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Abstract
Pathogenic infections have significant roles in the pathogenesis of colorectal cancer (CRC). These infections induce the 
secretion of various damage-associated molecular patterns (DAMPs) including interleukin-1 alpha (IL-1α) and high mobil-
ity group box-1 (HMGB1). Despite their implication in CRC pathogenesis, the mechanism(s) that modulate the secretion 
of IL-1α and HMGB1, along with their roles in promoting CRC tumourigenesis remain poorly understood. To understand 
the secretory mechanism, HT-29 and SW480 cells were stimulated with infectious mimetics; polyinosinic:polycytidylic 
acid [Poly(I:C)], lipopolysaccharide (LPS) and pro-inflammatory stimuli; tumour necrosis factor-alpha (TNF-α). IL-1α 
and HMGB1 secretion levels upon stimulation were determined via ELISA. Mechanism(s) mediating IL-1α and HMGB1 
secretion in CRC cells were characterized using pharmacological inhibitors and CRISPR-Cas9 gene editing targeting rel-
evant pathways. Recombinant IL-1α and HMGB1 were utilized to determine their impact in modulating pro-tumourigenic 
properties of CRC cells. Pharmacological inhibition showed that Poly(I:C)-induced IL-1α secretion was mediated through 
endoplasmic reticulum (ER) stress and RIPK1 signalling pathway. The secretion of HMGB1 was RIPK1-dependent but 
independent of ER stress. RIPK1-targeted CRC cell pools exhibited decreased cell viability upon Poly(I:C) stimulation, 
suggesting a potential role of RIPK1 in CRC cells survival. IL-1α has both growth-promoting capabilities and stimulates 
the production of pro-metastatic mediators, while HMGB1 only exhibits the latter; with its redox status having influence. 
We demonstrated a potential role of RIPK1-dependent signalling pathway in mediating the secretion of IL-1α and HMGB1 
in CRC cells, which in turn enhances CRC tumorigenesis. RIPK1, IL-1α and HMGB1 may serve as potential therapeutic 
targets to mitigate CRC progression.
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Introduction

Colorectal cancer (CRC) is responsible for over 1,000,000 
new diagnoses and over 500,000 deaths annually worldwide 
(Sung et al. 2021). Although recent advances in diagnosis 
and surgical resection is curative for patients with local-
ized disease, many CRC patients are diagnosed in advanced 
stages, whereby the cancer has metastasized to the second-
ary sites. Advanced stage CRC is associated with poor prog-
nosis and high mortality rates (Brouwer et al. 2018). Thus, 
a better understanding of the underlying mechanisms that 
initiate and drive the progression of CRC is vital for the 
identification and development of novel diagnostic or thera-
peutic strategies to mitigate CRC.
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A multitude of risk factors ranging from inflammatory 
syndromes, environmental and hereditary factors have been 
attributed to the development of CRC. Recently, various 
pathogens have also been identified as risk factors for a 
variety of epithelial cells-derived cancers including CRC 
(Antonic et al. 2013). Accumulating evidence has suggested 
a link between pathogenic infections (i.e. viruses and bac-
teria) with the onset of CRC (Antonic et al. 2013), yet, the 
mechanism(s) promoting carcinogenesis remains poorly 
understood. Notably, these pathogens mediate the release of 
endogenous molecules known as damage-associated molec-
ular patterns (DAMPs) (Murao et al. 2021). The main func-
tion of DAMPs is to initiate the inflammatory and immune 
cascade to restore cellular homeostasis (Murao et al. 2021). 
Unresolved or chronic inflammation, however, can be muta-
genic and has been shown to promote tumour initiation in 
various types of cancers (Greten and Grivennikov 2019).

Inflammation is also an important driver of cancer pro-
gression (Hanahan and Weinberg Robert 2011), and shapes 
the pathogenesis of CRC (Schmitt and Greten 2021). Inter-
estingly, certain DAMPs such as interleukin 1 alpha (IL-1α) 
and high mobility group box 1 (HMGB1) have been shown 
to be significantly upregulated in tumour and serum samples 
of CRC patients (Hillenbrand et al. 2012; Wang et al. 2020), 
suggesting a possible link with the pathological processes 
of the disease. Indeed, IL-1α and HMGB1 have shown to 
exert critical functions in malignancies, influencing tumour 
microenvironments and promoting cancer initiation and 
progression in many cancers including CRC (Chiu et al. 
2021; Tripathi et al. 2019). However, other studies on IL-1α 
and HMGB1 have shown conflicting results whereby these 
DAMPs were involved in enhancing innate immunity and 
promoting CRC cell death (Cheng et al. 2020, 2021). For 
HMGB1, emerging evidence has shown that the differential 
roles of HMGB1 in immune and inflammatory responses is 
dependent on the redox status of the protein, influenced by 
cysteine (C) residues located at C23, C45 and C106, which 
are sensitive to oxidation (Cheng et al. 2020). HMGB1 can 
be classified as fully reduced; all-thiol HMGB1, which acts 
as a chemoattractant, semi-oxidised; disulfide HMGB1, 
which has cytokine inducing activity and terminally oxi-
dised HMGB1, which is inert and involved in the resolution 
of inflammation (Cheng et al. 2020). In contrast to HMGB1, 
the cause of the conflicting roles for IL-1α in inflammation 
are still uncertain. Note, HMGB1 may also form complexes 
with interleukin-1α, which enhances its pro-inflammatory 
capabilities (Wähämaa et al. 2011), but these aspects in can-
cer progression, and its relevance in CRC has not yet been 
explored.

CRC cells are capable of secreting IL-1α (Matsuo et al. 
2009) and HMGB1 (Lee et al. 2012), though, the secre-
tory pathway(s) are yet to be fully defined. Recent studies 
have reported that pathogen infections may induce HMGB1 

and IL-1α secretion via endoplasmic reticulum (ER) stress 
(Choi and Song 2020; Kandel-Kfir et al. 2015). ER stress is 
a global stress response that occurs when there are perturba-
tions in cellular homeostasis or misfolded/unfolded proteins 
which causes the activation of unfolded protein response 
(UPR) (Corazzari et al. 2017). ER stress is also an emerging 
driver of cancer invasion and metastasis, and activation of 
ER/UPR pathways have been linked with tumour progres-
sion (Bobrovnikova-Marjon et al. 2010; Zhang et al. 2020). 
Interestingly, ER stress induces inflammasome activation 
which also plays a crucial role in contributing to CRC pro-
gression (Wang et al. 2016), and this was reported to occur 
through the activation of kinase receptor-interacting protein 
1 (RIPK1) (Tao et al. 2018). The NOD-, LRR- and pyrin 
domain-containing protein 3 (NLRP3) is the main inflam-
masome that has been shown to mediate IL-1α and HMGB1 
secretion in various cell types (Di Paolo and Shayakhme-
tov 2016; Wang et al. 2018). However, the complete rela-
tionship between infectious agents and its downstream ER 
stress/RIPK1/NLRP3 inflammasome signalling pathway 
in promoting IL-1α/HMGB1 secretion in CRC cells is still 
undetermined.

