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Abstract

Introduction: Doxorubicin (DOX) is widely used to treat a variety of human cancers.
However, a well-known but poorly understood side effect of DOX treatment is its cardiotoxic
properties, which trigger cardiac cell death and heart failure. Autophagy is a cellular process
responsible for the removal and degradation of damaged cellular components and proteins
through a lysosomal regulated pathway. Previous research demonstrated that autophagy is
impaired in cancer patients and mice treated with DOX. The cyclic GMP-AMP synthase
(cGAS) - stimulator of interferon genes STING (cGAS-STING), is part of the innate immunity
signaling pathway activated by cellular DAMPs such as nuclear DNA and chromatin associated
HMBGL1. Activation of cGAS-STING leads to cytokine production and cell death. However,
the involvement of cGAS — STING pathway in DOX-cardiomyopathy is not well understood.
Herein, we investigated the role of cGAS-STING pathway in DOX-induced cardiotoxicity, as
well as explore potential therapeutic interventions.

Methods: Neonatal cardiac myocytes (NCMCs) were isolated from 1-2 days old Sprague-
Dawley rats and were treated with DOX in increasing doses (0.5uM, 1uM, 2.5uM, 5uM and
10uM). After eighteen hours of treatment, the cells were processed for Western blot analysis
to evaluate the protein expression of protein markers involved in the innate immune pathway.
To assess the impact of cCGAS and STING inhibition on DOX-induced toxicity, cell viability
and mitochondrial function assays were performed in presence and absence of the inhibitors
on DOX treated cardiomyocytes.

Results and conclusion: Our findings demonstrate that in contrast to vehicle treated cells,
DNA is present in the cytosol of cardiac myocytes when treated with DOX. This coincided
with activation of cGAS-STING pathway, accompanied by elevated expression of NLRP3 and
Bnip3 proteins leading to wide spread cell death. Notably, pharmacologic inhibition of cGAS

or STING independently suppressed DOX-induced cardiac cell death. Our data reveal for the



first time the involvement of cGAS-STING innate signaling pathway in the pathogenesis of
DOX cardiotoxicity. We suggest that therapeutic interventions that modulate the innate

immune pathway may prove beneficial to preserving cardiac function and mitigating

cardiotoxicity in cancer patients treated with Dox.
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Introduction

Anthracycline drugs, particularly Doxorubicin (DOX), are widely employed as a first-line
treatment strategy for a broad spectrum of human cancers due to its highly potent anti-cancer
properties (1,2). Despite its strong efficacy against cancer, DOX’s well-known yet poorly
understood side effect is that it can induce severe cardiac damage. Notably, in some cases, the
chemotherapy has to be stopped because the cardiotoxic effects of DOX are life threatening.
Hence, as a result cancer patients go without the required anti-cancer treatment (3). The
cardiovascular complications associated with DOX manifest in a dose-dependent manner either
acutely, within a few days of initiation of therapy or chronically, occurring several decades
after treatment has been discontinued (4). In severe cases, the prognosis following DOX
therapy is poor and often manifests as heart failure, which is the leading cause of mortality

among cancer survivors (3).

Autophagy is a cellular process responsible for degrading and recycling damaged cellular
components and proteins. The process entails the sequestration of damaged or dysfunctional
components through the formation of specialized structures called autophagosomes.
Subsequently, when autophagosomes fuse with lysosomes to form autolysosomes, the
autophagosome cargo is degraded by the action of lysosomal enzymes. Therefore, autophagy
is essential for maintaining cellular homeostasis and promoting cell survival (5). Under normal
conditions, autophagy serves as a cytoprotective mechanism, mitigating cardiac damage and
cell death by eliminating ROS (reactive oxygen species) producing mitochondria and clearing
cellular debris (6). Previous research, including studies from our laboratory, suggests that DOX
causes mitochondrial dysfunction and necrotic cell death of cardiomyocytes mediated by Bnip3

(Bcl-2 19-kD interacting protein) activity (7). Additionally, it has been reported that DOX
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inhibits autophagic flux (5) leading to accumulation of cellular debris and damaged organelles

such as mitochondria. Thereby contributing to DOX-induced pathology.

Elevation in the release of inflammatory cytokines has been linked to DOX-induced
cardiotoxicity (8). Studies have shown that, in cardiac myocytes treated with DOX there is a
marked increase in the levels of inflammatory cytokines such as TNF-a , loss of nuclear-
associated high-mobility G box protein 1 (HMGB-1) and DNA damage (9,10). Since DOX
impairs autophagy, several damaged organelles and proteins such as mitochondria, HMGB-1
and DNA escape lysosomal digestion and accumulate in the cytosol (11). HMGB-1 and DNA
can activate the innate immune signaling as a damage-associated molecular pattern (DAMP)
response. Thereby triggering the cyclic GMP-AMP (cGAMP) synthase (cGAS) stimulator of
interferon genes (STING) (cGAS-STING) pathway resulting in the activation of interferons
and cell death (7). cGAS is a DNA sensor and binding with cytosolic DNA causes its activation,
which leads to the synthesis of cGAMP from GMP and ATP. cGAMP acts as a secondary
messenger and has a high affinity for STING, which is localised on the endoplasmic reticulum
(ER). Binding of cGAMP to STING leads to its subsequent activation. This promotes STING
stimulated release of pro-inflammatory cytokines such as type 1 interferons via TANK binding

kinase-1 (TBK-1) and IFN regulatory factor-3 (IFN3) molecular pathway (12).

Abnormal activation of cGAS — STING pathway and inflammation is intricately linked with
cardiovascular disorders such as myocardial infarction and aortic aneurysm and dissection
(13,14). However, the involvement of cGAS — STING pathway needs more investigation in
regards to DOX-induced cardiomyopathy. The primary focus of this project will be to elucidate
the role of the innate immune signaling cGAS-STING pathway response in the pathogenesis

of DOX cardiomyopathy.
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Doxorubicin has been part of treatment strategies for human cancer since the 1960s and is still
the most commonly and widely used chemotherapy drug (3,15). Nonetheless, cardiomyopathy
induced by DOX remains a major challenge and risk factor for cancer patients developing heart
failure while undergoing DOX treatment. Further, the involvement of innate signaling pathway
in DOX cardiotoxicity is untested. Hence, understanding the molecular mechanisms that
underlie DOX-induced cardiomyopathy is of great scientific and clinical importance for

developing new treatment strategies to improve cancer patient care.
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Literature Review

1. Doxorubicin in Cancer Treatment :

Doxorubicin (DOX) is an anthracycline drug isolated from Streptomyces peucetius var. caesius
in the 1960s (16). Being highly potent against cancer, it soon became one of the mainline
therapies used for treating various human cancers. DOX is typically administered
intravenously, either alone or in combination with other chemotherapy drugs, to treat breast
cancer, sarcomas and acute leukaemia among others (17,18). The average dose of DOX varies
depending on the specific type of cancer type, patient characteristics, and treatment protocol.
However, a typical dose range for doxorubicin is 60-75 mg/m? of body surface area,
administered every 21 days (19). DOX is a type of topoisomerase Il (Topll) inhibitor that
blocks the action of the topoisomerase enzyme that is responsible for regulating DNA
replication and transcription. DOX intercalates itself into the DNA strand, leading to DNA
breaks thus preventing replication (20).

Despite being a very effective chemotherapy drug, its cardiotoxic side effect is currently a

major limitation in its clinical application.

2. Doxorubicin induced-cardiotoxicity :

DOX-induced cardiomyopathy can be manifested acutely or chronically depending on when
the symptoms first manifest. The risk of manifesting cardiovascular side effects as a result of
DOX treatment has a dose dependent relationship (21,22). The incidence of developing toxicity
as a side effect is about 36% with a cumulative dose exceeding 600 mg/m2 (3). In a clinical
trial involving a cohort of 630 patients randomized to receive doxorubicin plus placebo across
three Phase Il studies, 32 patients were diagnosed with congestive heart failure (CHF),

indicating that approximately 26% of patients may experience doxorubicin-related CHF at a
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cumulative dose of 550 mg/m? (21). The symptoms can manifest as reduction in left ventricular
ejection fraction, arrhythmias, neutropenia and cardiac dysfunction (15). In severe cases of
toxicity and poor prognosis, the patient can develop of end-stage CHF in which cardiac
transplant becomes the last life-saving intervention for these patients (3). However, cardiac
transplant comes with its own complex issue of the availability of donor hearts and the
likelihood of cancer recurrence. Currently, dexrazoxane is the only US Food and Drug
Administration approved drug that is used clinically prevent cardiac damage caused by DOX
(23,24). Dexrazoxane is a strong iron chelating agent and is cardioprotective as it removes iron,
reducing free radical formation in cardiac myocytes (25). The implication of dexrazoxane role
in preventing cardiac damage induced by DOX is highly debatable. Where some studies show
that dexrazoxane reduces the risk of cardiac dysfunction clinically in breast cancer patients
undergoing anthracycline chemotherapy (26), others show that dexrazoxane has been
statistically linked to reduced anti-cancer properties of DOX, increased haematological toxicity
and increased risk of second malignant neoplasms (27,28). Therefore, investigation of adjuvant
therapies which can prevent cardiomyopathy without compromising the anti-cancer effect of

DOX is necessary.

