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Abstract. Patients with cancer receiving doxorubicin-based 
chemotherapy often have to stop taking the drug due to its 
cardiotoxicity and therefore lose out on the beneficial effects 
of its potent antitumor activity. Doxorubicin has been demon-
strated to damage cardiomyocytes via various mechanisms, 
including accumulation of reactive oxygen species (ROS), 
DNA damage and autophagy dysfunction. The present 
review focuses on autophagy, describing the general process 
of autophagy and the controversy surrounding its role in 
doxorubicin-induced cardiotoxicity. In addition, the associa-
tions between autophagy and apoptosis, ROS, DNA damage 
and inflammatory processes are discussed. In the future, it will 
be useful to further elucidate the process of autophagy and 
reveal its association with various pathological processes to 
develop effective strategies of preventing doxorubicin-induced 
cardiotoxicity.
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1. Introduction

Anthracyclines are a group of highly effective chemo-
therapeutic agents used in the treatment and management 
of various cancer types (1). The anthracycline doxorubicin 
(DOX) is a potent and broad-spectrum antineoplastic agent 
used to treat patients with leukemia, lymphoma, sarcoma or 
breast cancer (2). However, cardiovascular complications are 
well-documented side-effects of anthracyclines. DOX can 
impair the pumping function of the left ventricle and lead to 
dilated cardiomyopathy and congestive heart failure (HF), 
resulting in the termination of the treatment and worsening 
the prognosis of the patient (2,3). Furthermore, the risk of 
developing subsequent cardiotoxicity increases with the dose 
of DOX received. A previous study demonstrated that patients 
who received a cumulative dose of 400 mg/m2 DOX exhibted 
a 5% increase in the risk of HF. This risk was further increased 
by 26 and 48% when doses of 550 and 700 mg/m2 DOX were 
administered, respectively (4). From a clinical pathology point 
of view, DOX-treated patients can exhibit extensive cardiac 
remodeling, including vast cytoplasmic vacuolization, sarco-
plasmic reticulum swelling and myofibrillar disarray (5). To the 
best of our knowledge, currently no drug has been confirmed 
to effectively prevent DOX-induced cardiotoxicity without 
diminishing its antitumor activity, which is predominantly due 
to a lack of understanding regarding the mechanisms under-
lying DOX-induced pathology.

The broad mechanisms underlying DOX-induced cardio-
toxicity are the following: i) oxidative stress, ii) DNA damage 
and its subsequent effects, and iii) autophagy dysfunction or 
impaired autophagic flux (1). Autophagy, which has gradu-
ally been recognized as a physiological process essential for 
maintaining cellular homeostasis, is not limited to a single 
signaling pathway (1,4). It is a dynamic, multistep biological 
process that can be regulated by numerous factors at a number 
of stages and overlaps with other cellular processes (6). The 
regulatory pathways of autophagy remain to be fully elucidated 
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and a number of studies have reported conflicting evidence 
regarding the role of DOX in the regulation of autophagy in 
cardiac cells (7,8). Therefore, it is essential to investigate these 
regulatory pathways, as well as other mechanisms associ-
ated with autophagy, to improve understanding of the role of 
autophagy in DOX-induced cardiotoxicity and assist with the 
development of drugs to prevent this pathological condition.

2. Interactions between autophagy and apoptosis

Programmed cell death (PCD) refers to a process in which 
cells follow a defined intracellular program and commit 
suicide in response to physiological or pathological condi-
tions (9). Based on the death mechanisms, PCD can be divided 
into caspase-independent and caspase-dependent cell death, 
the former including autophagic programmed cell death (9). 
The present section focuses on autophagy, which is the death 
of numerous organelles, apoptosis, which is the death of the 
whole cell, and their association.