In this study, we investigated the secretory mechanism(s) 
of IL-1α and HMGB1 in CRC cells and their functional roles 
in promoting tumorigenesis. We found that viral mimetic; 
Poly(I:C) induces the secretion of IL-1α and HMGB1 in 
CRC cells, and pharmacological inhibition of RIPK1 activ-
ity revealed that the secretory mechanism was dependent on 
this kinase. Targeting RIPK1 using CRISPR-Cas9 in HT-29 
cell pools significantly decreased cell viability post Poly(I:C) 
stimulation, suggesting that RIPK1 may also have a role in 
cell survival. Upon investigating the activity and function of 
IL-1α and HMGB1, both DAMPs showed oncogenic roles 
but have differential impacts in regulating the process of 
tumorigenesis. Altogether, our data provides a molecular 
link between the secretory pathways of IL-1α and HMGB1, 
as well as demonstrating their mechanism of action as driv-
ers of CRC pathogenesis.

Methods

Cell culture

Human CRC cell lines HT-29 and SW480 were obtained 
from the American Type Culture Collection (ATCC, USA). 
HEK293T cells, obtained from ATCC, were used for lenti-
virus production. The human CRC cell lines and HEK293T 
cells were cultured in Dulbecco's Modified Eagle Medium 
(DMEM) medium (Corning, USA) supplemented with 
4.5 g/L of glucose, l-glutamine and sodium pyruvate con-
taining 10% fetal bovine serum (FBS), penicillin (100 U 
 mL−1) and streptomycin (100 μg  mL−1).
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CRISPR‑Cas9‑mediated RIPK1 targeting

To perform the RIPK1 CRC cells pool targeting, LentiCas9-
Blast and sgRNA expression vector pKLV-U6-gRNA(BbsI)-
PGKhygro2AeGFP were utilized. The LentiCas9-Blast was 
a gift from Feng Zhang (Addgene plasmid #52,962) (Sanjana 
et al. 2014) and the pKLV-U6-gRNA(BbsI)-PGKhygro2Ae-
GFP was previously generated and characterized by Syafrud-
din et al., (Syafruddin et al. 2019). The lentivirus packaging 
plasmids psPAX2 (Addgene plasmid #12,260) and pMD2.G 
(Addgene plasmid #122,259) were gifts from Didier Trono. 
Lentivirus was produced by co-transfecting HEK293T cells 
with psPAX2, pMD2.G and sgRNA expression vector using 
Attractene transfection reagent (Qiagen, USA) according to 
the manufacturer’s recommendations. The media contain-
ing the lentivirus was collected 72 h post-transfection and 
transduced into previously established HT-29 stably express-
ing the Cas9 in the presence of 8 μg/mL Polybrene (Merck, 
USA). The positively transduced cells were selected using 
hygromycin (Nacalai Tesque, Japan).

For the sgRNA constructs cloning, the top and bottom 
strands were designed and purchased separately. Each of 
these strands were designed to harbour BbsI restriction site 
overhangs at their respective 5′ and 3′ end that were com-
patible for ligation into the sgRNA expression vectors. The 
sgRNA constructs used in this study were purchased for 
Integrated DNA Technologies (IDT). These sequences are 
listed in Supplementary Tables 1 and 2.

Cell stimulation

To investigate the effect of infectious mimetics and 
pro-inflammatory stimulus in mediating IL-1α and 
HMGB1 secretion, CRC cells were treated with 
polyinosinic:polycytidylic acid [Poly(I:C)], lipopolysac-
charide (LPS) and tumour necrosis factor alpha (TNF-α) 
for 24 h. To study the mechanism(s) involved in mediating 
IL-1α and HMGB1 secretion, cells were pre-incubated with 
various pharmacological inhibitors or the appropriate vehi-
cle for 2 h prior to stimulation with Poly(I:C) for a further 
24 h.

To study the functional roles of IL-1α and the different 
redox states of HMGB1, cells were stimulated with human 
recombinant IL-1α, disulfide (DS) HMGB1 and non-
oxidizable (NO) HMGB1, a mutant form of recombinant 
human HMGB1 that is resistant to oxidation. Complexes 
of HMGB1 proteins with IL-1α were prepared by mixing 
matching required concentrations of each protein, followed 
by a 16-h incubation at 4 °C as previously performed by oth-
ers (Hreggvidsdóttir et al. 2012; Hreggvidsdottir et al. 2009). 
Details of all stimulus and pharmacological inhibitors used 
are provided in Supplementary Table 3.

ELISA

The levels of IL-1α, HMGB1, CXCL1, CXCL5 and 
CXCL8 were measured in the cell culture supernatants 
using commercially available ELISA kits. IL-1α, CXCL1, 
CXCL5 and CXCL8 were Duo-Set ELISAs purchased 
from R&D Systems, USA, while HMGB1 ELISA was pur-
chased from Chondrex, USA. All assays were performed 
according to the manufacturer’s guidelines. Limit of detec-
tion are listed in Supplementary Table 4.

Caspase‑1 assay kit

The activity of caspase-1 was measured in cell lysates 
using a commercially available Caspase-1 Colorimetric 
Assay Kit (Biovision, USA). All assays were performed 
according to the manufacturer’s guidelines.

MTT assay

Cells were seeded in 96-well plates at a density of 1 ×  104 
cells per well and treated with IL-1α and the different 
redox states of HMGB1 at four different time points: 6, 
24, 48 and 72 h. At the end of the stimulation period, cells 
were incubated with 1 mg/mL 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-
Aldrich, USA), prepared in DMEM for 30 min at 37 °C 
in a 5%  CO2 humidified environment to determine cell 
viability. The MTT solution was removed and 100 µl of 
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA) was 
added to solubilize the formazan product. Absorbance was 
measured at 570 nm using a plate reader (SpectraMax M3, 
Molecular Devices, USA).

Gap closure assay

Cells were seeded into a two-well chamber (IBIDI, USA) 
in a 24-well plate. Upon confluency, the chambers were 
removed, and the cells were stimulated with IL-1α and the 
different redox states of HMGB1. The proliferation rate of 
the cells was captured using live cell imaging microscope 
and its embedded software the Ti control (Nikon TI-E, 
Japan). The images captured were then analysed and the 
reduction in the gap area at 0, 12, 24, 36, 48, 60 and 72 h 
were measured using NIS Elements AR software. Cellular 
proliferation was then expressed as the percentage of gap 
closure using the formula below:

Gap closure % =

[

At = 0 h−At = x h

At = 0 h

]

× 100%
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At = 0 h is the area of gap measured immediately after gap 
formed (t = 0 h), At = x h is the area of gap measured at x h 
after the gap was formed.