3. Mechanisms of Doxorubicin cardiomyopathy :

Although the cardiotoxic side effect of DOX is well known it’s still poorly understood.
Research has shown that the mechanism involving dox induced cardiotoxicity is multifactorial.

The proposed mechanisms that have gained attention have been described as follows.

3.1 Oxidative stress and ROS production :
Cardiomyocytes have the highest number of mitochondria compared to other tissue and cell

types (29). This makes cardiac cells susceptible to DOX induced damage as DOX interacts
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with the inner layer of mitochondria resulting in high production of reactive oxygen species
(ROS) in the electron transport chain, leading to disrupted ATP synthesis and oxidative stress
(30). Oxidative stress is caused by the imbalance in levels of ROS and antioxidants that can
elicit cellular injury, triggering mitochondrial damage and cardiac dysfunction (30,31). Free
radical overproduction can take place due to multiple processes such as redox cycling, nitric
oxide synthase (NOS) uncoupling, interaction with NADPH oxidases (NOXs), and impaired

mitochondrial respiration (31,32).

3.2 DNA damage :

The very property of DOX that makes it a chemotherapy drug can result in DNA damage in
cardiomyocytes. As mentioned before, DOX is a topoisomerase Il inhibitor (20).
Topoisomerase has two isoforms topoisomerase Il alpha (TOP2A) and topoisomerase 1l beta
(TOP2B) (33). DOX binds to TOP2A in cancer cells and blocks the enzyme topoisomerase I,
which results in a break in the DNA strand, as relaxation of supercoils in DNA are inhibited
(34). However, TOP2A is not present in cardiomyocytes. Although DOX induces a similar
reaction by binding to TOP2B, which is expressed in cardiac myocytes cause break in the
double stranded DNA, affecting the transcription within mitochondrial DNA (mtDNA) and

nuclear genomic DNA, resulting in cell death and cardiac dysfunction (33).

3.3 Impaired calcium homeostasis and contractile dysfunction :

The contractility of cardiac myocytes depends on the intracellular calcium concentration (35).
DOX is associated with disruption in homeostasis of calcium flux resulting in contractile
dysfunction and heart failure (33). In cardiac myocytes sarcoplasmic reticulum (SR) releases
Ca?* to commence the contraction process. Studies have shown that DOX is involved in

disruption of Ca?* uptake by sarcoplasmic reticulum Ca?*-ATPase (SERCA) and reducing the
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intracellular Ca?* transient amplitude. Additionally, DOX induces an elevation in diastolic
[Ca?*]i, which impairs the function of the left ventricle (LV). Mitochondrial capacity of storing
calcium is also strongly affected by DOX, causing calcium overload and mitochondrial
dysfunction resulting in apoptotic cell death. This happens because DOX selective activates
cyclosporin  A-sensitive Ca?* channels in the mitochondria (36). Furthermore, ROS
overproduction by DOX is closely linked to an increase in Ca?* as by pretreatment of the SR

Ca2+ channel blockers and the antioxidants, ROS production was shown to be decreased (37).

3.4 Mitochondrial defects :

Cardiac myocytes are rich in mitochondria to meet the high energy requirement of the heart.
Hence, the maintenance of mitochondrial integrity and functionality is crucial for proper
cardiac function (38,39). The quality of mitochondria is maintained by mitochondrial
proteostatics, mitochondrial biosynthesis, mitochondrial dynamics, mitochondrial DNA
(mtDNA\) repair and mitochondrial autophagy (40,41). Targeting of the mitochondria by DOX
plays a significant role in cardiotoxicity induced by it (42). DOX accumulates in the
mitochondria and disrupts the mitochondrial respiratory chain (7,43). It also stimulates the
release of cytochrome C promoting apoptosis (44). Previous work from our laboratory has
shown that BH3-only protein Bcl-2-like 19kDa-interacting protein 3 (Bnip3) which is part of
the Bcl-2 family and is a mitochondrial death protein, mitigates DOX-induced necrosis in
cardiomyocytes (7). Activation of Bnip3 provokes mitochondrial perturbation in the form of
loss in mitochondrial membrane potential (A¥m) and permeability transition pore (mPTP)
opening (45). The study demonstrated that in Bnip3~~ mice were relatively resistant towards
DOX-induced cardiotoxicity (7). Mitophagy homeostasis is important for maintaining
mitochondrial health and recycling damaged mitochondria. However, studies have

demonstrated that there is dysregulation of PINK1/Parkin-mediated mitophagy in the case of
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DOX (46,47). An essential protein for mediating mitochondrial bioenergetics and
mitochondrial fusion is Mitofusin 1 and Mitofusin 2(MFN1/2) (48). Meanwhile, dynamin-
related protein 1 (DRP-1) controls mitochondrial fission (49). The imbalance between
mitochondrial - fusion and fission has been linked to pathologies. MFN2 gets proteasomal
degraded and DRP-1 is expressed at an elevated level in response to DOX and research have
shown that targeting MFN2 and DRP-1 helps reduce mitochondrial perturbations and cell death
induced by DOX (50,51). The ultrastructure defects in mitochondria induced by DOX alter
the much-required ATP production for the proper functioning of cardiomyocytes (52,53).
Additionally, elevated oxidative stress induced by DOX results in mitochondrial dysfunction

and damage (30).

4. Doxorubicin’s effect on cell fate :

The ultimate outcome of cellular damage of cardiomyocytes caused by DOX is cell death.
Though the molecular pathogenesis remains unclear, DOX induces cell death via processes
such as apoptosis, autophagy, ferroptosis, necrosis and pyroptosis. These pathways have been

associated with acute DOX cardiomyopathy (54).

4.1 Apoptosis :

Programmed Cell Death (Apoptosis) induced by DOX can occur due to activation of both
intrinsic (mitochondrial) and extrinsic (receptor-mediated) pathways. DOX treatment results
in excessive ROS production and mitochondrial damage in cardiac myocytes which results in
apoptotic cell death (55). Intrinsic apoptotic death of cardiomyocytes occurs as pro-apoptotic
factors such as endonuclease G (EndoG), cytochrome c, and apoptosis-inducing factor (AIF)
are released in the cytosol due to loss in mitochondrial membrane potential, mitochondrial

swelling and outer membrane rupture (55). Bcl-2 family proteins play an important role in
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regulating programmed cell death in mitochondria (56). DOX-induced cellular stress activates
Bax/Bak translocation from the cytosol to the mitochondrial outer membrane, increasing
membrane permeability and allowing the release of inner membrane proteins like cytochrome
c (55). Presence of cytochrome c in the cytosol activates caspase resulting in cell death (57).
Doxorubicin-induced DNA damage activates p53 which upregulates BAX expression,
compromising mitochondrial membrane potential and promoting cell death, Notably,
inhibition of p53 has been shown to attenuate these detrimental effects (58).

The extrinsic pathway is triggered when death ligands like FasL and TNF-a bind to their
receptors, recruiting adaptor proteins Fas-associated via death domain (FADD) and TNFR-
associated death domain (TRADD) (55,59). This results in caspase 8 and 3 activation causing

cell death (57).