Autophagy is a catabolic process involving the degrada-
tion of cellular components (1,10). Autophagy is controlled 
by autophagy-related genes (ATGs) and lysosomal proteolytic 
mechanisms, which are activated in response to different 
types of metabolic stress, including hypoxia, reactive oxygen 
species (ROS) accumulation and nutritional or energetic 
deficiency (11,12). The five core steps of autophagy include initi-
ation, nucleation, expansion, maturation, and degradation (13). 
Each of these steps have corresponding regulators, including 
serine-threonine kinase Unc-51-line kinase-1 (ULK1), ATG13 
and focal adhesion kinase family interacting protein of 200 kD 
(FIP200) complexes, which are important for the promotion 
of autophagy (Fig. 1). Adenosine monophosphate-activated 
protein kinase (AMPK) and mammalian target of rapamycin 
(mTOR) signaling pathways constitute the regulatory core of 
autophagy; however, it is also regulated by a number of other 
signaling pathways and mediators, including Beclin-1, B-cell 
lymphoma 1 (Bcl-2), phosphoinositide-3-kinase (PI3K) and 
p53 proteins (14,15). Consistently, numerous studies have 
demonstrated that the AMPK and mTOR signaling pathways 
promote and inhibit autophagy, respectively (1,16). mTOR is 
regulated by major upstream signals in the PI3K-Akt-mTOR 
pathway. In more detail, intracellular or extracellular stress 
can activate the PI3K receptor, which catalyzes the conversion 
of phosphatidylinositol 4,5-biphosphate into phosphatidylino-
sitol 3,4,5,-triphosphate (PIP3), which is a catalytic reaction 
that can be reversed by phosphatase and tensin homolog. In 
co-operation with phosphoinositide-dependent kinase-1, PIP3 
then further activates Akt. In turn, activated Akt increases the 
activity of Ras homolog enriched in brain, which upregulates 
mTOR activity, and inhibits autophagy initiation by promoting 
ULK1 phosphorylation (17,18) (Fig. 2).

Conversely, a number of studies have demonstrated that 
when the body lacks nutrients or energy, an increased adenosine 
monophosphate/ATP ratio can activate AMPK, thereby inhib-
iting mTOR, weakening the inhibition of ULK1 and finally 
initiating autophagy (15,16). As a sensor in autophagy regu-
lation, mTOR receives information from different upstream 
signal molecules and accordingly regulates downstream signal 
molecules, including p70S6K, eukaryotic translation initiation 
factor 4E-binding protein 1, ULK1, lipin-1 and peroxisome 

proliferator-activated receptor γ coactivator 1α, which produce 
their own biological effects (19). The absolute increases and 
decreases in mTOR activity are therefore determined by the 
ratio of various factors or stimuli. In other words, autophagy 
regulation may involve co-occurring activation and inhibition 
of mTOR, depending on which of the respective regulatory 
factors predominate. Autophagy regulation is indeed a compli-
cated process. While a basal level of autophagy is necessary to 
maintain cellular homeostasis, autophagic cell death without 
nuclear pyknosis is initiated when autophagy gets overacti-
vated and exceeds a certain threshold (10,20).

Apoptosis similarly serves a fundamental role in main-
taining cellular homeostasis and is also regulated by Bcl-2 and 
p53 genes, which are closely associated with autophagy (19,21). 
Autophagy and apoptosis respond to similar types of stress 
and signals, including a high intracellular Ca2+ concentration, 
ROS accumulation, toxins, growth factors and hormonal 
stimulation (22). Furthermore, the same proteins can promote 
autophagy and apoptosis mechanisms, in their respective 
processes. For example, under cellular stress conditions, 
autophagy-related 5 (ATG5), a protein necessary for the 
formation of the autophagy precursor, is cleaved by a cysteine 
protease and serves a key role in the initiation of apoptosis. 
Notably, under autophagy-inducing conditions, Beclin-1, 
which normally binds to Bcl-2 and inhibits autophagy, is 
competitively displaced and subsequently promotes the 
autophagic process (21). Altogether, the promotion and inhibi-
tion of autophagy and apoptosis contribute to the difference 
between cell death and survival. In the case of an increased 
proportion of apoptosis, caspases, the primary mediators of 
apoptosis, can cleave numerous key autophagy proteins, for 
example, caspase-3 and -8 can cleave PI3K and ATG3, respec-
tively (21). Strengthening this process will inevitably lead to 
cell destruction. On the other hand, resveratrol can induce 
autophagy via the kinase triad, AMPK, mTOR and ULK1, 
resulting in a decreased proportion of apoptosis (23-25).

Given that the regulatory pathways of autophagy are 
complex and intertwined with those of apoptosis, it remains 
challenging to elucidate the precise role of autophagy under 
drug treatments conditions, including DOX.