The gap closure rate was calculated with the formula 
below:

Western blotting

30 µg of protein were boiled at 100 °C with 2 × Laemmli 
concentrate sample buffer (Merck, USA) for 10 min. The 
proteins were then subjected to SDS–polyacrylamide gel 
electrophoresis (PAGE) at 175 V for 40 min and transferred 
onto polyvinylidene fluoride membranes via wet transfer at 
110 V for 60 min. The membranes were blocked for 2 h at 
room temperate in 5% bovine serum albumin (BSA) diluted 
in Milli-Q water to prevent non-specific binding. Membranes 
were then incubated with primary antibodies; rabbit anti-
RIPK1, rabbit anti-E-cadherin, mouse anti-PERK, mouse 
anti-IRE1α and mouse anti-ATF4. After washing with PBS 
0.1%/Tween-20 (Sigma-Aldrich), the membranes were incu-
bated for 2 h at room temperature with a secondary anti-
body; an ECL-anti-rabbit or ECL-anti-mouse IgG HRP-
linked antibody (Cell Signaling Technology, USA) diluted 
1:5000. The immunoreactive bands were detected using the 
enhanced chemiluminescence (ECL) system (MultiDoc-It 
Imaging System, UVP, USA). To ensure equal loading of 
proteins, membranes were re-probed with rabbit anti-β-actin 
or rabbit anti-GAPDH. The intensity of the bands was ana-
lysed using the ImageJ2 software. Details of primary anti-
bodies and dilutions are listed in Supplementary Table 5.

Immunofluorescence staining and imaging

To study the distribution of E-cadherin, cells were seeded 
into 8 chamber µ-slides (IBIDI, USA) and grown to 60% 
confluence. Cells were stimulated with IL-1α and HMGB1 
for 48 and 72 h. At the end of the stimulation period, cells 
were fixed with 4% paraformaldehyde at room temperature 
and permeabilized using 0.2% Triton X-100. To prevent 
non-specific binding, the cells were incubated in 5% BSA 
diluted in Milli-Q water for 2 h. Subsequently, cells were 
incubated overnight at 4 °C with 1:1000 dilution (52 ng/mL) 
of rabbit anti-E-cadherin (rabbit monoclonal to E-cadherin, 
24E10, CST, USA) in 5% BSA. Normal rabbit IgG isotype 
control antibody corresponding to the final concentration 
of primary antibodies were used to serve as a staining con-
trol. Following this, the cells were stained with 1:1000 dilu-
tion (2 μg/mL) of Alexa Fluor® 488 Goat Anti-Rabbit IgG 
(SouthernBiotech, USA) for 1 h at room temperature. Cells 

Gap closure rate =

[

Gap Closure%

Time

]

.

were then washed 3 times with PBS. Finally, cells were 
mounted on slides using Fluoroshield™ with DAPI to stain 
for nuclei (Sigma, USA). 5 non-overlapping field views of 
each group were captured at 20 × magnification. DAPI (exci-
tation 358 nm, emission 461 nm) and Alexa Fluor® 488 
(excitation 495 nm, emission 519 nm) fluorescent images 
were visualized using an upright epifluorescence microscope 
(Nikon TI-E, Japan).

Spherogenic assay

To study spherogenic potential, 6 well plates were coated 
with a layer of 0.6% agar, to inhibit cellular adhesion to 
the culture plate surface. 1 ×  104 cells were seeded for each 
well with 2 ml of complete media with human recombi-
nant IL-1α, and the different redox states of HMGB1 added 
immediately. After 10 days of stimulation, pictures of eight 
non-overlapping fields for each well were captured using 
an inverted phase contrast microscope (Euromax, UK) at 
4 × magnification. Spheroids from each picture were ana-
lysed, and the length of the major and minor axis of each 
spheroid was measured using ImageJ Software. Axis values 
below 70 μm were excluded as not corresponding to mature 
spheroids and the volume was calculated by applying the 
sphere adapted formula (major axis × minor axis)2/2 as pre-
viously performed by Gelfo et al. (2018).

Human EpCAM assay kit

At the end of the spherogenic assay, the spheroids were 
collected and lysed using a commercially available Human 
EpCAM Assay Kit (Abcam, USA). The total expression 
of EpCAM was measured in 5 μg/mL of spheroid lysates. 
All assays were performed according to the manufacturer’s 
guidelines.

Colony forming assay

To study clonogenic potential, 500 cells were seeded in 
6-well plates and left to attach overnight. The cells were 
then stimulated with IL-1α and the different redox states of 
HMGB1 for 10 days. At the end of the stimulation period, 
the medium was removed, and the cells were washed with 
PBS and fixed with 4% paraformaldehyde for 10 min at room 
temperature. After washing with PBS, the cells were stained 
with 0.5% crystal violet for 10 min, then washed with water 
to remove excess dye. A picture of each well was taken with 
a camera, and the number of colonies were measured using 
the ImageJ software, as performed by others (Gelfo et al. 
2018; Huang et al. 2018).
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Cancer metastasis multiplex assay

Pro-metastatic mediators were measured in cell culture 
supernatants and lysates using the  MILLIPLEXMAP Human 
Cancer/ Metastasis Biomarker Magnetic Bead Panel (Merck, 
USA). All multiplex magnetic bead assays were performed 
according to manufacturer’s protocols. The Luminex xMAP 
system was used for detection and data acquisition.

Statistical analysis

For ELISA analysis, mean data are presented as absolute 
values ± standard error mean (SEM). Statistical analysis 
was performed using one-way with Dunnett’s post hoc test 
when comparing stimulants to control group. One/two-way 
ANOVA with Bonferroni’s correction post-hoc test was used 
when there are intragroup comparisons (i.e. stimulation in 
the presence/absence of inhibitors).

For western blotting, the expression of RIPK1, PERK and 
IRE1α were normalized to β-actin, while ATF4 and E-cad-
herin were normalized to GAPDH. The protein expression 
in treated cells were then expressed as fold change relative to 
controls. The protein expression in CRISPR transduced cells 
were expressed as fold change relative to the non-targeting 
control. For all analysis, P values ≤ 0.05 were considered 
statistically significant.

Results

Stimulation of CRC cells with infectious mimetics 
promotes active secretion of IL‑1α and HMGB1

We first aimed to identify the factors that modulate IL-1α 
and HMGB1 secretion in CRC cells. HT-29 and SW480 
CRC cells were stimulated with viral mimetic; Poly(I:C), 
bacterial mimetic; LPS and pro-inflammatory mediator; 

Fig. 1  Effect of infectious mimetics and pro-inflammatory stimulus 
on IL-1α and HMGB1 secretion by HT-29 cells. Cells were stimu-
lated with a Poly(I:C), b LPS and c TNF-α for 24  h. IL-1α (left 
panel) and HMGB1 (right panel) secretion were determined by 

ELISA. Bars represent mean data (± SEM). One-way ANOVA with 
Dunnett’s correction was used to determine statistical differences. 
The levels of IL-1α and HMGB1 in cells treated with Poly(I:C), LPS 
and TNF-α were compared to unstimulated cells. *P < 0.05



194 K. J. Cheng et al.

1 3

TNF-α for 24 h and the secretion of IL-1α and HMGB1 
were measured. In HT-29 cells, Poly(I:C) significantly 
induced the secretion of both IL-1α and HMGB1 in a 
concentration-dependent manner (Fig. 1a). LPS signifi-
cantly induced the secretion of HMGB1 at the highest 
concentration of 100 μg/mL, however, failed to induce 
any secretion of IL-1α (Fig. 1b). Surprisingly, TNF-α did 
not induce any significant secretion of neither IL-1α nor 
HMGB1 (Fig. 1c). In the SW480 cell lines, no upregula-
tion in the secretion of IL-1α and HMGB1 were observed 
post-stimulation with Poly(I:C), LPS and TNF-α (Fig. 2).

