inability in stabilising β-catenin. Moreover, examination of in vitro 

sensitivity of over 100 different kinases to 9-ING-41 showed that 22 kinases were 

inhibited at over 50% at micromolar concentrations, with equivalent potent action 
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against GSK3β and other kinases like proto-oncogene serine/threonine-protein 

kinases 1 and 3. (108) While both inhibitors might have displayed good potency for 

GSK3β, the extent and duration of GSK3β inhibition achieved by LY2090314 was 

sufficient to impact processes that modulated responses to radiation, with robust 

pharmacodynamic evidence pointing towards stronger on-target cellular pathway 

engagement, and thus supporting a deeper functional inhibition narrative that drove 

modest radiosensitisation. 9-ING-41, however, seemed to induce shallower or 

shorter-lived GSK3β inhibition under the tested doses and timing, as reflected by 

weak inhibition of validated GSK3β targets like β-catenin. This was possibly due to 

its off-target profile introducing compensatory signalling via pathways involving 

different kinases that masked GSK3β-mediated radiosensitisation, thus yielding no 

net effect. Therefore, the differences in cellular pharmacology and possible inhibitor-

specific effects on cell-cycle or survival programmes likely affected the extent or 

duration of functional GSK3β inhibition and hence radiosensitisation. 

An important methodological consideration in this study is the use of different 

radiation doses across assays, as well as the choice of viability readout. A lower 

radiation dose (3 Gy) was used for cell viability and radiosensitisation assays to 

ensure the maintenance of a sufficient number of viable cells for assessment of 

dose-response relationships. This could also minimise excessive cytotoxicity 

caused by radiation-induced DNA damage that could confound interpretation of 

inhibitors’ effects. In contrast, a higher dose (10 Gy) was employed in IFN-β reporter 

assays to ensure robust induction of DNA damage and maximise detectability of 

downstream IFN signalling, which may often be transient in tumour cell models. 

Therefore, comparisons across assays using different radiation doses should be 
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interpreted qualitatively rather than quantitatively, as dose-dependent non-linear 

effects may influence both cell survival and signalling outcomes. 

In this study, cell viability was assessed using the Alamar blue assay, which 

measures cellular metabolic activity representative of viable cell number and 

provides a short-term cell viability readout at the point of measurement, while 

enabling efficient screening across multiple inhibitor concentrations and radiation 

doses within a short period of time. While suitable for identifying relative changes in 

viability and radiosensitisation trends, the Alamar blue assay does not assess long-

term reproductive survival, for which clonogenic assays remain the gold standard. 

Furthermore, Alamar blue measurements performed after a prolonged culture 

period may reflect cumulative effects of radiation and inhibitor treatment on 

metabolic viability, whereas IFN signalling and reporter assays were conducted 

within shorter timeframes (up to 72 hours) to capture early pathway activation. 

Differences in assay duration and biological endpoints may therefore contribute to 

discrepancies between viability and signalling readouts, which should be taken into 

consideration when interpreting the results. Consequently, radiosensitisation effects 

inferred from Alamar blue assays may underestimate delayed or clonogenically 

lethal radiation damage, and conclusions regarding radiation response should be 

interpreted in the context of short-term metabolic viability rather than long-term cell 

survival in this study. 
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4.2 Absence of increase in IFN-β levels post-radiation upon GSK3β 

repression 

One of the main approaches investigated in this study was whether inhibiting 

GSK3β could modulate IFN-β production post-radiation, with GSK3β being 

implicated in NF-κB regulation that is upstream of type I IFN production. The 

experimental results, however, did not support this hypothesis.  

4.2.1 Assay caveats 

Although increases in MFI were detected in samples treated with 9-ING-41 and 

transfected with the reporter plasmid, especially at 0 Gy radiation, significant MFI 

elevation was also detected in 9-ING-41-treated samples even when the 

fluorescence-producing reporter plasmid was absent across all tested timepoints 

and radiation doses. Therefore, it was believed that 9-ING-41 itself possessed 

fluorescence effects that might interfere with the GFP signals that would reflect true 

promoter activation. The increase in MFI in 9-ING-41-treated and transfected 

samples thus might be explained by detection of these fluorescence effects, rather 

than actual increase in IFN-β production.  

Another factor that complicated the interpretation was the experimental 

concentration used for 9-ING-41. The chosen concentration of 20 μM, although 

reported to achieve near-complete inhibition of GSK3β, (108) was very close to 

cytotoxic levels as observed in the cell viability assays, raising the possibility that 

observed outcomes reflected toxicity or extensive cell death rather than specific 

pathway modulation. Although gating strategies were employed to exclude dead 

cells and ensure sufficient number of live cells for analysis, the possible influence 

of cytotoxicity on IFN-β production independent of GSK3β inhibition still deemed 9-
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ING-41 a suboptimal inhibitor for measuring the effect of GSK3β inhibition on type I 

IFN levels. 