3. Complex role of autophagy in doxorubicin‑induced 
cardiotoxicity

The autophagic process involves the formation of a structure 
sealed by a lipid bilayer membrane called an autophago-
some (26). This autophagosome can fuse with a lysosome to 
form an autolysosome, which can degrade damaged and redun-
dant organelles or invading microorganisms (1,10). To date, to 
the best of our knowledge, 38 ATGs have been identified to 
regulate different stages of autophagy in yeast. In mammals, 
part of this network is conserved, but a number of additional 
genes are involved in the regulation of autophagy (27).

The function of ATG products, particularly their capacity 
to interact with other autophagy regulators at different stages 
of the process, is predominantly achieved by proteolysis and 
protein post‑translational modifications, including phosphory-
lation, glycosylation, ubiquitination, methylation, acetylation 
and lipidation (27). For example, in mammals, ATG13 and 
FIP200 are involved in the formation of a complex required 
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for the initiation of autophagy. By recruiting the Beclin-1 and 
vacuolar protein sorting 34/15 proteins, ATG13 is involved 
in the formation and regulation of a class III PI3K complex 
essential for the nucleation step (28). During the expansion 
step, ATG3, ATG4, ATG7, ATG10 and ATG16 serve important 
roles in promoting the formation of two essential ubiquitin-like 
(Ubl) conjugation systems, ATG12-ATG5 and light chain 3 
(LC3)-phosphatidylethanolamine (27,29). These two systems 
contribute to the amplification of phagocytic cells. In addition 
to the Ubl conjugation systems, the ATG9-mediated cycling 
systems have been demonstrated to contribute to the elonga-
tion of the phagophore and numerous other ATG products also 

function in the late steps of autophagy (27). In the later steps 
of maturation and degradation, the autophagosomes move to 
and fuse with lysosomes in a kinesin-dependent manner (13). 
Subsequently, the cargo is degraded into macromolecules and 
released into the cytoplasm to be reused. A number of cyto-
kines are also involved in the regulation of this process (10,16). 
However, the role of ATG genes in this context remains to be 
fully investigated.

DOX treatment has adverse effects on multiple tissues 
and organs of the body, and primarily affects the heart due to 
induced DNA damage, swelling of the sarcoplasmic reticulum, 
cytoplasmic vacuolization, intracellular calcium imbalance 

Figure 1. Five core steps of autophagy: Initiation, nucleation, elongation, maturation and degradation. This process is induced by various stress stimuli, 
including inhibition of mTOR. In initiation, the organelles to be degraded are gradually wrapped. Subsequently, an autophagosome is formed and cytosolic 
components are sequestered and characterized by a LC3‑II‑positive double membrane structure. In the final step, cytosolic components are degraded in an 
autolysosome. ATG, autophagy related gene; LC3, light chain 3; mTOR, mammalian target of rapamycin; ULK1, serine-threonine kinase Unc-51-line kinase-1; 
Vsp, vacuolar protein sorting; FIP200, focal adhesion kinase family interacting protein of 200 kD.

Figure 2. PI3K-AKT signal path diagram: Intracellular and extracellular factors activate the receptor of PI3K, which in turn catalyzes the conversion of PIP2 to 
PIP3, a catalytic reaction that is reversed by PTEN. PIP3 further activates Akt with the cooperation of PDK1/2. Activated Akt increases the activity of Rheb, 
which in turn upregulates mTOR activity, which inhibits autophagy initiation by promoting ULK1 phosphorylation. PI3K, phosphoinositide-3-kinase; PIP2, 
phosphatidylinositol 4,5-biphosphate; PIP3, phosphatidylinositol 3,4,5,-triphosphate; PTEN, phosphatase and tensin homolog; PDK1, phosphoinositide-depen-
dent kinase 1 and 2; TSC, tuberous sclerosis 1; Rheb, Ras homolog enriched in brain; Rags, recombination-activating genes; mTOR, mammalian target of 
rapamycin; ATG, autophagy related gene; ULK, serine-threonine kinase Unc-51-line kinase; FIP200, focal adhesion kinase family interacting protein of 
200 kD; P, phosphorylated.
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and myofibrillar disarray, which are observed in microscopic 
observations of the pathological structures (5). In addition to 
DOX itself, the pathological changes also cause autophagy 
dysfunction via the inhibition and activation of the AMPK 
and p38-mitogen-activated protein kinase (MAPK) pathways, 
respectively (30). Notably, numerous studies (7,8,25,31) 
have presented conflicting conclusions, which suggests that 
autophagy may serve a dual role in DOX-induced cardiotox-
icity.