Given that DAMPs are also passively released upon cell 
death (Murao et al. 2021), the cell viability of both cell 
lines post stimulation were measured via MTT assay. All 
three stimulants did not compromise the cell viability of 
HT-29 and SW480 cells (Supplementary Fig. 1). These 
findings suggest that the secretion of these DAMPs was 
active, and differs between different CRC cell lines, which 
could be due to the mutation status or the Dukes’ staging 
of the cell.

Poly(I:C)‑mediated IL‑1α secretion is ER stress 
and RIPK1‑dependent, while HMGB1 secretion is ER 
stress‑independent

Having established that Poly(I:C) induced the secretion 
of both IL-1α and HMGB1 in HT-29 cells, the signalling 
pathway that regulates this secretory phenotype was fur-
ther investigated. As described above, viral infection is an 
inducer of ER stress. Thus, to study the involvement of ER 
stress in mediating the secretion of IL-1α and HMGB1, 
HT-29 cells were pre-treated with BIX; a molecular chaper-
one that alleviates ER stress. BIX significantly reduced the 
levels of Poly(I:C)-induced IL-1α secretion, suggesting the 
involvement of ER stress (Fig. 3a). However, treatment with 
BIX did not significantly impair HMGB1 secretion in HT-29 
cells even at the highest concentration (Fig. 3b).

Previous studies have shown that ER stress activates 
RIPK1, which is an inflammatory-associated kinase in 
various cell lines (Estornes et al. 2014; Saveljeva et al. 
2015). We showed that HT-29 but not SW480 were 

Fig. 2  Effect of infectious mimetics and pro-inflammatory stimu-
lus on IL-1α and HMGB1 secretion by SW480 cells. Cells were 
stimulated with a Poly(I:C), b LPS and c TNF-α for 24  h. IL-1α 
(left panel) and HMGB1 (right panel) secretion were determined by 

ELISA. Bars represent mean data (± SEM). One-way ANOVA with 
Dunnett’s correction was used to determine statistical differences. 
The levels of IL-1α and HMGB1 in cells treated with Poly(I:C), LPS 
and TNF-α were compared to unstimulated cells. *P < 0.05
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capable of secreting IL-1α and HMGB1 post Poly(I:C) 
stimulation (Figs. 1a and 2a). Of note, HT-29 expresses 
RIPK1, whereas SW480 does not, suggesting a possibil-
ity that RIPK1 played a role in regulating the secretion 
of these DAMPs (Moriwaki et al. 2015). To investigate 
whether RIPK1 was required in mediating the secretion of 

IL-1α and HMGB1 in HT-29 cells, we performed RIPK1 
pool targeting in these cells using the CRISPR-Cas9 gene 
editing tool. Out of the three RIPK1-targeting sgRNAs 
designed, the sgRIPK1-2 and sgRIPK1-3 were efficient 
in targeting RIPK1. This was indicated by the significant 

Fig. 3  Role of ER stress in mediating IL-1α and HMGB1 secretion in 
HT-29 cells. Cells were stimulated for 24 h with Poly(I:C) (100 μg/
mL) in the presence or absence of molecular chaperone inducer; BIX. 

a IL-1α and b HMGB1 release were determined by ELISA. Bars rep-
resent mean data (± SEM). One-way ANOVA with Bonferroni’s cor-
rection was used to determine statistical differences. *P < 0.05

Fig. 4  Role of RIPK1 in mediating IL-1α and HMGB1 secretion in 
HT-29 cells. a The expression of RIPK1 in the pool targeted cells by 
western blot. Band densities were measured by densitometric analy-
sis, and expression of RIPK1 were normalised to β-actin. Expression 
levels were expressed as fold change relative to RIPK1 non targeting 
control. b Cells were stimulated for 24 h with Poly(I:C) (100 μg/mL). 
IL-1α and HMGB1 concentrations were determined by ELISA. IL-1α 
and HMGB1 levels in sgRIPK1-2 and sgRIPK1-3 cells were com-

pared to cells transduced with NTC. Two-way ANOVA with Bonfer-
roni’s correction was used to determine statistical differences. c Cells 
transduced with sgRNAs were stimulated for 24  h with Poly(I:C). 
MTT absorbance was measured. Cell viability of stimulated cells 
were compared to unstimulated cells. Bars represent mean data 
(± SEM). One-way ANOVA with Dunnett’s correction was used to 
determine statistical differences. *P < 0.05
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reduction in the RIPK1 expression level in HT-29 cells 
transduced with these sgRIPK1 constructs (Fig. 4a).

Next, the IL-1α and HMGB1 secretion level in response 
to Poly(I:C) were assessed in these RIPK1-targeted HT-29 
cells pool. We found that IL-1α levels in RIPK1 targeted cell 
pools were significantly lower as compared to the control 
cells, but no significant changes were observed in HMGB1 
secretion upon Poly(I:C) stimulation in these cells (Fig. 4b). 
However, the viability of RIPK1-targeted HT-29 cell pools 
was significantly compromised as Poly(I:C) concentration 
increased (Fig. 4c). Therefore, the reduction of IL-1α levels 
cannot be confirmed whether it was due to RIPK1 deficiency 
or reduction in cell number because of cell death. Since 
cell viability was compromised by approximately 50% in 
Poly(I:C) stimulated-RIPK1 depleted cells, this observation 
suggests that RIPK1 might have a role in promoting CRC 
cell survival in response to cellular stress.

Alternatively, we used a small molecule inhibitor, NEC-
1, which inhibits the kinase activity of RIPK1, to further 
determine the role of RIPK1 in mediating Poly(I:C)-induced 
secretion of IL-1α and HMGB1 in HT-29 cells. Surprisingly, 
a NEC-1 concentration-dependent inhibition of both IL-1α 
and HMGB1 secretion were observed, corroborating the role 
of RIPK1 in mediating the Poly(I:C)-induced secretion of 
these two DAMPs in HT-29 cells (Fig. 5).

Subsequently, to identify the specific ER stress sen-
sors involved in the signalling pathway and its relationship 
with RIPK1, we examined if Poly(I:C) regulates the total 
expression of ER stress-associated proteins; protein kinase 
R-like ER kinase (PERK), inositol-requiring enzyme 1 alpha 
(IRE1α) and activating transcription factor 4 (ATF4) along 
with RIPK1 via western blotting. Surprisingly, Poly(I:C) 
stimulation for 24 h did not change the total expression of 
PERK, IRE-1α, ATF4 nor RIPK1 (Supplementary Fig. 2).

Secretion of IL‑1α and HMGB1 is independent 
of NLRP3 inflammasome/caspase‑1

It has been previously reported that RNA viruses promoted 
the activation of the NLRP3 inflammasomes in macrophages 
via RIPK1-dependent signalling pathway (Wang et al. 2014). 
Thus, we next investigated whether NLRP3 inflammasome 
was involved in mediating Poly(I:C)-induced IL-1α and 
HMGB1 secretion in HT-29 cells. We observed that the 
inhibition of NLRP3 inflammasome by its specific inhibi-
tor, CRID3, did not alter the secretion of IL-1α and HMGB1 
in HT-29 cells (Fig. 6a).