An additional caveat of the experimental setup is that effective functional GSK3β 

inhibition was not directly validated under the experimental conditions used to 

assess IFN-β production. While pharmacological inhibition and siRNA-mediated 

knockdown of GSK3β were employed, no downstream readouts were included to 

confirm suppression of GSK3β activity at the timepoints relevant to irradiation and 

IFN-β measurement. The absence of increased IFN-β production following GSK3β 

repression thus cannot be definitively attributed to an actual lack of involvement of 

GSK3β in regulating radiation-induced type I IFN responses, as the possibility of 

insufficient functional inhibition cannot be excluded in this experimental setting. In 

future studies, the inclusion of functional validation controls, such as assessment of 

established downstream targets of GSK3β like stabilisation of β-catenin with 

Western blotting, would be important to confirm effective GSK3β inhibition and 

facilitate more appropriate interpretation of any observed IFN-β level changes. 

4.2.2 Pharmacological validation with LY2090314 

On the other hand, LY2090314-treated samples displayed more reliable results. 

While no significant increases in MFI were detected following LY2090314 treatment 

in cells transfected with the reporter plasmid, no changes were seen either when 

cells were treated with LY2090314 without the reporter plasmid, indicating that the 

inhibitor itself was less likely to possess fluorescence effects that might skew 

interpretation. With a reported IC50 of 0.9 nM and ability to significantly stabilise β-

catenin at 20-25 nM without greatly altering cell viability, (85,108) the experimental 

concentration of 40 nM served as an ideal level for investigating any changes in 

IFN-β production post-radiation without creating prominent cytotoxic effects, as 
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confirmed by the Alamar blue assays. Therefore, the final results suggested that 

neither LY2090314 nor 9-ING-41 induced measurable increases in IFN-β promoter 

activity in HEK293 cells post-radiation. 

4.2.3 Genetic validation with siGSK3β knockdown 

As the utilisation of GFP-expressing reporter plasmids would mean that any use of 

possibly fluorescent drugs would be a less reliable strategy to determine the correct 

GFP output, this confounding effect highlighted a general challenge in drug 

screening studies that rely on fluorescent reporters. Therefore, siRNA knockdown 

was then used to exclude these fluorescence artefacts and validate the 

pharmacological findings obtained from GSK3β repression by the two inhibitors. 

siRNA knockdown of GSK3β confirmed the observation that GSK3β repression did 

not lead to significant increases in IFN-β production following irradiation by 

comparing the siNT control with siGSK3β knockdown samples transfected with the 

plasmid. These results supported the conclusion that GSK3β repression alone was 

insufficient to enhance IFN-β signalling in HEK293 cells post-radiation. 

One technical consideration in these experiments was the potential for 

autofluorescence from dead or dying cells, which might increase in number upon 

exposure to radiation and could mimic GFP reporter signals in flow cytometry. 

Although gating strategies like the live cell gate were employed to exclude dead 

cells, some autofluorescence was still detectable, which was most clearly reflected 

in the non-transfected siNT or siGSK3β controls. Importantly, however, this did not 

alter the overall conclusion, as there was no consistent increase in IFN-β signalling 

even when viable cells were isolated for analysis. 
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4.2.4 Mechanistic and model context for minimal changes in IFN-β 

production 

The lack of changes in IFN-β production post-radiation after GSK3β repression 

raised broader questions on the context-dependent role of GSK3β in cancer cell 

survival and potentially type I IFN immune signalling. There has been an ongoing 

debate on the complex functions of GSK3β, which allows it to act as a tumour 

promoter or tumour suppressor under different conditions and contexts. While the 

directionality of action for GSK3β seemed to rely on the dominant downstream axis, 

another determinant that might explain the contradictory actions of GSK3β in cancer 

might be related to localisation, more specifically, an imbalance between pro-

apoptotic cytoplasmic GSK3β and oncogenic nuclear GSK3β. It was proposed 

mechanistically that nuclear GSK3β promoted nuclear localisation of NF-κB, 

therefore enhancing transcription of pro-survival genes and thus acting as a tumour 

promoter, while localisation to the cytoplasm could induce pro-apoptotic effects as 

a tumour suppressor. (66,109) 

Crucially, none of the pathways by themselves seem to supply all the input needed 

to activate the IFNB1 enhanceosome responsible for promoting IFN-β transcription, 

which requires coincident IRF-3/7, NF-κB and activating protein-1 (AP-1). (110–112) 

While NF-κB was shown to be important for early IFN-β upregulation, it is IRF-3 that 

is the obligate driver for IFN-β upregulation, with NF-κB and AP-1 as co-activators. 