4.2 Autophagy :

Autophagy is a cellular process crucial for maintaining homeostasis by the clearance of
damaged cellular organelles and proteins. Hence, this cellular clearance mechanism is vital for
preserving cardiac structure and function under normal physiological conditions (60).
Upregulation of autophagy serves as a protective response against various stressors in order to
restrict damage and promote survival (60). Autophagy promotes cellular survival through
catabolism, but dysfunctional autophagic activity can lead to cell death, potentially through
necrosis and inflammation (61). Whether doxorubicin induces or disrupts autophagy in cardiac
tissue is controversial as studies examining the role of autophagy in DIC have reported
conflicting evidence (57). A study shows that inducing autophagy by rapamycin before DOX
treatment increase cardiac cell survival as it reduces ROS production, apoptosis and improves
mitochondrial function (62). Meanwhile, suppressing ATG7, a key regulator of autophagy, has

been shown to mitigate doxorubicin-induced cardiotoxicity in both cell culture experiments
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and chronic mouse models (63). Recent research has clarified these contradictory findings by
suggesting that DOX initially stimulates the autophagy process but later inhibits its completion.
This leads to the accumulation of undegraded autophagosomes and autolysosomes, which
exacerbates cellular damage and ultimately contributes to the death of cardiomyocytes (11).
DOX promotes the expression of LC3-11, p62 and Beclinl, thereby stimulating the beginning
of autophagy (11). Conversely, DOX blocks the latter stages of the process by blocking
autophagic flux and lysosomal acidification in cardiac myocytes. This disruption leads to the
accumulation of autolysosomes, which in turn causes oxidative stress and contributes to

cardiomyopathy (11,57).

4.3 Ferroptosis :

Introduced as a non-apoptotic mode of cell death in 2012, ferroptosis is an iron-dependant
regulated cell death pathway involving the accumulation of iron and increased lipid
peroxidation (64). As DOX intercalates itself in the mitochondrial DNA (mtDNA), it causes
iron overload in the mitochondria, thereby inducing ferroptosis (65). A study demonstrated that
by using ferrostatin 1 (Fer-1) a ferroptosis inhibitor, DOX-induced cardiomyopathic effects
can be alleviated (66). Additionally, nuclear factor erythroid 2-related factor 2 (Nrf2) activation
has also been used to suppress DOX-induced cardiomyocyte ferroptosis (67). Understanding
of the molecular mechanism of DOX induced ferroptosis isn’t fully understood and is still

developing.

4.4 Necrosis :
Acute form of DOX-induced cardiotoxicity involves necrotic cell death, which is characterised
by cellular swelling resulting in cell bursting and leakage of cellular content in the environment,

spreading inflammation to adjacent cells (52). Necrotic cell death of cardiomyocytes has been
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tied to the activation of Bnip3 due to DOX (7). Cardiac myocytes treated with DOX have
mitochondrial dysfunction, loss of nuclear HMGBL1 and release of lactic acid dehydrogenase

(LDH) and cardiac troponin T (cTnT), which serve as necrotic markers (7).

4.5 Pyroptosis :

Cell death characterised by excessive inflammation (caspase dependent) induced by the
activation of inflammasome sensors like Nod-like receptor (NLR) family, the DNA receptor
Absent in Melanoma 2 (AIM2) and the Pyrin receptor is called pyroptosis (68). DOX-induced
pyroptosis is triggered by the increased expression of the NLR family pyrin domain-containing
3 (NLRP3) inflammasome. Once activated, NLRP3 facilitates the recruitment and activation
of caspase-1. Active caspase-1 then promotes the activation of interleukins IL-1p and 1L-18
while cleaving gasdermin D (GSDMD) into its N-terminal and C-terminal fragments. The N-
terminal fragment of GSDMD binds to the plasma membrane, forming pores that result in cell
swelling, membrane rupture, and the release of pro-inflammatory cytoplasmic components
(69,70). The NLRP3/caspase-1/GSDMD pyroptosis pathway plays a significant role in
inflammation. Additionally, DOX can promote the activation of the Bnip3-caspase-3-GSDME
pathway which can induce cardiomyocyte pyroptosis (71). Inhibition of the NLRP3-caspase-1
or Bnip3-caspase-3-GSDME pathway using pharmaceutical interventions has proven to
attenuate cardiomyopathy induced by DOX (71-73). Patient’s undergoing DOX treatment
exhibit elevated level of pro-inflammatory cytokines such as TNFa, which is known to
exacerbate DOX linked cardiac dysfunction and toxicity (9,74). Understanding the
inflammatory pathways for DOX’s cardiotoxic effect and finding a therapeutic strategy to
tackle it has gained interest of many researchers. A key inflammatory pathway is the cGAS-

STING pathway.
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5. cGAS-STING inflammation pathway :

The ability of the cell’s innate immune system to detect microbial or viral infections is crucial
for generating a defence response to eliminate the pathogen successfully (12). Cyclic GMP-
AMP (cGAS) is a DNA sensor that recognises foreign genetic material or pathogen-associated
molecular patterns (PAMPS) in the cytosol of the cell (75). The activation of cGAS by binding
with DNA induces a conformational change to catalyses the synthesis of the secondary
messenger cyclic guanosine monophosphate-adenosine monophosphate (cyclic GMP—-AMP or
cGAMP) from ATP and GTP (76). cGAMP binds and activate the transmembrane adaptor
protein STING (stimulator of IFN genes/ TMEM173) which mainly resides in the endoplasmic
reticulum (77,78). Activation of STING triggers the TANK binding kinase 1 (TBK1) and IFN-
regulatory factor 3 (IRF3) signalling axis, resulting in the production and release of pro-
inflammatory cytokines, such as type I interferons (IFNs) from the nucleus (77). The innate
CGAS-STING pathway is essential for invoking an immune reaction against pathogenic stress.
Ideally, the DNA material of a cell is contained in the nucleus and mitochondria. The DNA
present in the cytoplasm is rapidly broken down by nucleases such as TREX-1 and DNase 1.
However, in a state of cellular stress and genomic instability, the endogenous DNA can be
released into the cytoplasm and accumulate there, eliciting a sterile inflammatory response
(79). Mitochondrial DNA is more susceptible to oxidative stress which can compromise its
integrity and result in the release of mtDNA into the cytoplasm (80). Presence of cytosolic
DNA act as a damage-associated molecular patterns (DAMPSs) which are recognised through
pattern recognition receptors (PRRs) (81). Hence, aggregation of cytosolic self-DNA along
with reduced nuclease activity can activate the cGAS-STING signaling pathway, leading to an
autoimmune inflammatory response (12). Cardiovascular diseases (CVDs) such as
atherosclerosis, cardiac hypertrophy, DOX-induced cardiotoxicity and heart failure have been

associated to genomic instability and excessive inflammation (82,83). Understanding the role
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of cGAS-STING pathway can offer new insights into disease mechanisms and potential

therapeutic strategies.

5.1 DAMPS

Sterile inflammation is a result of non-pathogenic stress (84). Pattern recognition receptors
(PRRs) like Toll-like receptors (TLRs), NOD-like receptors (NLRs), and multiple intracellular
DNA sensors are responsible for recognising endogenous molecules called damage-associated
molecular patterns (DAMPs), which are released during cellular and tissue damage (85). High-
mobility group box 1 protein (HMGBL) is a type of DAMP that activates TLR4 signalling in
ischemia reperfusion injury (IRI), driving inflammation (86). Previous work from our
laboratory has shown that as a result of DOX treatment there is loss of HMGB1 from the
nucleus (7). Efflux of mtDNA and genomic DNA into the cytoplasm can serve as a DAMP
which can be picked up by cytoplasmic DNA sensors cGAS and trigger an autoinflammatory

reaction (85).

5.2 Activation of cGAS and production of cGAMP :

CcGAS amino acid constituting of two domains — first highly basic ~160-amino-acid amino-
terminal (N-terminal) unstructured domain and second globular ~360-amino-acid
nucleotidyltransferase (NTase) (C-terminal) (75,81). cGAS which is unbound to DNA is not
structurally active as its monomeric when free (87). The binding of double stranded DNA
(dsDNA) induces confrontational change to form 2:2 oligomeric complex, where two cGAS
molecules are associated with two dsDNA strands (88). This causes the catalytic pocket on the
N-terminal to get activated and catalyzes the production of 2'3'-cGAMP from ATP and GTP
(76). cGAMP has high affinity for STING and it acts as a secondary messenger which then

activates STING (89).