Light chain 3 (LC3), a central protein in the autophagy 
pathway, contributes to substrate selection and autophagosome 
biogenesis. By inhibiting the Beclin-2 protein, DOX can increase 
the protein expression level of LC3, which leads to cardiomyo-
cyte death (32). Furthermore, in vitro assays have demonstrated 
that DOX can upregulate the pro-autophagy protein Beclin-1 
and induce cardiomyocyte apoptosis (7). This indicates that 
the upregulation of the level of autophagy serves an adverse 
role in DOX-induced cardiotoxicity. Inconsistently, it has also 
been demonstrated that strengthening the level of autophagy 
via the AMPK/mTOR/ULK1 signaling pathway can improve 
the survival of cardiomyocytes (25). Furthermore, aspalathin 
can attenuate DOX-induced cardiotoxicity by activating the 
AMPK pathway, which increases the level of autophagy, 
while reducing the extent of p53/mTOR/p62 signaling (8). In 
summary, these data suggest an opposite conclusion as afore-
mentioned, which is that upregulating autophagy can attenuate 
DOX-induced cardiotoxicity. Furthermore, DOX has also been 
demonstrated to inhibit autophagy by activating the E2F tran-
scription factor 1 (E2F1)/mTOR complex and further induces 
apoptosis by activating the E2F1/AMPKα2 pathway (31). 
The conflicting results of these studies are most likely due 
to the observation of different, intertwined pathways in each 
set of experiments. It is plausible that the differences in the 
conclusions of these studies may come from differences in the 
experimental reagents, animal models and other experimental 
conditions, including the dose of DOX used. Therefore, it is 
conceivable that DOX inhibits autophagy in a mouse model, 
whereas, under different conditions, an increase of autophagy 
is observed in a rat model.

Therefore, the present study proposes that the apparent 
complexity of the role of autophagy in DOX-induced cardio-
toxicity is due to the existing associations between autophagy 
and other physiological and pathological processes (33).

4. Oxidative stress and autophagy in doxorubicin‑induced 
cardiotoxicity

The large accumulation of ROS caused by DOX, a process that 
predominantly occurs in the mitochondria and cytoplasm, has 
long been recognized as the main source of cardiac damage. 
Under DOX treatment conditions, hydrogen peroxide and 
superoxide radicals are formed following the induction of 
endogenous oxidases. This process ultimately leads to the 
production of the highly reactive and toxic hydroxyl radical 
by the iron-catalyzed Haber-Weiss reaction (1,34). These 
radicals can react with proteins, lipids, DNA molecules and 
endogenous anti-oxidants, which causes protein oxidation, 
lipid peroxidation, DNA damage and antioxidant deple-
tion, respectively (33). Furthermore, ROS can result in the 
activation of the AMPK/mTOR signaling pathway or ULK1 
kinase, which increases autophagy (35). Indeed, previous 
studies have reported that treating cells with the ROS scav-
enger N-acetylcysteine can reduce ROS production and 
autophagy (36,37). Notably, it is well documented that ROS, 
like other external stimuli, including hypoxia, starvation and 
tumor necrosis factor-α (TNF-α), can affect the autophagy 
processes (38). For example, ATG4 is an autophagic protease 
with an active cysteine residue regulated by intracellular redox 
reactions. In a reducing environment, ATG4 can serve its 
unique role in promoting the formation of autophagosomes. 
However, in DOX-induced cardiotoxicity conditions, ATG4 
protease activity is inhibited by the oxidization of cysteine 
residues (39). These observations illustrate the complex and 
close association between autophagy and ROS.