(112) Given these context-dependent roles and subcellular localisation effects, 

shifting GSK3β alone may not supply the IRF-3-centred inputs required for IFNB1 

enhanceosome activation, and thus may not translate into greater type I IFN 

induction, possibly due to the limitations set by MN, which aligned with the 

unchanged IFN-β readouts observed from the experiments in this study. 
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These considerations were also influenced by the use of HEK293, a human 

embryonic kidney non-tumour cell line that is not representative of cancer signalling 

states. It was previously reported that relative to cancer cell lines like HCT116 

human colon cancer cells, HEK293 showed lower total GSK3β and much higher 

levels of inactive GSK3β, implying a baseline attenuation of GSK3β activity. (77) In 

this context, HEK293 exhibited attenuated baseline GSK3β activity, which may 

reduce headroom to detect effects from further repression in this model. 

Therefore, while prior studies supported GSK3β as either pro-survival or tumour-

suppressive depending on the context, the data in this study contrasted with the 

notion that modulating GSK3β alone is sufficient to raise IFN-β after irradiation. 

Instead, they support a model in which IRF-3-centred enhanceosome constraints 

and negative feedback highly influence the output. 

4.2.5 Compensatory mechanisms for maintaining IFN levels 

Given GSK3β’s context-dependent roles and the attenuated GSK3β state in 

HEK293 cells, a weak IR-driven input may be insufficient to yield a measurable 

change in IFN-β output under our conditions. Thus, the possibility of compensatory 

mechanisms such as negative feedback and parallel pathway inputs that keep this 

output flat is also worth considering. The negative feedback loop involves a plethora 

of proteins, including 2ʹ-5ʹ-oligoadenylate synthase-like protein 1 (OASL1) and 

tripartite motif-containing protein 21 (TRIM21), to limit the extent and duration of 

type I IFN responses, preventing chronic and excessive inflammation. OASL1 is an 

interferon-stimulated gene, with its protein form reported to inhibit translation of IRF-

7, and thus negatively regulated type I IFN production in the context of a viral 

infection. (113–115) In the context of cancer, this regulation was supported by 

OASL1 negatively regulating type I IFN production similar to that of viral infection 
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upon implantation of lung tumours in mouse models. Tumour-challenged OASL1-

deficient mice expressed increased levels of type I IFN and IRF-7 in the tumours 

compared to wildtype mice. OASL-1 deficient mice that underwent cisplatin 

chemotherapy and radiotherapy also produced more type I IFNs in their tumours 

compared to those that did not receive any form of therapy. (116,117) TRIM21 

protein is also stimulated by type I IFNs, and was found to inhibit type I IFN 

production by promoting ubiquitination and subsequent proteasomal degradation of 

IRFs like IRF-3. (113,118–120) Therefore, even if GSK3β repression produced 

modest gains in IFN-β production, inducible feedback may attenuate these 

increases at the timepoints measured, helping to explain the small net change 

observed. 

On the other hand, partially overlapping kinase inputs – TBK1 and inhibitor of 

nuclear factor kappa-B kinase subunit epsilon – act redundantly to support mainly 

IRF-3/7 and NF-κB activation in the IFNB1 enhanceosome. (121–123) If one route 

is weak or perturbed, the other may thus be able to compensate sufficiently to 

preserve activation levels, preventing big drops in type I IFN production. Accordingly, 

altering a modulatory node like GSK3β may not, on its own, produce a large IFN-β 

response in this model, highlighting the value of combinatorial or timing-dependent 

approaches to reveal any latent effects. 

4.2.6 Conclusion for GSK3β repression approach 

Overall, across pharmacological and genetic perturbations, GSK3β repression did 

not enhance IFN-β post-radiation in HEK293 cells. Accounting for assay caveats, 

possible explanations for the results observed include the complex role of GSK3β 

in cancer and the limits faced in fulfilling the requirements for IFNB1 enhanceosome 

activation, with any modest changes further constrained by IFN-induced negative 
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feedback and parallel pathway inputs. Together, these findings suggested that 

GSK3β is unlikely to be a productive lever for boosting radiation-induced type I IFN 

in this setting, directing attention to alternative entry points. 

 

4.3 Effects of HDAC inhibition on cGAS/STING pathway activation post-

radiation 

Given the neutral IFN-β outcome with GSK3β, the second strategy explored in this 

study focused on modulating chromatin structure to facilitate cGAS/STING 

activation within radiation-induced MN. The rationale for this approach derived from 

accumulating evidence that MN, although capable of recruiting cGAS, fail to robustly 

activate the pathway due to their highly condensed nucleosomal DNA. HDAC 

inhibition with vorinostat was therefore used to increase histone acetylation, thereby 

relaxing chromatin in the expectation that this would improve cGAS access to DNA 

and enhance downstream IFN signalling. 