In addition, the activation of NLRP3 inflammasomes is 
accompanied by caspase-1 activation (Fernandes-Alnemri 
et al. 2007). Since NLRP3 inflammasome signalling was 
not involved, we hypothesised that the secretion of IL-1α 
and HMGB1 would also be independent of caspase-1. To 
test this, we used AC-YVAD-CHO to inhibit the activation 
of caspase-1 and as hypothesised, the secretion levels of 
IL-1α and HMGB1 remained unchanged (Fig. 6b). We also 
measured caspase-1 activity in HT-29 cells post Poly(I:C) 
treatment. Rather than causing an increase in caspase-1 
activity, Poly(I:C) significantly reduced the levels of the 
enzyme activity when compared to control (Fig. 6c). Taken 
together, these findings confirmed that the secretion of IL-1α 
and HMGB1 were independent of the NLRP3 inflamma-
some/caspase-1 signalling pathway.

IL‑1α induces CRC cellular proliferation 
but not HMGB1

Having established the secretory mechanisms of IL-1α and 
HMGB1, we then investigated the roles of these DAMPs 
in promoting HT-29 cells’ growth. The HT-29 cells were 
treated with human recombinant IL-1α, disulfide (DS) or 
non-oxidizable (NO) HMGB1, followed by performing a 
series of in vitro functional assays. We first investigated 
the roles of these DAMPs in enhancing cellular prolifera-
tion. MTT data showed that stimulation with IL-1α for 48 

Fig. 5  Role of RIPK1 kinase 
activity in mediating IL-1α and 
HMGB1 secretion in HT-29 
cells. Cells were stimulated for 
24 h with Poly(I:C) (100 μg/
mL) in the presence or absence 
of RIPK1 inhibitor; NEC-1. a 
IL-1α and b HMGB1 release 
were determined by ELISA. 
Bars represent mean data 
(± SEM). One-way ANOVA 
with Bonferroni’s correction 
was used to determine statistical 
differences. *P < 0.05
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and 72 h increased cellular proliferation by approximately 
20%, whereas DS and NO HMGB1 did not induce any 
significant changes (Fig. 7a), pointing out the differential 
role between IL-1α and HMGB1.

Subsequently, we measured gap closure via live imag-
ing and found that IL-1α induced the highest percentage 
of gap closure at the end of the 72-h timepoint (Fig. 7b). 
In contrast, the different redox states of HMGB1 had a 
similar gap closure percentage when compared to control 
(Supplementary Fig. 3). IL-1α significantly increased the 
gap closure rate at 60 and 72 h (Fig. 7b), whereas the dif-
ferent redox states of HMGB1 did not induce any signifi-
cant changes (Supplementary Fig. 3). These results further 
strengthen the above findings from the MTT assay, that 
IL-1α enhanced the proliferation of HT-29 cells, while 
HMGB1 did not.

IL‑1α and HMGB1 does not have any effect 
on E‑cadherin in HT‑29 cells

Studies have shown that DAMPs could directly induce epi-
thelial barrier impairment in airway epithelial cell (Huang 
et al. 2016). In cancer, epithelial barrier impairment could 
result in the loss of cell integrity and reduced cohesion of 
structure, leading to invasion and metastasis of cancer cells. 
Because of this, we studied whether IL-1α and HMGB1 have 
any direct impact on epithelial barrier function in CRC cells 
by measuring the expression of E-cadherin, a key protein 
maintaining the integrity of cell–cell junction. Stimulation 
of IL-1α and HMGB1 did not have any effect on the total 
expression of E-cadherin (Supplementary Fig. 4a–c). We 
next prolonged the timepoint as 24 h might not be the ideal 
time-point to observe these changes. However, even at 48 

Fig. 6  Role of NLRP3 inflam-
masome and caspase-1 in 
mediating IL-1α and HMGB1 
secretion in HT-29 cells. 
Cells were stimulated for 24 h 
with Poly(I:C) (100 μg/mL) 
in the presence or absence of 
a NLRP3 specific inhibitor; 
CRID3 and b caspase-1 inhibi-
tor; AC-YVAD-CHO. IL-1α 
(left panel) and HMGB1 (right 
panel) concentration were deter-
mined by ELISA. c Adherent 
cells were lysed and the activity 
of caspase-1 in cell lysates were 
determined using caspase-1 
activity kit. Bars represent 
mean data (± SEM). One-way 
ANOVA with Bonferroni’s cor-
rection was used to determine 
statistical differences. IL-1α and 
HMGB1 levels in cells treated 
with Poly(I:C) alone were 
compared to unstimulated cells, 
and cells treated with Poly(I:C) 
in the presence of CRID3 or 
AC-YVAD-CHO. *P < 0.05
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and 72 h, no significant changes were observed (data not 
shown). This suggests that both IL-1α and HMGB1 did not 
have any direct impact on the expression of E-cadherin.

Previous studies have shown that HMGB1 could induce 
epithelial barrier impairment through the redistribution or 
internalization of E-cadherin on the cell membrane, although 
the total expression of the protein might not change (Huang 
et al. 2016). Hence, we employed an immunofluorescence 
technique to study the effects of IL-1α and HMGB1 on this. 
Results from the staining revealed that E-cadherin was local-
ized on the plasma membrane of unstimulated HT-29 cells at 
both 48 and 72 h. This was retained in IL-1α and HMGB1-
treated cells (Supplementary Fig. 4d and e). Since no dif-
fused staining was observed, this suggests that the epithelial 
membrane was not disrupted.

Collectively, these findings indicated that IL-1α and 
HMGB1 may not induce epithelial barrier dysfunction as 
(i) the total expression of E-cadherin was unchanged and (ii) 
no redistribution/internalization of E-cadherin was observed.

IL‑1α increases spheroid size, epithelial cell 
adhesion protein (EpCAM) and E‑cadherin in HT‑29 
spheroids

The ability to survive and grow in a non-adhesive environ-
ment is a hallmark of the neoplastic phenotype. We observed 
that HT-29 cells could survive and grow in suspensions by 
forming spheroids. Upon stimulation with IL-1α and the dif-
ferent redox states of HMGB1, no changes were observed in 
the number of spheroids formed (Fig. 8a). However, when 
the size of the spheroids was measured, stimulation with 
IL-1α at 100 ng/mL significantly increased mean spheroid 
size when compared to control (Fig. 8b), whereas no sig-
nificant changes were observed in HMGB1 stimulated cells.

Studies have shown that epithelial cell adhesion molecule 
(EpCAM) and E-cadherin are significantly increased in sphe-
roids as compared to adherent CRC cells (Lin et al. 2012; 
Powan et al. 2017), and its expression has been positively 
correlated with better spheroid formation ability (Hu et al. 
2021). Thus, to investigate the association between EpCAM 
and E-cadherin with spheroid size, the total EpCAM and 
E-cadherin expression in HT-29 spheroids in response to 
IL-1α and HMGB1 stimulation were determined via ELISA 

and western blotting, respectively. IL-1α increased the 
expression of EpCAM in a concentration dependent man-
ner (Fig. 8c), while IL-1α at 10 ng/mL increased the expres-
sion levels of E-cadherin (Fig. 8d). These findings were in 
agreement with our postulation, where increased spheroid 
size was correlated with EpCAM and E-cadherin expres-
sion. Though, this could not be fully verified, as EpCAM 
expression in NO HMGB1 stimulated spheroids were also 
significantly increased despite no significant difference in 
size were observed in NO HMGB1. Although 100 ng/mL 
of IL-1α induced the largest change in mean spheroid size, 
increase of E-cadherin expression in these spheroids did not 
reach statistical significance.