24



5.3 Activation of STING and downstream effects :

STING resides in the transmembrane region of the endoplasmic reticulum (ER), where it exists
as an inactive dimer. In this state, STING forms a V-shaped ligand-binding pocket designed to
accommodate cyclic GMP-AMP (cGAMP) (90). Upon binding with cGAMP, the dimer
undergoes structural stabilization, enabling its translocation from the ER to the Golgi apparatus
(91). This translocation facilitates the recruitment of TANK-binding kinase 1 (TBK1) and
interferon regulatory factor 3 (IRF3) to the C-terminal tail (CTT) of STING (79). TBK1
phosphorylates IRF3, activating this transcription factor, which subsequently enters into the
nucleus (92). In the nucleus, IRF3 induces the expression of interferons and inflammatory
cytokines, including TNF, IL-1p, and IL-6, resulting in a pro-inflammatory immune response
(57). Stimulation of the cGAS-STING pathway release of nucleotide-binding oligomerization
domain-like receptor pyrin domain containing 3 (NLRP3) inflammasome (93).

Though induction of inflammation is a crucial component for immune response and tissue
repair (94). A tight regulation over pro-inflammatory and anti-inflammatory factors is
necessary to maintain immune homeostasis. Excessive and prolonged inflammation can be

detrimental as it can lead to autoimmune disorders.

5.4 Role of cGAS-STING in diseases :

CGAS-STING pathway is an important mediator for innate inflammation. There is evidence
proving the involvement of the signalling pathway as a inducer of acute to chronic
inflammation in various diseases pathologies (95). For instance, mutation in the endonuclease
TREX1 causes Aicardi-Goutiéres syndrome that affects the functionality of the enzyme and
has been shown to be involved in the pathogenies of Systemic lupus erythematosus (SLE)

which is an autoimmune disease (96). Inability of TREX to degrade cytosolic dsDNA activates
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CGAS-STING pathway leading to the development of the pathology seen in SLE (97,98).
Grieves et al. demonstrated that restoring TREX1 function as a potential strategy to help
mediate activation of unnecessary inflammation (99). Furthermore, research done by Li et al.
indicates that inhibition of cGAS recuses the autoimmune inflammation response in Trex1-
= mice (100). Rheumatoid arthritis (RA) is associated with elevation in inflammatory responses
through the cGAS/STING signalling pathway as a result of accumulation of cytosolic DNA.
Overexpression of DNase Il a lysosomal enzyme that digests DNA or knockdown of
CGAS/STING reduces dsDNA-induced phosphorylation of IRF3 and NF-xB p65, mitigating
the inflammatory signaling (101). Similarly, in DNasell~ mice exhibiting severe autoimmune
and inflammatory phenotypes, inhibition of cGAS effectively averted these manifestations
(102). Tumor metastasis is linked with chromosomal instability and cytosolic DNA sensing
pathway activation. STING deficiency slowed down metastasis of tumor cells and decreased
inflammatory pathway activation (103). STING induced IFN (type-I interferon) signalling
drives elevation in pro-inflammatory cytokines in the case of traumatic brain injury (TBI),

whereas STING ™~ mice exhibited neuroprotection following TBI (104).
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Figure A. Schematic representation of cGAS-STING signalling pathway.

Cellular stress leads to the release of DNA into the cytoplasm, which acts as a DAMP. This
DNA is detected by the cytosolic DNA sensor cGAS. Upon binding to DNA, cGAS is activated
and catalyzes the production of cGAMP. cGAMP functions as a second messenger, binding to
and activating the STING protein located on the ER. STING activation triggers a signaling
cascade that culminates in the production and release of type | interferons and pro-

inflammatory cytokines, initiating an inflammatory response.
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5.4.1 CVDs and cGAS-STING :

Recent studies suggest the activation of cGAS-STING signalling pathway due to high content
of cytosolic self-DNA (mtDNA or nuclear) is an integral part of various cardiovascular diseases
(CVDs) (105-107). Myocardial infarction causes extensive cardiomyocyte necrosis, resulting
in the release of DAMPs triggering activation of innate immune pathways and initiate a robust
inflammatory response (108). Although inflammatory response is necessary for clearance of
death cells and to promote scar formation, prolonged inflammation can exacerbate cardiac
injury (109). Large scale cardiac myocyte death as observed in Ml, elicits a strong type | IFN
signaling response from heart macrophages which is mediated by the cGAS-STING pathway
(110-112). STING specific inhibitor H-151 treatment decreases inflammatory cells infiltration
post MI and alleviates cardiomyocyte cell death and fibrosis of cardiac fibroblasts (113).

In angiotensin 1l (Ang Il)-induced aortic aneurysm and dissection (AAD) upregulation of
neutrophil cytoplasmic factor 1 (Ncfl) is crucial for preventing STING activation and chronic
inflammation which leads to smooth muscle cell (SMC) apoptosis. Inhibition of STING is
protective against aortic degeneration and AAD formation (114). Gene deletion of Trex1 in
mice had extremely low survival rate and developed myocarditis causing cardiomyopathy and
heart failure (115).

MI, heart failure, stroke and claudication are different types of CVDs that can be caused as a
result of atherosclerosis (108). Release of endogenous DNA fragments is part of atherosclerosis
pathogenesis which can trigger inflammation through STING activation (116). Hence,
inhibition of STING either pharmaceutically or genetically can be a potentially strategy to
mediate inflammation and plaque formation in atherosclerosis (116,117).

Studies have shown correlation between CVDs, elevated levels of inflammatory markers and
CGAS-STING pathway activation. Inflammatory reaction plays a significant role in

progression of cardiovascular diseases. A chronic inflammatory response can lead to impaired
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left ventricular function, development of cardiac fibrosis, adverse cardiac remodeling, and
ultimately, cardiomyocyte death. These pathological changes collectively exacerbate the
severity and progression of CVDs, highlighting the critical role of inflammation and cGAS-
STING signaling in cardiovascular pathophysiology (83).

DOX-induced cardiomyopathy is a serious risk factor for the clinical use of the chemotherapy
drug (3). Inflammation is known to be involved in the pathogenesis of the anthracycline-
induced cardiotoxicity (118). DOX treatment elicits production of proinflammatory cytokines
like interleukin (IL)-1pB, IL-18, IL-6 and TNF-a (9,74,119). This inflammatory response further
amplifies the cardiac injury induced by DOX.

Accumulating literature suggest that targeting and suppressing inflammatory pathway could
serve as a promising therapeutic strategy to mitigate the damage caused by excessive
inflammation in various disease states (120).

However, the exact mechanism for cGAS-STING inflammatory pathway’s link to DOX
induced cardiotoxicity remains elusive and needs more research. In this study, we explore the
role of the cGAS-STING pathway in doxorubicin-induced cardiomyopathy to identify potential

therapeutic strategies.
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Rationale and Hypothesis

Rationale :

Clinical observations have shown that cancer patients undergoing DOX chemotherapy have
elevated levels of inflammation as a manifestation of DOX-induced toxicity. Recent studies
indicate that cardiovascular disorders such as myocardial infarction and aortic aneurysm and
dissection is closely linked to increased inflammatory response and activation of cGAS —
STING innate immune pathway. Whether DOX-induced inflammatory reaction is connected
to the activation of the cGAS-STING pathway remains elusive and requires further research.
Hence in this study we investigate the role of cGAS-STING signalling in DOX-induced

cardiomyopathy.

Hypothesis :

Impaired autophagy activates the innate cGAS-STING signaling pathway resulting in pro-

inflammatory responses and cardiac dysfunction in DOX cardiomyopathy.
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Materials and Mythologies

1. Neonatal rat cardiomyocyte (NCMC) isolation and cell culture :

Neonatal rat ventricular myocytes were isolated from the excised hearts of 1-2 days old
Sprague-Dawley rat pups. The extracted hearts underwent enzymatic digestion followed by
Percoll gradient centrifugation to obtain a primary cardiomyocyte culture. Cells were incubated
to overnight in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (DF) nutrient mixture in
a ratio of 1:1 at 37°C. The nutrient media DMEM/F-12 is supplemented with 17 mmol/L
HEPES, 3 mmol/L NaHCO3, 2 mmol/L I-glutamine, 50 ug/mL gentamicin, and 10% FBS. The
following day the cell culture media was replaced with DF serum free (DFSF) media. Cells
were plated for 24 hours before being subjected to respective treatment.

To study the dose dependant effect of DOX treatment, myocytes were treated with increasing
doses of DOX (0.5uM, 1uM, 2.5uM, 5uM and 10uM, Pfizer Canada) for 18hr.