Results from IF showed that vorinostat treatment produced clear concentration-

dependent increases in acetylation at both global and micronuclear levels, and 

moderate vorinostat concentrations (200 nM) were associated with an increased 

frequency of cGAS-positive MN and enhanced nuclear localisation of IRF-3 

following irradiation. However, the effect was not sustained at higher concentrations 

(500 nM), and there were no additive or synergistic effects between vorinostat and 

radiation. In addition to this, these findings were not corroborated by WB. 

4.3.1 Differences in observations between IF and WB 

Several explanations may account for the above discrepancies. The divergent 

results between IF and WB might reflect fundamental methodological differences. 
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IF enables single-cell resolution and can detect subpopulation-specific or spatially 

restricted effects, such as acetylation confined to MN or nuclear accumulation of 

IRF-3 in cells. WB, by contrast, measures overall signals across entire populations 

or cellular fractions, potentially diluting subtle effects and masking heterogeneity. 

Thus, the apparent induction of IRF-3 translocation observed in IF may represent a 

minority of responding cells whose contribution was lost in bulk biochemical analysis 

like WB. This interpretation is consistent with pharmacodynamic work performed on 

HDAC inhibitors showing that single-cell assays captured marked cell-to-cell 

heterogeneity in acetylation that bulk lysates could obscure. (124) Method 

comparisons also noted that IF or other immunocytochemistry approaches are more 

single-cell sensitive, whereas WB, despite having high selectivity, is population-

averaging. (125) In addition to that, fractionation purity may also play a role, as 

minor nuclear-cytoplasmic cross-contamination can dilute nuclear IRF-3 below WB 

detection, hence producing the discrepancy in results. 

4.3.2 Possible mechanisms for decreases in cGAS-positive MN and nuclear 

IRF-3 at higher vorinostat concentrations 

With the differences in cGAS-positive MN and nuclear IRF-3 levels especially 

between 200 nM and 500 nM vorinostat, the dose-dependent pattern observed 

suggested that vorinostat’s on-target effects may operate within a narrow 

therapeutic window, with off-target effects, especially on substrates beyond 

histones, becoming more prominent at higher vorinostat concentrations. At 200 nM, 

chromatin relaxation may sufficiently expose DNA to cGAS without broadly 

disrupting nuclear organisation. (95) However, at 500 nM, excessive acetylation 

could destabilise chromatin to the point of impairing nuclear architecture, leading to 

cytotoxic stress responses that may counteract cGAS/STING activation. Vorinostat 
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at concentrations above 1.25 µM was reported to slow down replication forks, 

induce DSBs and oxidative DNA lesions in a number of cancer cell lines, including 

breast, colon and acute myeloid leukaemia cell lines. G2-M cell cycle arrest and 

eventually apoptosis also occurred after the vorinostat-induced DNA damage. (126–

129) In addition to that, vorinostat is capable of broadly acetylating non-histone 

proteins that are associated with cell cycle arrest and apoptosis, such as p53 and 

α-tubulin. (129,130) The accumulation of acetylated proteins may thus interfere with 

critical cellular processes involved in functions like cell cycle regulation, 

angiogenesis and DNA repair independent of immune signalling.  

All of the above may collectively impose cytotoxic stress at higher concentrations of 

vorinostat that can blunt downstream signalling readouts. Therefore, the decrease 

in IRF-3 nuclear translocation at 500 nM may reflect stress-induced signalling 

collapse rather than a direct suppression of cGAS activity. Higher concentrations 

like 500 nM might also reduce the number of cells that reach mitosis and form MN 

by the 48 hours post-radiation timepoint due to G2-M cell cycle arrest or apoptosis, 

possibly leading to fewer MN formed and poorer cGAS recruitment that ultimately 

resulted in fewer cGAS-positive MN at the measurement point. 

Another possible explanation for the differences in responses between vorinostat 

concentrations is through a mix of direct post-translational modifications (PTMs), 

effects on regulators and MN chromatin context that may alter cGAS activity. In 

terms of PTMs, enforced cGAS acetylation on either Lys384, Lys394, or Lys414 

was reported to contribute to keeping cGAS inactive, blocking DNA binding and 

enzymatic activity that may in turn suppress downstream IFN signalling. On the 

other hand, lysine acetyltransferases (KATs) like KAT5 were found to acetylate 

Lys47/Lys56/Lys62/Lys83 residues located in the N-terminal unstructured region 
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that is necessary for DNA binding in cGAS, leading to increased cGAS association 

with DNA to promote cGAS activation. (131–136) Thus, depending on the distinct 

acetylation sites, acetylation of cGAS could either positively or negatively regulate 

cGAS activation. By preventing deacetylation, vorinostat may potentially shift the 

balance towards whichever acetylation state is present. Depending on cellular 

context and available KATs, hyperacetylation could lock cGAS in an inhibitory state 

even while global histone acetylation rises, thus possibly explaining reduced IRF-3 

translocation at 500 nM.  