It is worth noting that overwhelming levels of ROS can 
trigger autophagic cell death (Fig. 3). Furthermore, previous 
studies have demonstrated that redox signaling is not the 
only mechanism that links autophagy and ROS. When 

Figure 3. Influence of ROS and its association with autophagy. Damaged mitochondria represented by the green box produce excessive ROS that cause DNA 
damage, lipid peroxidation, endoplasmic reticulum stress, antioxidant depletion (shown in the gray box) and autophagy (shown in the blue box). This in turn 
promotes the phagocytosis of damaged mitochondria, reducing ROS levels from the source, indicated by the curved arrow. However, overwhelming levels of 
ROS can also trigger autophagic cell death (shown in the gray box). ROS, reactive oxygen species.
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bound to ubiquitylated protein aggregates, p62, an autophagy 
substrate used as a reporter of the degradation process in 
autophagosomes, can undergo phosphorylation on ser351 in a 
redox-independent manner. Phosphorylated p62 then serves an 
important regulatory role in the dissociation of the Kelch-like 
ECH-associated protein 1-nuclear factor-like 2 (Nrf2) 
complex, allowing Nrf2 to translocate to the nucleus and act as 
a transcription factor instead of being degraded. Subsequently, 
nuclear Nrf2 can transactivate anti-oxidation genes, driving 
their expression and ultimately attenuating the intracellular 
ROS levels (Fig. 4) (40-42).

5. DNA damage and autophagy in doxorubicin‑induced 
cardiotoxicity

With a number of studies (43-48) being published in the domain 
of onco-cardiology, the associations between DOX and DNA 
damage are becoming increasingly apparent. Previous studies 
have suggested that DOX, in a topoisomerase IIβ-dependent 
manner, induces the formation of DNA double-strand breaks 
(DSBs), which can lead to ROS formation, mitochondriopathy 
and apoptosis of cardiomyocytes (43,44). However, other studies 
investigating the molecular basis of anthracycline-induced 
cardiotoxicity, using knockout mice, have ruled out a direct 
involvement of topoisomerase IIβ (43-46). Additionally, it 
has been suggested that DNA damage can initiate autophagy 
through multiple pathways. In the context of DOX-induced 
DNA damage, the activity of the p53 tumor suppressor gene is 
enhanced, and the sestrin 1 and sestrin 2 proteins can subse-
quently activate AMPK, thereby contributing to the initiation 
step of autophagy (47). Furthermore, in a different pathway, 
the p53 protein can also activate liver kinase B1 and thus 
induce autophagy via AMPK (48).

Notably, autophagy has a significant impact on the DNA 
damage response, by affecting the homologous recom-

bination (HR) and non-homologous end joining (NHEJ) 
pathways, which are the two main DSB repair pathways (49). 
Previous studies have demonstrated that autophagy‑deficient 
cells exhibit markedly diminished phosphorylation levels of 
checkpoint kinase 1, a critical mediator kinase in the HR 
pathway (50,51). Consequently, these autophagy-deficient 
cells become highly dependent on the NHEJ pathway to 
perform DSB repair. However, in the long run, this continued 
dependence on NHEJ results in loss of nucleotides and 
gross chromosomal rearrangements, including transloca-
tions, and eventually causes a detrimental accumulation 
of DNA damage leading to cell death. As early as 2007, a 
study had established an association between autophagy and 
DNA damage. When the expression of BECN1, the gene 
coding for the autophagy protein Beclin 1 in mammals, is 
downregulated or completely abrogated, the autophagic 
survival response to DNA damage is severely impaired, 
which allows the cells to die by apoptosis (52). The combined 
data of numerous studies have led to the conclusion that 
stress-induced autophagy limits the amount of DNA damage 
and thus contributes to maintaining genome integrity. In the 
future, continuous investigations of the associations between 
autophagy and DNA damage will assist with the develop-
ment of new therapeutic strategies.

6. Inflammation and autophagy in doxorubicin‑induced 
cardiotoxicity

Previous studies have reported that acute and chronic myocar-
ditis, inflammatory diseases, occur in a dose-dependent 
manner in patients receiving DOX treatment (4). Inflammation 
is a factor reported to be involved in DOX-induced cardio-
toxicity and results from the combined action of numerous 
regulatory mechanisms (53). Indeed, in patients with cancer 
who exhibit DOX-associated adverse effects, a large number 

Figure 4. Antioxidant mechanism of autophagy substrates. p62, which bound to ubiquitylated protein aggregates, can undergo phosphorylation and leases 
KEAP1 from Nrf2 and Nrf2 transfers to the nucleus as a transcription factor instead of being degraded. Ultimately, Nrf2 transactivates the transcription and 
expression of antioxidant genes in the nucleus, and p62 is degraded by the autophagosome with KEAP1. KEAP1, Kelch-like ECH-associated protein 1; Nrf2, 
nuclear factor-like 2.
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of cytokines, including interleukin-1 and TNF-α, are released, 
which triggers various signaling pathways, including the 
nuclear factor-κB (NF-κB) and p38-MAPK pathways, and the 
subsequent inflammatory cascades (54,55).