IL‑1α induces clonogenic potential of HT‑29 cells 
but not HMGB1

Next, we investigated the HT-29 cells tumour-initiating 
capability upon the stimulation with IL-1α and HMGB1 by 
performing clonogenic assay. We found that stimulation of 
HT-29 cells with 10 ng/mL IL-1α significantly increased the 
colony number when compared to control (Fig. 9). However, 
DS and NO HMGB1 did not have any significant impact on 
this (Fig. 9), once again highlighting the differential effects 
of these two DAMPs. These findings also reflect our obser-
vations above (Fig. 7), whereby IL-1α but not the different 
redox states of HMGB1 have any growth-promoting capa-
bilities on HT-29 cells.

IL‑1α and HMGB1 distinctly modulates 
the production of pro‑metastatic mediators 
and chemokines

Tumour secreted factors such as pro-metastatic mediators, 
cytokines and chemokines play critical roles in promoting 
cancer metastasis (Liu et al. 2017). Hence, in this present 
study, we were interested to investigate whether IL-1α, 
HMGB1 and their ligand complexes; which has been shown 
to exacerbate inflammation (Wähämaa et al. 2011), regu-
lated the production of pro-metastatic mediators which are 
associated with CRC progression, in the lysates and super-
natant of HT-29 stimulated cells. By using the human cancer 
metastatic multiplex assay, we found that IL-1α significantly 
downregulated the intracellular expression and secretion lev-
els of Dickkopf-related protein 1 (DKK-1) (Fig. 10a), while 
increasing the secretion levels of osteoprotegerin (OPG) 
(Fig. 10b). Both DS and NO HMGB1 increased the intracel-
lular expression of TRAP-5 (Fig. 10c). Interestingly, it was 
observed that only NO HMGB1 increased the intracellular 
expression levels of TWEAK (Fig. 10d). Surprisingly, no 
significant changes were observed when IL-1α and HMGB1 
were in complexes, and the modulatory effects were similar 
to stimulation with either IL-1α or HMGB1 alone (Fig. 10), 

Fig. 7  Effect of IL-1α and the different redox states of HMGB1 on 
cellular proliferation of HT-29 cells. Cells were stimulated with 
IL-1α, DS and NO HMGB1. a The proliferation rate of HT-29 cells 
was measured via MTT at 6, 12, 48 and 72 h and b captured every 
hour via live imaging (top panel) and the gap closure percentage and 
rate were graphed (bottom panel). Bars represent mean data (± SEM). 
One-way ANOVA with Dunnett’s correction was used to determine 
statistical differences. Cell proliferation of stimulated cells were com-
pared to unstimulated cells. Magnification 4 ×, scale bars, 100  µm 
(top right). *P < 0.05

◂
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suggesting that they may not synergistically act in modulat-
ing the expression and production of these mediators. Note, 
no changes were observed in the secretion and expression 
levels of YLK 40, periostin, GDF-15, and osteonectin, while 
the levels of osteonectin were undetectable in lysate samples 
(Supplementary Fig. 5).

We then investigated if IL-1α and HMGB1 regulated 
the secretion of several pro-tumorigenic chemokines, 
specifically CXCL1 (le Rolle et al. 2015), CXCL5 (Zhao 
et al. 2017) and CXCL8 (Ning et al. 2011). Intriguingly, 
we observed that IL-1α stimulation significantly upregu-
lated the secretion of these chemokines in HT-29 cells in 

Fig. 8  Effect of IL-1α and the different redox states of HMGB1 on 
spherogenic potential and expression of epithelial cell adhesion mol-
ecule (EpCAM) and E-cadherin in HT-29 spheroids. Suspension cells 
were stimulated for 10 days with IL-1α, DS and NO HMGB1. The a 
number and b volume of HT-29 spheroids were captured at the end of 
the stimulation period and graphed. Representative photomicrographs 
of 8 field views are shown (top panel). c HT-29 spheroids were then 
collected and lysed. Proteins were then standardized to 5 μg/mL and 

measured for the expression of EpCAM. d Expression of E-cadherin 
was determined by western blot. Band densities were measured by 
densitometric analysis, and data for the expression of E-cadherin 
were normalized to GAPDH. Bars represent mean data (± SEM). 
One-way ANOVA with Dunnett’s correction was used to determine 
statistical differences. Mean data and expression levels of stimulated 
spheroids were expressed as fold change relative to unstimulated 
spheroids. Magnification 4 ×, scale bars, 500 µm (bottom right)
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a concentration-dependent manner (Fig. 11a). The differ-
ent redox states of HMGB1 also significantly upregulated 
the secretion of CXCL8. Interestingly, when comparing 
between the different redox states of HMGB1, NO HMGB1 
induced the secretion of CXCL8 by 1.5-fold higher than 
DS HMGB1, indicating that the different redox states of 
HMGB1 influences chemokine production (Supplementary 
Fig. 6). Collectively, these data also emphasizes that IL-1α 
and HMGB1 regulate different pro-metastatic mediators and 
chemokines, with the different redox states of HMGB1 dis-
tinctly influencing their modulatory effect.

IL‑1α‑mediated secretion of CXCL1, CXCL5 
and CXCL8 is TAK1‑dependent

A recent study has shown that inhibition of a central inflam-
matory signalosome known as transforming growth factor-
β-activated kinase 1 (TAK1), ameliorates chemokine pro-
duction in mouse astrocyte cultures (Soto-Díaz et al. 2020). 
Interestingly, TAK-1 is also a kinase that is involved in IL-1 
receptor signalling (Jurida et al. 2015). Thus, we hypoth-
esized that TAK1 might play a role in mediating IL-1α-
induced chemokine secretion in HT-29 cells. We inhibited 
TAK1 activity using a small molecule inhibitor; NG25, and 
this significantly reduced the secretion levels of CXCL1, 
CXCL5 and CXCL8 in a concentration-dependent man-
ner (Fig. 11b), demonstrating the role of TAK1 in IL-1α-
mediated secretion of these chemokines.

Discussion

Here, we demonstrated a potential signalling pathway that 
regulates the secretion of IL-1α and HMGB1 in CRC cells 
in response to viral mimetic, Poly(I:C) (Fig. 12). Our find-
ings suggests that Poly(I:C) induced secretion of IL-1α was 
ER stress and RIPK1-dependent, whereas HMGB1 was only 
dependent on RIPK1. We also performed CRISPR-Cas9 
pooled targeting of RIPK1 in HT-29 cells. Reduced secre-
tion levels of IL-1α were observed, but cell viability was 
also compromised, suggesting that RIPK1 plays a role in 
CRC cell survival upon cellular stress. Exploration into the 
roles of IL-1α and HMGB1 showed that these DAMPs have 
differential effects in regulating tumorigenesis in CRC cells. 
IL-1α directly promotes cellular proliferation, spherogenesis 
and clonogenesis as well as inducing the expression of vari-
ous pro-metastatic mediators and chemokines. Notably, the 
different redox states of HMGB1 did not directly enhance 
cellular proliferation, spherogenesis and clonogenesis but 
induced the production of several pro-metastatic mediators 
with the redox status of HMGB1 having influence.