In terms of impacts on regulators, vorinostat may also induce effects related to 

acetylation on cGAS/STING regulators and kinases. It was suggested that HDAC3 

and HDAC9 directly deacetylated TBK1 at Lys241 and Lys692, and hence activated 

TBK1 to promote IRF-3-activated transcription. (137–139) As a pan-HDAC inhibitor, 

vorinostat may therefore dampen TBK1 activity upstream of IRF-3 by more 

extensively inhibiting both HDAC3 and HDAC9 at higher concentrations, potentially 

leading to the decrease in nuclear IRF-3 at 500 nM.  

In terms of MN chromatin context, it was shown that MN with active transcription 

pre-rupture prevented cGAS localisation. (140) As vorinostat can increase histone 

acetylation and generally elevate transcriptional activity, MN may be more biased 

towards a transcriptionally active state pre-rupture at higher vorinostat 

concentrations, reducing cGAS recruitment post-rupture and thus yielding a smaller 

fraction of cGAS-positive MN even as global acetylation rose. 

In addition to that, time-dependent effects may play a role. The single 48-hour 

snapshot may not reflect the entire kinetics of the cGAS/STING axis. IRF-3 nuclear 

translocation is often transient, and cGAS recruitment to MN may also be short-lived 
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across the population depending on when individual cells complete mitosis and 

when MN rupture. A higher vorinostat concentration like 500 nM can plausibly 

generate an earlier, larger pulse of cGAS/STING activity that may then trigger 

negative feedback sooner as mentioned previously with proteins like TRIM21. 

(113,118–120) Thus, by 48 hours post-radiation, the pathway may seem to yield 

lower nuclear IRF-3 and a smaller fraction of cGAS-positive MN in that snapshot as 

their peak activity might have already passed. In contrast, 200 nM may produce a 

milder, more sustained response whose peak overlapped the 48-hour readout, 

hence making both IRF-3 and cGAS-positive MN more evident at that timepoint. 

4.3.3 Possible mechanisms for lower nuclear IRF-3 following radiation at 

higher doses 

At 5 Gy, nuclear IRF-3 levels were consistently lower than at 0 or 3 Gy across 

vorinostat concentrations, despite the fraction of cGAS-positive MN remaining 

similar to that at 3 Gy. This decoupling of cGAS binding from downstream IRF-3 

output is consistent with recent reports that MN are not uniformly productive for 

cGAS signalling. cGAS can localise to MN without robust activation (cGAMP 

synthesis) depending on MN rupture status, chromatin or transcriptional state of MN 

and the handling of DNA damage. (63,140) As cGAS binding does not equal cGAS 

activation, 5 Gy radiation may potentially create modifications in MN that are 

inhibitory for cGAS activation to explain why comparable fractions of cGAS-positive 

MN could nonetheless yield lower IRF-3 levels. On the other hand, if 5 Gy radiation 

did cause similar or even higher levels of cGAS activation compared to 0 Gy or 3 

Gy, this may be explained by the time-dependent effect as mentioned previously, 

where potential larger cGAS/STING pulse caused by higher doses of radiation can 
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induce earlier negative feedback that dampens nuclear IRF-3 levels before the 

measured timepoint. 

A second plausible explanation for this observation is related to the trafficking of 

STING from the endoplasmic reticulum (ER) to the Golgi apparatus. After DNA 

binding, STING needs to translocate from the ER to perinuclear compartments 

including the Golgi to activate downstream signalling. (141) DNA damage was 

reported to perturb Golgi structure and vesicular transport through induction of Golgi 

dispersal, blocking ER-to-Golgi traffic and thus hindering STING-dependent 

signalling events that include TBK1 and IRF-3 phosphorylation and ultimately 

induction of IFN-β. (142,143) Therefore, it is possible that higher genotoxic stress 

caused by higher radiation doses like 5 Gy may further compromise this transit, 

eventually resulting in lower nuclear IRF-3 levels due to reduced signalling 

downstream of STING. 

4.3.4 Assay caveats and limitations 

Apart from assay sensitivity in single-cell measurements and fractionation purity, a 

few other limitations also presented more challenges in interpreting the observed 

data thoroughly. Firstly, IF was only able to measure cGAS binding but not activation. 