Additionally, NCMC were treated with DOX (0.5uM) along with cGAS inhibitor (RU.521) in
different dose concentration (0.5uM, 1uM, 2.5uM and 5uM) for 18hr before testing for
different end points. Similarly, STING inhibitor (H151) was used as an intervention in various

concentration for DOX (0.5uM) treatment.

2. Western blot :

At the end of the treatment, cardiac myocytes were lysed using Radioimmunoprecipitation
assay buffer (RIPA) (1.0% deoxycholate, 140 mM NaCl, 10 mM Tris-HCI, 1% Triton X-100
and 0.1% SDS) with protease inhibitors (10pl of NaF, 10ul of PI, 10ul of Na3VO4, and 3.4pl
PMSF per 1mL of RIPA). Bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, 23225)
was done to determine the protein concentration in each sample. For western blot analysis,

cardiomyocyte lysates (20 ug protein per sample) were denatured at 100°C for 5 mins. Protein
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extracts were resolved in a denaturing sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gels and then transferred onto a nitrocellulose membranes (Bio-
Rad, 1620094). The membranes were probed overnight at 4°C with primary antibodies
targeting DNase II, TREX1, cGAS, STING, NLRP3, Bnip3, GAPDH, -Tubulin and a-Actin.
The primary antibodies were made using a 1:1000 dilution with 2.5% skimmed milk in TBS-
T (50mM Tris-HCIL, 150mM NaCl, 0.3% Tween- 20, pH 7.4). The following day, the
membrane were washed with TBST for 10 mins each and then incubated with a secondary
antibody-horseradish peroxidase (HRP) conjugate (anti-murine or anti-rabbit respectively) for
1 hour at room temperature. Chemiluminescence was used to detect desired protein bands on

the western blot.

3. Cell viability assay :

Myocytes were plated at a density of 3.2x10° cells per well on glass coverslips for staining. At
the end of treatment, the cells were incubated with florescent dyes to asses cell viability. 2 uM
of calcein acetoxymethyl ester (Calcein-AM, InvitrogenTM C3100MP) was used to stain live
cells green and 2 uM of ethidium homodimer-1 to label dead cells red. The working solution
for cell viability staining was prepared by adding 8ul of Calcein and 2ul of ethidium
homodimer-1 to 10ml DFSF media. The cells were incubated for 30 minutes in 37°C in the
working solution after treatment. After incubation, the cells were visualized using Olympus
AX-70 research fluorescence microscope at x200 magnification. The images were captured
using Zeiss ZEN 3.3 software and analysis was performed on ImageJ software. For each

condition at least >200 cells were counted from three independent repeat experiments.
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4. Mitochondrial permeability transition pore opening assay :

Mitochondrial permeability transition pore (mPTP) opening of cardiomyocytes cultured on
coverslips was evaluated by florescent staining with 5 pmol/L calcein-AM (Molecular Probes)
and 2 mmol/L cobalt chloride. In 10ml DFSF media, 8ul of calcein and 50ul of cobalt chloride
was add to make the working solution. Cells were incubated in the media for 30 minutes in
37°C post intervention. Coverslips were inverted onto a glass slide and changes in the
florescence intensity of the cells were visualised using Olympus AX-70 research fluorescence
microscope at x600 magnification. Decrease in intensity of the calcein-AM (green) florescence

indicated opening of mPTP. Individual cell florescence was measured using ImageJ software.

5. Reactive oxygen species production assay :

To analyse the amount of reactive oxygen species (ROS) produced in each condition cells were
fluorescently stained with 2.5uM of Dihydroethidium (Molecular Probes) dissolved in DFSF
(1pl of Dihydroethidium per Iml DFSF media). Cells were incubated for 30 minutes in 37°C
temperature. Coverslips for each condition was placed on a glass slide for observation using
Olympus AX-70 research fluorescence microscope at x200 magnification. ROS production
was signified by higher intensity of the red florescent staining. Imagel software was used to

analyse the intensity of the whole image captured using Zeiss ZEN 3.3 software.

6. Mitochondrial Membrane Potential (A¥m) :

Florescent reagent tetra-methylrhodamine methylester perchlorate, 50nM (TMRM, Molecular
Probes) was used to determine mitochondrial membrane potential (A¥m) in cells. Cells were
treated with TMRM fluorogenic dye for 30 minutes in 37°C incubator. Via epifluorescence

microscopy the cells were visualised and captured on Olympus AX-70 research fluorescence

33



microscope at X600 magnification using Zeiss ZEN 3.3 software. Lower intensity of the red
TMRM dye signified loss in A¥Ym. The analysis was performed using Imagel software by

measuring the intensity of florescence of each cell.

7. Co-localization between GFP-LC3 and NucBlue :

GFP-LC3 (green fluorescent protein — LC3) adeno-virus was used to tag autophagosomes
green. NucBlue (Hoechst 33342), a nuclear counterstain, was used to visualise the presence of
DNA in live cardiomyocytes and nuclear morphology as the dye emits blue florescence when
bound to DNA. Carl Zeiss spinning disc confocal microscope was used to capture live images
of the cells in 2D and 3D, at 630x or 1000x magnification with ZEN software. Co-localization
between GFP-LC3 puncta and NucBlue staining was analysed with Pearson’s coefficient with
ZEN software in the area of interest. Higher value of Pearson’s coefficient indicated greater
co-localization between the two staining. Z-stack 3D imaging using Zeiss confocal
fluorescence microscope reflected the level of co-localization measured between GFP-LC3 and

NucBlue staining.

8. Human Patients Sample Collection (Left Ventricular Tissue) :

Human left ventricular (LV) tissue sample obtained for a prior study conducted in our lab and

previously described (9) were used for western blot analysis.

9. Statistical analysis :

Quantitative data are presented as the mean + standard error of the mean (SEM). For
comparisons between two groups, an unpaired two-tailed Student’s t-test was applied.

Comparisons between multiple groups were performed using one-way analysis of variance
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(ANOVA), followed by Tukey's post hoc test. Statistical significance was measured with
Graph Pad Prism 6 and 9 software. In all cases, the data was derived from minimum of three
independent repeat experiments, with differences considered statistically significant at *P <

0.05, **P < 0.01, or ***P < 0.001.
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Results

1. cGAS-STING inflammatory pathway is activated in cancer patients and in rat

ventricular myocytes post Doxorubicin (DOX) treatment :

Previous studies, including work from our lab, have established the role of inflammatory
cytokines like TNF- a in the pathogenesis of DOX-induced cardiomyopathy (9,74). Building
on that foundation, we investigated whether cGAS-STING pathway is activated in cancer
patients who had suffered from heart failure following DOX chemotherapy. Western blot
analysis was performed on human heart tissue samples. The result as illustrated in Figure 1.1,
revealed that the expression of the STING protein is significantly upregulated in the cardiac
tissue of cancer patients who had received DOX chemotherapy, in contrast to the expression
levels observed in normal human hearts samples.

To validate our initial findings, we conducted experiments on neonatal cardiomyocytes
(NCMCs). The NCMCs were exposed to DOX treatment for 18 hours. The cells were treated
with 0.5uM, 1uM, 2.5uM, and 5uM concentration of DOX. The western blot analysis depicted
in Figure 1.2 showed dose dependent elevation in expression of cGAS and STING proteins
compared to untreated control cells. These observations confirm that activation of the cGAS —

STING inflammatory pathway in cardiac myocytes in response to DOX.

Furthermore, the western blot analysis in Figure 1.2 also demonstrated an increase in the
protein expression of NLRP3, an inflammasome component, particularly at higher

concentration of DOX treatment (5 uM).

These results indicate that an inflammatory response is triggered in cardiac myocytes when

subjected to DOX treatment via the activation of cGAS — STING signalling pathway.
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Figure 1.1 Increased expression of STING protein in the hearts of cancer patients

receiving Doxorubicin (DOX) chemotherapy treatment

Panel A. Western Blot (WB) analysis of human left ventricular (LV) tissue lysate derived from
patients treated with DOX (lanes 3 and 4) and from normal hearts that were donated for

transplantation (CTRL; lanes 1 and 2).

Panel B. Quantitative analysis of STING protein expression of Panel A illustrated as a bar

graph. Statistical significance marked by *P<0.05.
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Figure 1.2 DOX activates the cGAS-STING inflammatory pathway in rat ventricular

myocytes

Panel A-B. Western blot analysis showing dose-dependent upregulation of cGAS, STING, and
NLRP3 protein expression in rat ventricular myocytes treated with increasing concentrations

of DOX (1-5 uM).