In this study, we revealed that RIPK1 might have dual 
role in CRC cells; (i) mediating the secretion of IL-1α and 
HMGB1 and (ii) regulating cell survival. Using pharmaco-
logical inhibitor NEC-1, we showed that RIPK1 inhibition 
significantly reduced the levels of both IL-1α and HMGB1, 
highlighting the role of this kinase in modulating the secre-
tion of these DAMPs. Although this could not be verified 

Fig. 9  Effect of IL-1α and the different redox states of HMGB1 on 
clonogenic potential of HT-29 cells. Cells were stimulated for 10 days 
with IL-1α, DS and NO HMGB1. The number of colonies of HT-29 
cells was captured at the end of the stimulation period (top panel) 

and bars represent mean values (± SEM) (bottom panel). One-way 
ANOVA with Dunnett’s correction was used to determine statisti-
cal differences. Cell colonies of stimulated cells were compared to 
unstimulated cells. *P < 0.05
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with the CRISPR-Cas9 gene editing tool, we do believe 
that RIPK1 plays a role, as NEC-1 significantly decreases 
intestinal inflammation (Günther et al. 2019) and reduces 
colitis-associated tumorigenesis in mice, which have been 
associated with IL-1α and HMGB1 production (Fan et al. 
2018; Liu et al. 2015; Malik et al. 2016). Additionally, 
similar findings have also been observed in other cell types 
where Lukens et al., have showed that RIPK1 induces IL-1α 
production in haematopoietic cells and critically mediates 
chronic inflammation (Lukens et al. 2013). The inhibition 
of RIPK1 with NEC-1 markedly decreased the secretion of 
inflammatory mediators and inhibited the synthesis of IL1A 

transcripts (Lukens et al. 2013). Simpsons and colleagues 
have also shown that viral infection elevated the levels of 
HMGB1 in airway epithelial cells via RIPK1, and pharma-
cological inhibition with NEC-1 attenuated viral-induced 
HMGB1 translocation and release (Simpson et al. 2020). 
Taken together, these studies support our findings, that the 
secretion of IL-1α and HMGB1 are RIPK1-dependent. How-
ever, if this were to be verified via genetic alteration meth-
ods to exclude the chance of any off-target inhibition using 
NEC-1, future studies could opt to knockout endogenous 
RIPK1 and transduce the cells with a kinase-dead version of 
RIPK1. This had been shown possible by research, whereby 

Fig. 10  Effect of IL-1α, the different states of HMGB1 and their 
ligand complexes on the secretion of pro-metastatic mediators in 
HT-29 cells. Cells were stimulated for 24  h with IL-1α, DS, NO 
HMGB1 and their ligand complexes. The expression of pro-meta-
static mediators a DKK-1, b OPG, c TRAP-5 and d TWEAK, were 
measured via ELISA multiplex cancer metastasis panel in cell super-

natant (left panel) and lysates (right panel). Bars represent mean data 
(± SEM). One-way ANOVA with Dunnett’s correction was used to 
determine statistical differences. The level of pro-metastatic media-
tors in cells treated with IL-1α, DS, NO HMGB1 their ligand com-
plexes were compared to unstimulated cells. *P < 0.05
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Fig. 11  Modulatory effects of IL-1α and the different redox states 
of HMGB1 on chemokine release in HT-29 cells. HT-29 cells were 
stimulated for 24 h with a IL-1α and b in the presence and absence 
of TAK1 inhibitor, NG25. CXCL1, CXCL5 and CXCL8 concentra-
tion were determined by ELISAs. One-way ANOVA with Bonferro-

ni’s correction was used to determine statistical differences. CXCL1, 
CXCL5 and CXCL8 levels in cells stimulated with IL-1α alone were 
compared to unstimulated cells, and cells treated with IL-1α in the 
presence of NG25. Bars represent mean data (± SEM). *P < 0.05

Fig. 12  Potential signalling pathway of IL-1α and HMGB1 in pro-
moting CRC cell progression. Poly(I:C) induces ER stress and RIPK1 
activation, promoting the secretion of IL-1α while HMGB1 was 
independent of ER stress. Upon secretion, these DAMPs contribute 

to CRC progression by upregulating the expression/secretion of pro-
metastatic mediators/chemokines and enhances pro-tumourigenic 
properties of CRC cells
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genetic inactivation of RIPK1 activity using RIPK1 kinase-
dead knock-in mice models resulted in reduced levels of 
HMGB1 release (Simpson et al. 2020).

We observed reduced viability in RIPK1 depleted cell 
pools post Poly(I:C) stimulation but not in the parental cells, 
suggesting that RIPK1 intracellular expression is crucial to 
maintain cell survival under stressful events. In line with our 
findings, previous studies have found that RIPK1 knockout 
potentiated cell death in macrophages and fibroblasts when 
stimulated with Poly(I:C) (Buchrieser et al. 2018; Dillon 
et al. 2014; Kearney et al. 2014). Intriguingly, Kearney et al., 
have previously shown that genetic manipulation of RIPK1 
potentiates Poly(I:C)-induced necroptosis; a form of inflam-
matory cell death (Kearney et al. 2014). They clarified that 
(i) this kinase is critically required for cellular signalling 
interactions and activation of the NF-κB cell survival path-
way (Kearney et al. 2014) and (ii) pharmacological inhibi-
tion with NEC-1 only hinders the kinase activity of RIPK1, 
whereas RIPK1 genetic alterations abolishes the expression 
of the protein. Several in vivo studies supported this notion 
and showed that RIPK1 deficient mice are not viable (New-
ton 2015; Suda et al. 2016), whereas RIPK1 kinase-dead 
 (RIPK1K45A) mice which were viable and healthy (Berger 
et al. 2014). This confirms that the presence of RIPK1 pro-
tein itself is required to maintain cell survival, whereas 
its kinase activity is dispensable and gives insights to the 
decreased cell viability observed in our RIPK1 depleted cell 
pools stimulated with Poly(I:C).