These inflammatory signaling pathways are understood to 
have close associations with the autophagy pathway. NF-κB 
acts as a key regulator of the inflammatory response and is 
kept in the cytoplasm in an inactive state by the inhibitor of κB 
protein. IκB kinase (IKK) interacts with TGF-β-activated 
kinase 1 and its cofactors TAK1 and MAP3K7-binding 
protein 2 and 3 to form a complex that degrades IκBα. 
Activated NF-κB can then translocate to the nucleus and 
induce an inflammatory response (53,54,56). Notably, the 
TAK1 cofactors transforming growth factor-β-activated 
kinase 1-binding protein 2/3 can also bind to Beclin-1 and 
induce autophagy (57). Therefore, the IKK-NF-κB pathway 
and part of the autophagy pathway are in an interdependent 
equilibrium association. Furthermore, under autophagy‑defi-
cient conditions, p62 overexpression activates IKK in human 
keratinocytes in a toll-like receptor-dependent manner, 
thereby activating NF-κB and triggering an inflammatory 
response. Conversely, p62 is degraded to inhibit the NF-κB 
signaling pathway when autophagy is upregulated (58).

In the context of DOX chemotherapy, high levels 
of NF-κB-p65 phosphorylation contribute to the nitric 
oxide-induced phosphorylation/activation of AMPK. In 
turn, the AMPK/mTOR signaling pathway can enhance 
autophagy, which inhibits the NF-κB signaling pathway 
and downregulates subsequent inf lammatory cytokine 
responses (54). Therefore, upregulation of autophagy can 
serve an anti‑inflammatory role. Of note, similar effects have 
been observed in a study associated with the treatment of 
rheumatoid arthritis (59).

In summary, these findings clearly demonstrate that 
autophagy serves an anti‑inflammatory role and can exhibit 
additional beneficial effects in the context of doxoru-
bicin-induced cardiotoxicity.

7. Conclusions

Doxorubicin causes cardiotoxicity through multiple mecha-
nisms, including DNA damage, ROS accumulation, lipid 
peroxidation, energy deficiency, mitochondrial destruction, 
lysosomal destruction, calcium disorder and autophagy 
dysfunction (1,4). These mechanisms are not entirely inde-
pendent, as they occur simultaneously and interact with 
each other (1,4). The exact role of autophagy is not fully 
understood, due to a large number of associated signaling 
pathways, the association between regulatory factors and the 
overlap with other mechanisms (10,16). Apart from the effects 
on autophagy of ROS, DNA damage and inflammation, total 
calcium signaling can also affect the proximal and distal steps 
of the autophagic flux (60).

Furthermore, it is difficult for a single reporter to reflect 
the status of autophagy accurately and the majority of studies 
do not adequately consider the influence of external factors in 
their experimental setup. This has led to contradicting conclu-
sions regarding the role of autophagy in doxorubicin-induced 
cardiotoxicity. Instead of monitoring a single indicator, the use 
of multiple methods to assess the status of autophagy would 

further our understanding of its entire regulatory process and 
assist with understanding how DOX induces changes in the 
regulation of autophagy.

Although the role of autophagy in DOX-induced cardio-
toxicity remains controversial, numerous studies have reported 
that autophagy appears to be beneficial, by reducing the level 
of ROS, promoting the repair of damaged DNA, counteracting 
the effects of inflammation effects and protecting cardiomyo-
cytes from apoptosis (23,40,41,49,58).

As the number of studies continues to increase, there 
are numerous multi-faceted issues to resolve, including: 
i) the presence of other types of autophagy, including 
chaperone-mediated autophagy, which exhibit an unknown 
effect on cardiomyocytes; ii) the associations between doses 
or concentrations of DOX and the level of autophagy; and 
iii) how to modulate autophagy to attenuate cardiotoxicity 
without triggering autophagic cell death. Addressing these 
questions is not only essential to assist with the selec-
tion of drugs to antagonize the cardiotoxicity induced by 
chemotherapeutic drugs but also to avoid resistance to 
chemotherapeutic drugs and ultimately prevent and treat 
cancer.
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