Panel C-E. Quantitative analysis of protein expression levels for cGAS, STING, and NLRP3,
respectively, normalized to control. Data are presented as mean +£ SEM. Statistical significance

is indicated by *P < 0.05 compared to untreated control.
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2. DOX treatment induces cytoplasmic DNA accumulation, DNase Il depletion and

HMGB-1 mediated cell death in cardiac myocytes :

To understand the molecular mechanism underlying the activation of cGAS - STING
inflammation pathway in response to DOX, it was vital to investigate and identify potential
triggers. NCMCs cultured on chamber slides were infected with an adenovirus encoding the
autophagy reporter GFP-LC3 (green florescent protein — LC3). The following day the cells
were treated with DOX (5uM) for 18 hours. Subsequently, the cells were visualised using
confocal microscopy with the live NucBlue staining to tag DNA and nuclear morphology in
the cell.

Figure 2.1 shows the contrasting effect of DOX treatment on NCMCs compared to control
condition. In untreated cells it was observed that the nuclear NucBlue dye (blue color) stays
confined in the nucleus, while the GFP-LC3 puncta (green color) representing autophagosomes
are visible throughout the cytoplasm. However, DOX treated cardiac myocytes exhibit a
striking difference. It was found that the NucBlue staining leaks into the cytoplasm. This
indicates the presence of DNA material outside of the nucleus.

The presence of cytoplasmic DNA serves as DAMPs which can then be detected by cGAS
DNA sensor molecule hence triggering the activation of the cGAS-STING signalling pathway.
The 3D imaging illustrated in Figure 2.1 A, shows that GFP-LC3 puncta is engulfing the blue
DNA staining suggesting the initiation of the autophagy process. This was then analysed using
the Pearson’s coefficient analysis on ZEN software to determine the co-localization between
the GFP-LC3 puncta and DNA blue staining in the area of interest. The analysis proved that
the co-localization between the two is significant in the DOX condition.

Based on previous research that has demonstrated that DOX impairs the autophagy process
(11), our findings suggest that autophagy is initiated but not effectively completed. The

impairment of autophagy could lead to accumulation of undigested autophagosome.
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Consequently, accumulation of cytoplasmic DNA is observed under DOX treatment which can
present as DAMPSs.

Another key factor for activation of the cGAS-STING pathway is the absence or reduction in
the presence of exo or endonucleases. DNase Il protein is an acidic endonuclease and is
responsible for degradation of DNA within the lysosome (121). Western blot analysis shown
in Figure 2.2 exhibits that the expression of DNase Il gets significantly reduced when treated
with DOX in a dose dependent manner. Without the presence of nuclease, the DNA would

remain in the cytoplasm undegraded.

HMGB-1 is a well-known DAMP which can provoke cell death by activation of STING (122).
A previous work from our lab shown that there is loss of nuclear HMGB-1 as a response to
DOX treatment (7). Based on that, our aim was to investigate whether HMGBL1 inhibition could
mitigate DOX-induced toxicity. Cardiac myocytes were treated with DOX (5uM) along with
HMGB-1 inhibitor (HMGB-1-IN). It was found that cell death induced by DOX treatment was
suppressed by the inhibition of HMGB-1. The cell death induced by DOX is significantly
reduced using the inhibitor in increasing doses ranging from 0.5 to 10uM, as shown in Figure

2.3.
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Figure 2.1 Presence of cytoplasmic DNA

Panel A. Representative confocal image of saline- (Control) and doxorubicin (DOX)-treated
cardiac myocytes. GFP-LC3 stained autophagosomes green and NucBlue stained DNA content
blue. Images on the left show the normal 2-D view and on the right shows the 3-D and

colocalization of the two staining in DOX condition.

Panel B. Colocalization between GFP-LC3 and NucBlue staining is illustrated by the
histogram, showcasing the Pearson correlation coefficient as a measure of this relationship.
The statistical significance of the difference between CTRL and DOX was determined using

Student’s T-Test, *P < 0.05.
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Figure 2.2 Decrease in DNase Il protein expression in cardiac myocytes with DOX

treatment

Panel A. Western blot analysis of cardiac myocyte lysate treated with increasing dose
concentration of DOX. The western membrane was probed with primary antibody directed

towards DNase Il protein.

Panel B. Quantitative data for normalized DNase Il protein shown in Panel A. The statistical
significance from CTRL compared to other conditions are represented as *P < 0.05 and **P <

0.01
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Figure 2.3 Inhibition of HMGB1 DAMP reduces cell death induced by DOX
Panel A. Epifluorescence microscopy for cell viability assay of neonatal ventricular myocytes
in control (CTRL) and DOX treatment in the presence of HMGBL1 inhibitor (HMGB1-IN) in

increasing doses (0.5-10 uM). Live and death cells are stained green and red respectively.
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Panel B. Histogram showing quantitative data for the conditions in Panel A. Statistically
different from average percentage of death cells from DOX-only condition; *P < 0.05, **P <

0.01, or ***P < 0.001.
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3. Mitochondrial death protein (Bnip3) is induced by DOX :

Bnip3 is a pro-apoptotic member of the Bcl2 family. Upon activation, Bnip3 integrates into the
mitochondrial outer and inner membranes, where it exerts detrimental effects. Bnip3 causes
mitochondrial perturbations and dysfunction resulting in cell death by disrupting the integrity
of the mitochondria inner membrane resulting in impaired electron transport and complex IV
activity (123). Previous work from our lab has shown that DOX induced cardiotoxicity is
mediated by Bnip3 (7). We confirm this finding as we observed a dose dependent increase in

Bnip3 protein expression and cell death following DOX treatment, shown in Figure 3.1.

Additionally, through cell viability assay it was found that, DOX induces wide spread cell
death, evident by greater amount of red-stained dead cells in DOX-treated condition, Figure
3.2 A. To asses mitochondrial health, we conducted mitochondrial function assays after DOX
treatment. Following Dox treatment, we observed a marked increase in ROS production,
mitochondrial permeability transition pore opening and loss of mitochondrial membrane
potential (A¥m). Collectively, these findings show that DOX induced mitochondrial

perturbations is mediated by a mechanism involving Bnip3 activation.
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Figure 3.1 Mitochondrial death protein (Bnip3) is induced by DOX
Panel A. Western blot analysis showing dose-dependent increase in Bnip3 protein expression
in ventricular myocytes treated with increasing concentrations of DOX.
Panel B. Quantitative analysis of Bnip3 protein expression normalized to control. Data are
presented as mean = SEM. Statistical significance is indicated by **P < 0.01 compared to

untreated control.
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Figure 3.2 DOX causes mitochondrial perturbations

Panel A. Representative epifluorescence microscopy images of control (CTRL) and
Doxorubicin (DOX) treated ventricular myocytes for cell viability assay. Cells were stained
with vital dyes calcein-AM and ethidium-homodimer to detect the live (green) and dead (red)
cells.

Panel B. Mitochondrial function assay for ROS (Left, red), mPTP opening (Center, green),
and mitochondrial AYm (Right, red) in control (CTRL) and Doxorubicin (DOX) treated

cardiac myocytes.

47



4. Inhibition of the innate cGAS-STING pathway reduces cell death induced by DOX :

Given that the inflammatory cGAS — STING pathway is activated by DOX treatment, our next
step was to examine whether blocking this pathway can have a cardioprotective effect. cGAS
(RU.521) and STING (H151) inhibitors were used individually alongside DOX treatment to

test the outcome of blocking the innate pathway.

Based on our previous findings, we treated the cells with a concentration of 5 uM of DOX.
This dosage was chosen because it effectively elicited significant cellular responses, creating
an optimal experimental condition for investigating DOX-induced cardiotoxicity, without
promoting widespread cell death. NCMCs were treated with DOX in combination with either
a cGAS or STING inhibitor. The cells received various concentrations of the inhibitor: 0.5 pM,
1 uM, 2.5 uM, and 5 uM. After 18 hours of treatment, the results from the cell viability assay
indicated that DOX induced a significant level of cell death in NCMCs, with approximately a

fourfold increase in cell death.