The role of ER stress in HT-29 cells was demonstrated 
for IL-1α but not on HMGB1 secretion. Although a trend 
of reduction was observed in Poly(I:C)-mediated HMGB1 
secretion in response to BIX, this did not reach statistical 
significance. These were in contrast with other studies, 
as HMGB1 release have been previously shown to be ER 
stress-dependent in human placental and breast cancer cells 
(Collett et al. 2018; Park et al. 2016). Poly(I:C) is an ER 
stress/UPR inducer (Ishaq and Natarajan 2016; Lenna et al. 
2013) and other well-known ER stress activators, tunicamy-
cin and tharpsigargin also promoted the release of HMGB1 
(Park et al. 2016). Thus, there is a high possibility that the 
secretion of HMGB1 is ER-stress dependent. In this study, 
a BiP inducer (BIX) was used to alleviate ER stress. BiP is 
an ER chaperone that binds and represses the UPR sensors 
under non-stressed conditions but dissociates from these 
UPR sensors upon ER stress to assist in protein folding, 
allowing for UPR activation and its downstream signalling 
cascade. Supplementing cells undergoing ER stress with 
BIX reverses this effect, as it induces BiP mRNA and sub-
sequently protein expression (Ha et al. 2019; Kudo et al. 
2008). However, previous studies have shown that BiP is 
only capable of limiting the activation of UPR sensors and 
is not a principal determinant, but an adjustor for sensitivity 
to various stresses (Kimata et al. 2004). Thus, it is plausible 

that ER stress is still persistent in Poly(I:C) stimulated cells, 
despite the presence of BIX. Hence, future approaches using 
alternative ER stress/UPR inhibitors such as Sunitinib, Salu-
brinal and AZD 5582, could be used to validate if HMGB1 
secretion is ER stress dependent.

We demonstrated that IL-1α and HMGB1 participates in 
tumourigenesis. From our findings, both DAMPs elicited dif-
ferential impacts, with IL-1α exhibiting more versatile roles 
as compared to HMGB1. IL-1α had growth promoting capa-
bilities; stimulating HT-29 cell proliferation, clonogenic, 
spherogenic potential, and induces the secretion of various 
pro-metastatic mediators, while HMGB1 only acquires the 
latter ability. Interestingly, there appears to be a link between 
the growth promoting potential of IL-1α and its regulation 
of pro-metastatic mediators. IL-1α decreases the production 
of DKK-1; a negative regulator of the Wnt signalling path-
way, allowing for enhanced Wnt activation which crucially 
supports CRC cell proliferation, as well as the growth and 
maintenance of colonospheres (Kanwar et al. 2010; Nie et al. 
2019). IL-1α also promotes TAK1-dependent secretion of 
pro-tumourigenic chemokines CXCL1, CXCL5 and CXCL8 
which further supports CRC cell growth (Łukaszewicz-Zając 
et al. 2020). Interestingly, recent studies have suggested 
that TAK1 phosphorylation also regulates RIPK1 activa-
tion (Geng et al. 2017), which could result in a feedback 
loop, further upregulating the secretion of IL-1α, exacerbat-
ing CRC cell progression (Fig. 13). Additionally, IL-1α also 
increases OPG expression in CRC cells; a decoy receptor for 
TRAIL (cytokine released by immune cells to target cancer 
cells), which decreases immunosurveillance and prevents 
apoptosis of cancer cells (Smyth et al. 2003). In contrast, the 
different redox states of HMGB1 were incapable of directly 
promoting cellular proliferation, as HMGB1 did not induce 
similar mediators as IL-1α, apart from CXCL8. Alterna-
tively, HMGB1 significantly increased the expression levels 
of TRAP-5 and TWEAK, which are mediators that are asso-
ciated with cancer invasion and angiogenesis respectively 
(Liu et al. 2021; Reithmeier et al. 2017). Given that our 
experiments were performed in single cell culture models, 
the effects of HMGB1 could potentially be more prominent 
in complex in vitro co-culture models or in vivo, taking inva-
sion and angiogenesis into account.

When further comparisons were made between the effects 
mediated by the different redox states of HMGB1, it was 
observed that NO and DS HMGB1, both generally have 
similar roles, inducing the production of pro-metastatic 
mediators. Surprisingly, NO HMGB1 which was previ-
ously thought to have chemotactic activity but not cytokine/
chemokine inducing activity (Venereau et al. 2012), stimu-
lated CXCL8 chemokine secretion in CRC cells. This con-
trasts with the previously reported findings, despite using the 
same formulation of DS and NO HMGB1 at similar concen-
trations (10 μg/mL) (Venereau et al. 2012; Yang et al. 2021). 
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Venereau et al. have shown that NO HMGB1 was unable to 
induce cytokine/chemokine production including IL-6 and 
IL-8 in macrophages and was exclusively a chemoattractant 
in fibroblast cells (Venereau et al. 2012). Similar findings 
were observed by Yang et al., (Yang et al. 2021) where they 
have shown that only DS but not NO HMGB1 had cytokine 
inducing potential in macrophages. Interestingly, Di Mag-
gio et al., have showed that none of the redox forms of 
HMGB1 induced proliferation and inflammatory mediators 
in human cardiac fibroblasts (Di Maggio et al. 2017). This 
suggests that the different redox states of HMGB1 could be 
cell-dependent or altered in different disease conditions or 
pathological settings. In our study, both NO and DS HMGB1 
demonstrated CXCL8 chemokine and TRAP5-inducing 
ability. NO HMGB1 was also an independent inducer of 
TWEAK and increased the expression of EpCAM in sphe-
roids, while DS HMGB1 did not. Though, it is important 
to note the limitations for our study, whereby unlike NO 
HMGB1, the DS HMGB1 used was not protected from oxi-
dation, thus it is possible that this may have resulted in DS 
HMGB1 activity being altered.

It is important to acknowledge that unlike Poly(I:C), 
which mimics viral infections, induces the secretion of both 
IL-1α and HMGB1, other stimulus used in this study such 
as LPS only triggered the release of HMGB1, while TNF-α 
did not induce the secretion of both DAMPs. This suggests 
that the type of stimulus (i.e., viral/bacteria) may lead to the 

discrimination or synergistic effects of DAMPs in contribut-
ing towards the pathological processes of CRC. As LPS only 
induces the production of HMGB1 but not IL-1α, the role 
of HMGB1 could potentially be more prominent if the onset 
of CRC is associated with bacterial infection. Whether the 
pathological processes leading towards a HMGB1-centric 
pathway due to the absence of IL-1α, remains to be investi-
gated. Since different inducers trigger the release of DAMPs 
through distinct signalling pathways, this could contribute 
towards divergent mechanism(s) in promoting CRC cell 
progression. Whether the different distinct pathways even-
tually converge at one target, which could be a rendezvous 
point is still unknown. Thus far, we have also showed in 
this study that IL-1α and HMGB1 when in complexes did 
not act in a synergistic manner in regulating the produc-
tion of pro-metastatic mediators, however, these findings 
were limited to the analytes available in the multiplex assay. 
Therefore, further investigation into these proposed aspects 
is warranted to obtain a deeper understanding of how these 
DAMPs may interact and work together in promoting CRC 
tumourigenesis.

In conclusion, we described a molecular signalling path-
way by which IL-1α and HMGB1 are secreted in CRC cells, 
and their functional roles in enhancing tumourigenesis. The 
proposed signalling pathway could serve as an attractive 
therapeutic target to combat CRC.

Fig. 13  Growth promoting capability of IL-1α and hypothesis path-
way. IL-1α interacts with Wnt to promote CRC cell proliferation 
and spherogenesis. IL-1α also decreases the production of DKK-1, 
a negative regulator of Wnt, exacerbating Wnt activation. IL-1α-

mediated TAK1 activation induces the secretion of pro-tumouri-
genic chemokines, and this kinase have also been proposed to regu-
late RIPK1 activity, resulting in a feedback loop which collectively 
enhances the capability of IL-1α in promoting CRC cells’ growth
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