While cGAS activation is a crucial step for downstream signalling as mentioned 

previously, cGAS binding observed in this study cannot be definitively correlated to 

the changes in IRF-3 levels. Quantification of cGAS activation will be needed by 

techniques like enzyme-linked immunosorbent assay (ELISA) to further confirm true 

activation of the pathway. 

In terms of interpreting histone acetylation data in WB, it is important to consider the 

use of appropriate histone loading controls. While total histone H3 was included in 
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the nuclear and cytoplasmic fractions as a marker of successful fractionation and 

as a loading control for the nuclear fraction, no corresponding total histone H3 

control was included for the whole-cell lysate samples, and acetylation signals were 

not quantitatively normalised to total histone levels. As histone acetylation markers 

like H3K27ac are interpreted relative to total histone abundance, the absence of 

consistent normalisation may limit the ability to determine whether observed 

differences reflect actual changes in acetylation state or variability in histone content 

or extraction efficiency. This consideration is particularly relevant for fractionation-

based assays used in this study, where chromatin recovery may differ between 

conditions. Although total histone H3 levels are generally expected to remain stable 

across conditions, inclusion and quantitative use of total histone H3 loading controls 

across all fractions in future experiments would allow more robust normalisation and 

strengthen conclusions regarding chromatin acetylation changes following HDAC 

inhibition and irradiation. 

Interpretation of p-STING signals in WB also presented limitations related to 

antibody specificity. Multiple bands were detected using the p-STING antibody, 

which may possibly reflect non-specific binding or cross-reactivity with unrelated 

proteins. In the absence of specificity validation, it is difficult to definitively attribute 

individual bands to real p-STING signals. Inclusion of appropriate specificity controls, 

such as STING knockdown or knockout samples that would show weakened or loss 

of bands if there is minimal non-specific binding, would be important in future studies 

to validate antibody specificity and enable more confident interpretation of p-STING 

dynamics following irradiation and HDAC modulation. 

Furthermore, this study was limited by one biological replicate at a single timepoint 

(48 hours post-radiation) for several vorinostat and irradiation conditions, so 



 

79 
 

variance and effect sizes were uncertain. In addition to this, MN scoring was partly 

operator-dependent with much difficulty in assessing MN rupture and transcriptional 

state, and may thus skew the analysis for responses downstream of cGAS binding. 

Finally, pan-HDAC inhibitors like vorinostat exert global chromatin acetylation 

effects that can co-vary with MN-local effects. The experimental readouts may 

therefore mix MN-local effects that this study would like to investigate with global 

dose-dependent changes, making it challenging to distinguish between global 

induction effects and subtle MN-restricted signals. 

As discussed later in the context of future directions, complementary approaches 

such as quantitative PCR-based assessment of IFN-β or IFN-stimulated gene 

transcription, as well as ELISA-based quantification of secreted IFN-β protein 

across multiple timepoints, may provide greater sensitivity and more detailed 

measurements for detecting transient or delayed IFN signalling responses. 

4.3.5 Conclusion for HDAC inhibition approach 

Taken together, these results suggest that while HDAC inhibition may be capable 

of remodelling chromatin and modestly influence cGAS recruitment and IRF-3 

localisation, the effects are subtle, dose-dependent and not consistently translated 

into robust IFN-β production. The discrepancy between promising biochemical 

evidence (increased acetylation) and limited functional outcomes (lack of 

cGAS/STING/IFN-β pathway induction) highlighted the challenge of manipulating 

chromatin to influence innate immune signalling. Chromatin relaxation within MN 

may facilitate cGAS binding but does not guarantee productive cGAMP generation 

or downstream pathway activation. Overall, these findings added nuance to the 

concept of chromatin-based modulation of cGAS/STING and suggested that more 
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investigation is needed to determine whether HDAC inhibition is a robust strategy 

for enhancing radiation-induced IFN-β production. 

 

4.4 Role of MN in cGAS/STING pathway signalling and type I IFN induction 

In this study, increased cGAS-positive MN at 3 or 5 Gy did not consistently translate 

into higher nuclear IRF-3 with vorinostat, prompting the question of whether MN are 

reliable drivers of cGAS/STING in this context. One of the most recently debated 

questions in the field is whether MN act as true drivers of cGAS/STING activation 

or are just largely non-productive by-products of genome instability. On the one 

hand, several studies have provided evidence that MN are important substrates for 

cGAS recognition. Following DNA damage caused by irradiation and subsequent 

mitotic progression that can lead to MN formation, cGAS localises to ruptured MN 

and this correlates with the induction of type I IFNs and downstream gene 

expression, suggesting that MN serve as sites of sustained cytosolic DNA sensing. 