Interestingly, inhibition of the cGAS — STING pathway significantly suppressed the cell death
caused by DOX. The most pronounced protective effect was seen at 1uM and 2.5uM dose
concentration for both inhibitors, as shown in Figure 4.1 and 4.2 These findings suggest that
blocking the cGAS-STING inflammatory pathway confers a protective effect against DOX-

induced cardiotoxicity.
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Figure 4.1 Cell death induced by DOX is rescued using cGAS inhibitor, RU.521

Panel A. Treating cardiac myocytes with cGAS inhibitor, RU.521 suppresses DOX-induced
necrotic cell death. Epifluorescence microscopy for cell viability, living cells (green), dead
cells (red) for ventricular myocytes in the absence and presence of DOX (5uM) along with
RU.521 in increases concentration (0.5uM - 5uM).

Panel B. Histogram showing quantitative data for the conditions in Panel A. Statistically

different from average percentage of death cells from DOX-only condition; *P < 0.05, **P <

0.01, or ***P < 0.001.
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Figure 4.1 Cell death induced by DOX is rescued using STING inhibitor, H-151

Panel A. Representative epifluorescence images of cardiac myocytes subjected to cell viability
assay. Cells were treated with or without doxorubicin (DOX, 5 uM) and varying concentrations
of the STING inhibitor H-151 (0.5-2.55 pM). Live cells are visualized in green, while dead
cells appear red.

Panel B. Quantitative analysis of cell death. The histogram depicts the average number of dead
cells per field across different treatment conditions. Statistical significance is indicated as *P <

0.05, **P < 0.01, and ***P <0.001 compared to the DOX-only condition.
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5. Mitochondrial perturbations induced by DOX was suppressed by inhibition of cGAS -

STING pathway :

In order to analyze the impact of blocking the cGAS — STING signalling pathway on cardiac
myocytes treated with DOX, we proceeded to examine the mitochondrial health. DOX targets
mitochondria, activating Bnip3 and inducing mitochondrial perturbations that lead to cell death
(7,42). For the experiment, cGAS (RU.521) and STING (H151) inhibitors were applied at 1
uM and 2.5 uM concentrations, which exhibited the most cardioprotective effect by effectively
suppressing cell death induced by DOX.

Reactive oxygen species (ROS) production assay was conducted with DOX (5uM) treatment,
either alone or in combination with cGAS and STING inhibitors. In the DOX-only treatment
condition, we observed an increased ROS production, represented by high intensity of the red-
dihydroethidium staining, Figure 5.1. Strikingly, when the cells were treated with either cGAS
or STING inhibitor alongside DOX, a significant reduction in ROS production in cardiac
myocytes was noted.

Similarly, after 18 hours of treatment of cardiac myocytes for the conditions: control (CTRL),
doxorubicin (DOX), DOX with cGAS inhibitor RU.521 (1 puM and 2.5 uM), and DOX with
STING inhibitor H-151 (1 uM and 2.5 uM), mitochondrial function assays for mitochondrial
permeability transition pore (mPTpore) opening and loss of mitochondrial membrane potential
(A¥m) was performed. Mitochondrial dysfunction caused by DOX in the form of mPTpore
opening and loss of (A¥m) was observed as reduction in the intensity respective staining in
DOX-only condition, shown in Figure 5.2 and 5.3. Importantly, in the conditions where the
cGAS and STING inhibitors were given the mitochondrial defects induced by DOX were
mitigated.

In addition, cGAS (RU.521) and STING (H151) inhibitors not only reduced the expression of

their target proteins but also diminished the expression of mitochondrial death protein Bnip3
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and NLRP3 inflammasome, Figure 5.4 and 5.5. This comprehensive testing suggests that
inhibition of the cGAS — STING signalling pathway effectively ameliorates DOX-induced
mitochondrial perturbations induced by Bnip3 as well as attenuates inflammatory response,
supporting the notion that Bnip3 mediated mitochondrial injury underlies inflammation and

cell death of cardiac myocytes treated with DOX.
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Figure 5.1 Inhibition of ¢cGAS and STING attenuates DOX-induced reactive oxygen
species production in ventricular myocytes

Panel A. Representative epifluorescence microscopy images of cardiac myocytes showing
reactive oxygen species (ROS) production under various treatment conditions: control (CTRL),
doxorubicin (DOX), DOX with cGAS inhibitor RU.521 (1 uM and 2.5 uM), and DOX with
STING inhibitor H-151 (1 uM and 2.5 puM).

Panel B. Quantitative analysis of ROS production. The histogram represents mean
fluorescence intensity for each treatment condition, normalized to control. Statistical
significance is indicated by asterisks, where *P < 0.05, and **P < 0.01compared to the DOX-

only condition.
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Figure 5.2 ¢GAS - STING pathway inhibition mitigates DOX-induced mitochondrial
permeability transition pore opening in ventricular myocytes

Panel A. Representative epifluorescence microscopy images of ventricular myocytes stained
with mitochondrial calcein-AM-CoCI2 (green) to assess mitochondrial permeability transition
(mPT) pore opening. Diminished green fluorescence indicates mPT pore opening. Treatment
conditions include: control (CTRL), doxorubicin (DOX), DOX with cGAS inhibitor RU.521
(1 uM and 2.5 pM), and DOX with STING inhibitor H-151 (1 uM and 2.5 uM).

Panel B. Quantitative analysis of mPT pore opening. The histogram displays mean
fluorescence intensity for each treatment condition, normalized to control. Statistical

significance is compared to the DOX-only condition: *P < 0.05 and **P < 0.01.
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Figure 5.3 ¢GAS and STING inhibition restores loss of Mitochondrial Membrane
Potential (A¥Ym) induced by DOX in cardiac myocytes

Panel A. Mitochondrial membrane potential (A¥m) was assessed using epifluorescence
microscopy. Representative images of ventricular myocytes stained with TMRM (red) were
taken for the treatment conditions: control (CTRL), doxorubicin (DOX), DOX with cGAS
inhibitor RU.521 (1 uM and 2.5 puM), and DOX with STING inhibitor H-151 (1 uM and 2.5
KM). Diminished TMRM fluorescence indicates loss in A¥Ym.

Panel B. Quantitative analysis of A¥Ym. The histogram displays represents mean TMRM
fluorescence intensity for each treatment condition, with the statistical significance is compared

to the DOX-only condition: *P < 0.05 and **P < 0.01.
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Figure 5.4 ¢cGAS inhibitor decreases the expresion of mitochondrial death protein Bnip3
induced by DOX

Panel A. Western blot analysis depicting protein expression levels of cGAS and Bnip3 in
ventricular myocytes under the following conditions: control (CTRL), doxorubicin (DOX, 5
pHM), and DOX with cGAS inhibitor RU.521 (1 uM). The blot demonstrates that RU.521
treatment reduces Bnip3 expression induced by DOX.

Panel B. Quantitative analysis for protein expression from Panel A. Data are normalized to the
control condition and presented as mean £ SEM. Statistical significance is indicated by *P <

0.05, **P < 0.01, and ***P < 0.001 compared to the DOX-only condition.
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Figure 5.5 STING inhibition mitigates DOX-induced expression of NLRP3 and Bnip3 in
cardiac myocytes

Panel A. Western blot analysis depicting protein levels of NLRP3, STING, and Bnip3 in
ventricular myocytes under three conditions: control (CTRL), doxorubicin (DOX, 5 uM), and
DOX with STING inhibitor H-151 (1 uM). The blot illustrates that H-151 treatment attenuates
DOX-induced upregulation of NLRP3 and Bnip3.

Panel B. Quantitative analysis of protein expression from Panel A. Data are normalized to the
control condition and presented as mean + SEM. Asterisks denote statistical significance

compared to the DOX-only condition: *P < 0.05, **P < 0.01, and ***P < 0.001.
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Discussion

Anthracycline drugs like Doxorubicin are highly potent against a broad spectrum of cancers.
However, the cardiotoxic side of effect of DOX is a limiting factor for its clinical application
(124,125). The cardiomyopathy induced by DOX is dose-dependent and presents as arrythmia,
electrocardiogram (ECG) changes, reduction of left ventricular ejection fraction (LVEF) and
severe cardiac dysfunction leading to heart failure (126). Heart failure is one of the leading
causes of mortality, affecting millions of people worldwide (127,128). Cancer patients
undergoing chemotherapy have a higher risk of developing heart failure due to the cardiotoxic
effect of the treatment (129,130), with about 0.5-2.5% of cancer survivors progressing to end-
stage heart failure (131). As such, there is no cure for heart failure, and therapies such as f-
blockers and ACE inhibitors are symptomatic treatment strategies used to treat heart failure
(126). While end-stage heart failure requires advance heart failure therapies such as heart
transplantation (130,132). A complete understanding of the molecular mechanism associated
with DOX-induced toxicity remains elusive. Consequently, there is still a significant demand
for a deeper understanding of the fundamental mechanisms of anthracycline-induced

cardiomyopathy, as well as the development of novel treatment approaches.