In these models, the rupture of the MN nuclear envelope provides a temporal 

window in which exposed double-stranded DNA is accessible to cGAS. 

(58,59,144,145) MN were also reported to recruit a subset of nuclear and 

cytoplasmic proteins that were biased to DNA binders, supporting the concept that 

MN provide a major source of cytosolic DNA for cGAS detection and activation. (146) 

This has led to the prevailing view that MN act as a crucial intermediate structure 

linking genomic damage to innate immune activation. 

While the above reports support the idea of MN as active drivers of cGAS/STING in 

defined contexts, the 5 Gy data in this study along with other studies contrast with 

this view, with accumulating evidence challenging the universality of this model. 
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Apart from the challenge of highly condensed nucleosomal DNA in MN hindering 

cGAS activation as targeted in this study, (65) several reports have observed that 

not all MN engage cGAS, and even when cGAS binding occurred, productive 

STING/TBK1/IRF3 signalling was not guaranteed, aligning with this study’s data. 

One study showed that cGAS accumulation during mitosis did not activate STING 

in the subsequent interphase or trigger IFN response, and that irradiation activated 

STING independently of MN formation. This suggested that cGAS accumulation in 

MN may not be a robust indicator of its activation, and that MN may not be the 

primary trigger of the cGAS/STING pathway. (63) Another study demonstrated that 

cGAS-coated chromatin bridges instead of MN were responsible for activating 

cGAS. (64) Ruptured MN were also found to be rapidly targeted for lysosomal 

degradation via autophagy, biasing them towards collapse and clearance, and 

thereby shortening the window for cGAS/STING signalling and dampening IFN 

output. (147,148) Thus, although MN formation is a visible and frequent outcome of 

radiation-induced genomic stress, their actual contribution to downstream IFN 

production may be context-dependent and less potent than initially assumed. 

Importantly, there are other MN-independent routes to IFN induction that complicate 

interpretation. For example, mitochondrial stress after high-dose irradiation can lead 

to mitochondrial DNA leakage into the cytosol, which can also activate the 

cGAS/STING pathway and induce type I IFN production. (149–152) Additionally, 

epigenetic stimuli such as DNA methyltransferase inhibition can induce a ‘viral 

mimicry’ response, where silenced endogenous retroelements are reactivated to 

generate double-stranded RNA that is then sensed by cytosolic sensors like 

melanoma differentiation-associated protein 5 and RIG-I, activating mitochondrial 

antiviral signalling protein and IRF-7 to drive IFN production independently of MN. 
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(153,154) These alternative inputs indicate that IFN production after irradiation 

cannot be solely attributed to MN-associated signalling. 

Taken together, the current evidence suggests that MN may function as one of the 

several possible sources of immunostimulatory DNA following irradiation, but their 

contributions are not universal or exclusive. In some contexts, MN provide a potent 

and active source for cGAS recruitment and innate immune signalling, while in other 

situations, they are effectively neutralised or bypassed as inert by-products in favour 

of other DNA- or RNA-sensing pathways. 

 

4.5 Biological significance, future directions and concluding perspective 

Although the interventions tested in this study did not yield strong enhancement in 

IFN-β after irradiation, the findings are biologically significant in refining the map of 

where leverage may or may not exist within the cGAS/STING/IFN axis. They 

demonstrated that indirect strategies such as GSK3β repression or broad HDAC 

inhibition did not necessarily provide robust entry points to amplify radiation-induced 

type I IFN production, at least in the tested setting. By ruling out these directions, 

this study narrows the focus to more promising alternatives that may directly 

stabilise or potentiate cGAS/STING activity, protect STING trafficking, or modulate 

the kinetics of negative feedback. In this sense, the results contributed incremental 

but important knowledge to the broader effort of rendering radiotherapy more pro-

immunogenic. 

Several future directions can be explored following the observations obtained from 

this study. Firstly, more direct strategies to manipulate the pathway can be 

considered, such as pharmacological cGAMP analogues, small-molecule STING 
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agonists or interventions that stabilise STING in its active trafficking state. 

Methodological refinements should also be included for more direct measurement 

of pathway activation, such as utilising ELISA to quantify cGAMP and quantitative 

PCR or ELISA to confirm IFN-β output in HDAC inhibition conditions. These assays 

could directly demonstrate whether increased cGAS binding translates into 

functional activation, which could not be definitively established here. Moreover, 

investigating more cancer cell types and tumour contexts will be essential, since the 

signalling architecture in HEK293 cells is not representative of transformed states 

where GSK3β activity and IFN regulation may be wired differently. Finally, running 

analyses with multiple timepoints rather than a single time endpoint would allow 

clearer dissection of transient pulses versus sustained responses. 