Intensive research suggests that DOX induces excessive oxidative stress, mitochondrial
damage, inflammation, ultrastructural defects (myofibrillar loss and/or disarray) and cell death
in cardiomyocytes (7,133,134). Furthermore, the cellular stress caused by DOX is known to
cause DNA damage (135). DOX, being a topoisomerase IIf} inhibitor, induces DNA double-
strand breaks (DSBs) production, selectively affecting oxidative phosphorylation, provoking
ROS production and impairing mitochondrial biogenesis in cardiomyocytes, leading to cell
death (136-138). Zhang et. al. showed that cardiomyocyte specific deletion of Top2b

attenuated the DOX-induced cardiomyopathy (136). Mitochondrial DNA (mtDNA) damage
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and mutation, along with elevated ROS production in the mitochondria, have been associated
with DOX-induced mitochondrial damage and cardiotoxic pathogenies (139,140). The opening
of the mitochondrial permeability transition pore in response to DOX treatment can allow the
escape of mtDNA from mitochondria (141,142). The release of DNA from its compartments
(nucleus and mitochondria) to the cytosol has been associated with cardiac inflammation,
disorders, and heart failure (88,105,111,143). Additionally, previous research from our lab has
established that DOX results in the loss of high mobility group box 1 (HMGBI) from the
nucleus (7), suggesting that DOX-induced toxicity triggers the release of various danger-
associated molecular patterns (DAMPs), thereby amplifying cellular stress responses in cardiac

myocytes (85,122).

Cellular homeostasis is maintained by the autophagy process. It is responsible for the degrading
and recycling of damaged organelles and cellular components (144). The precise relationship
between autophagy and DOX remains to be fully elucidated, although accumulative evidence
suggests that DOX disrupts the autophagy process (145). Studies have shown that DOX
disrupts the proper completion of autophagy by hindering clearance of damaged cellular
components (47,146—148). DOX impairs lysosomal acidification, hence blocking autophagic
flux in cardiomyocytes (11). Dox reduces the formation of autophagolysosomes in the hearts
of mice given DOX treatment (149). Consequently, impaired autophagy results in the
accumulation of unprocessed autophagosomes and undegraded damaged cellular components
such as mitochondria, promoting ROS overproduction and proteotoxicity, which further

accelerate DOX-induced cardiac dysfunction (11,150).
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A growing body of research suggests that the persistence of cytosolic DAMPs such as HMGB1
and DNA due to impaired autophagy can elicit an inflammatory response. The cGAS-STING
innate immune pathway is responsible for detecting cellular DAMPs and is important for
regulation of inflammatory responses (12). Its role in cardiovascular diseases like MI,
atherosclerosis and heart failure has recently been identified (82,120). Notably, excessive
inflammation has been reported in cancer patients and animal models that were treated with
the DOX chemotherapy, signified by elevation in cytokine markers such as TNFa and IL-6
(9,151). Excessive inflammation (chronic or acute) in cancer patients is harmful as it can result

in tissue damage, impaired left ventricular function and cardiomyocyte cell death (83).

In this study, we demonstrate convincing evidence that the cGAS-STING pathway is involved
in DOX-induced cardiomyopathy. Herein, we show the activation of STING in the hearts of
cancer patients who had suffered from heart failure following DOX treatment. We further
confirmed our findings in neonatal cardiac myocytes. The interesting aspect of our study is that
we found a dose-dependent increase in ¢cGAS and STING protein expression. This finding
correlated to the upregulation of the NLRP3 inflammasome. Therefore, indicating a direct link

between DOX exposure and an inflammatory response.

An important feature of our study is that we show the presence of DNA in the cytosol of
cardiomyocytes when exposed to DOX treatment. Live imaging showed that NucBlue dye,
which produces blue florescence when bound to DNA, was confined to the nucleus under
control condition. Strikingly, it was observed that DOX treatment led to the spillage of the blue
staining into the cytoplasm. Furthermore, colocalization analysis and 3D imaging established

that the GFP-LC3 puncta, which tags autophagosomes, engulfs the blue DNA staining. Our
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findings suggest the induction of the autophagy process. However, literature suggests that
under DOX disrupts the successful completion of autophagy (11,149). Hence, this leads us to
conclude that the cytosolic DNA present in DOX-treated cells remain undegraded and can act
as DAMPs. In addition to this, not all the DNA is enclosed by the autophagosome, making it
possible for the cGAS to sense the DNA in the cytoplasm. Our study also revealed a reduction
in the expression of DNase II protein, a lysosomal enzyme critical for the degradation of DNA
(121). The decrease in expression of DNase II allows for the accumulated cytoplasmic DNA

to persist, allowing it to activate of the innate cGAS-STING pathway.

Research has shown that HMGBI1 promotes senescence in cancer cells via upregulation of
STING (122). It has been previously established that HMGB-1, another DAMP, is released
from the nucleus and contributes to cell death induced by DOX (7). From our current study we
demonstrated that inhibition of HMGBI can rescue cardiomyocytes from DOX-induced cell
death. However, the relationship between HMGB1 and ¢cGAS — STING signalling in DOX-

induced cardiotoxicity needs more research.

Bnip3 is known to be involved in causing apoptotic cell death in cardiac myocytes when given
DOX treatment. We show that the expression of the Bnip3 protein increases in a dose-
dependent manner due to DOX. The activation of Bnip3 has been linked to mitochondrial
defects induced by DOX (7). The same was observed as DOX treatment resulted in
overproduction of ROS, mPTpore opening and loss of transmembrane potential in
mitochondria. Furthermore, mtDNA leakage can occur if the mitochondria are damaged due to
opening of PTpore in response to pathological stimulation (152). The leakage of mtDNA can

then result in the activation of cGAS as it is a DNA sensor perpetuating a robust inflammatory
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reaction and cardiac injury (141,142,152,153). In addition, DOX induced a high amount of cell

death of cardiomyocytes.

A particularly intriguing aspect of our study is that cGAS-STING pathway inhibition mitigates
DOX-induced mitochondrial dysfunction and cardiomyocyte death. Interestingly, our research
showed that inhibiting either cGAS or STING using a pharmacological inhibitor suppresses
the mitochondrial damage induced by DOX. Additionally, the cell death induced by DOX was
significantly reduced using both cGAS (RU.521) and STING (H-151) inhibitor, respectively.
The application of the inhibitor alongside DOX treatment suppressed excess production of
ROS and opening of the mitochondrional permeability transition pore. As well as, the
mitochondrial membrane potential loss was attenuated by the inhibitors. Our findings show
that blocking cGAS and STING reduced the expression of the mitochondrial death protein
Bnip3, which explains the reduction in mitochondrial dysfunction. The expression of the
inflammasome NRLP3 was also suppressed using the STING inhibitor, blocking cardiac
myocyte inflammation. These findings strongly indicate that DOX-induced mitochondrial and

cardiac injury is mediated by the cGAS — STING signalling axis.
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Conclusion and Future Directions

In conclusion, our study provides novel mechanistic evidence that DOX-induced cardiotoxicity
is mediated through the activation of the innate immune cGAS-STING pathway, resulting in
inflammation, mitochondrial dysfunction and cell death. We show that The activation of this
pathway upregulates Bnip3, exacerbating mitochondrial damage and cardiomyocyte apoptosis.
Significantly, by inhibiting the cGAS — STING signalling, the mitochondrial perturbation
induced by DOX and Bnip3 activation was mitigated. This study presents two potential
therapeutic interventions: blocking cGAS or STING activity, which can ameliorate
doxorubicin-induced cardiotoxicity. Therefore, adjuvant therapies that can target cGAS or
STING can prove beneficial in preventing cardiomyopathy in cancer patients receiving DOX

treatment and improving disease progression.

Moving forward, further research exploring the translational relevance of cGAS and STING
inhibition in vivo models would help determine the implication and efficacy of the inhibitor in
whole complex organisms. As mentioned before, investigating the effect of HMGB1 inhibition
would deepen our understanding of the activation of the pathway. Our study highlights the
importance of targeting the innate immune response as a promising mechanism to manage

DOX-induced cardiotoxicity in cancer patients.
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