Importantly, this study also highlights that type I IFN itself represents a double-

edged sword. While transient induction after radiotherapy can enhance antigen 

presentation, T-cell priming and anti-tumour immunity, (32–42) chronic or excessive 

IFN signalling can drive immunosuppressive feedback, foster T-cell exhaustion and 

potentially promote tumour adaptation and immune dysfunction. (33,34,155,156) 

This duality suggests that successful therapeutic exploitation will depend not only 

on amplifying IFN, but also on tuning its amplitude and duration to avoid detrimental 

consequences. Therefore, interventions that bias towards a controlled, transient 

period of increased IFN rather than prolonged activation may hold the greatest 

translational value. 

In conclusion, this study underscores the challenges of manipulating radiation-

induced IFN responses through indirect kinase or chromatin modulators. Although 

the approaches tested here did not achieve strong positive results, they sharpen 

our understanding of the pathway’s constraints and inform the debate on the role of 
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MN in cGAS/STING activation. This work emphasises that refining radiotherapy’s 

immunogenic potential will likely require direct and more precisely timed 

interventions in the DNA-sensing machinery. By clarifying these boundaries, this 

study contributes to a more nuanced foundation for developing rational combination 

strategies in the future. 
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6. Appendices 

 

 

 

 

 

 

 

 

Supplementary Figure 1. HEK293 cell viability following treatment with 9-ING-41 
of increasing concentrations and irradiation. HEK293 cells were seeded at (A) 300 
cells/well or (B) 500 cells/well and treated with different concentrations of 9-ING-41 (0, 
4.875, 9.75, 19.5, 39, 78, 156, 312 nM and 20 µM), followed by irradiation with 3 Gy. 
Values obtained from fluorescence detection upon addition of resazurin to wells 7 days 
post-radiation were normalised to the vehicle control at 0 Gy (for unirradiated samples) 
or at 3 Gy (for irradiated samples) (set as 100% cell viability) and the negative control 
(set as 0% cell viability) to detect any radiosensitisation effects. Data presented as mean 
± standard deviation with x-axis plotted on a log10 scale. Three biological replicates (N 
= 3) with three technical replicates (n = 3). Statistical significance assessed on biological 
replicates by two-way ANOVA with Bonferroni’s multiple comparisons for comparison 
between 0 Gy and 3 Gy for each concentration, *** p < 0.001, **** p < 0.0001. 
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Supplementary Figure 2. HeLa cell viability following treatment with vorinostat of 
increasing concentrations and irradiation. HeLa cells were seeded at (A) 500 
cells/well or (B) 750 cells/well and treated with different concentrations of vorinostat (0, 
25, 50, 100, 200, 400, 800, 1600 and 3200 nM), followed by irradiation with 3 Gy or 5 
Gy. Values obtained from fluorescence detection upon addition of resazurin to wells 7 
days post-radiation were normalised to the vehicle control at 0 Gy (for unirradiated 
samples), at 3 Gy (for irradiated samples at 3 Gy) or at 5 Gy (for irradiated samples at 5 
Gy) (set as 100% cell viability) and the negative control (set as 0% cell viability) to detect 
any radiosensitisation effects. Data presented as mean ± standard deviation with x-axis 
plotted on a log10 scale. Three biological replicates (N = 3) with three technical replicates 
(n = 3). Absolute IC50 with 95% CI calculated together with extra sum-of-squares F test 
for statistical analysis. CI, confidence interval; IC50, half maximal inhibitory concentration. 
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Supplementary Figure 3. Quantification of MN formation after vorinostat treatment 
and irradiation. HeLa cells were treated with vorinostat (0, 50, 200 or 500 nM), irradiated 
with 3 Gy or 5 Gy, and harvested for IF microscopy. 4-8 images were captured per 
condition and used to quantify the number of (A) MN and (B) nuclei. Data presented as 
total numbers from combining all images for each condition due to low and varying MN 
count in some images. Single experiment (N = 1) with one replicate measurement (n = 
1). MN, micronuclei; IF, immunofluorescence. 
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Supplementary Figure 4. Quantification of cGAS binding to MN after vorinostat 
treatment and irradiation. HeLa cells were treated with vorinostat (0, 50, 200 or 500 
nM), irradiated with 3 Gy or 5 Gy, and harvested for IF microscopy. 4-8 images were 
captured per condition and used to quantify the number of (A) MN and (B) cGAS-positive 
MN. Data presented as total numbers from combining all images for each condition due 
to low and varying MN count in some images. Single experiment (N = 1) with one 
replicate measurement (n = 1). MN, micronuclei; IF, immunofluorescence. 


