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Introduction
Human protein kinases (PKs) represent a substantial 
enzyme family known as the human kinome, compris-
ing approximately 1.7% of all human genes [1]. Members 
of the protein kinase superfamily are primarily classified 
into two major categories based on their phosphorylation 
targets: serine/threonine kinases, which phosphorylate 
serine or threonine residues, and tyrosine kinases (TKs), 
which specifically phosphorylate tyrosine residues [2]. A 
third category includes dual-specificity protein kinases, 
which are capable of phosphorylating both tyrosine and 
serine/threonine residues. Among these, tyrosine kinases 
are particularly well characterized. They can be fur-
ther subdivided based on their cellular localization into 
receptor tyrosine kinases (RTKs), which possess a ligand-
binding extracellular domain and a catalytic intracel-
lular kinase domain, and non-receptor tyrosine kinases 
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Abstract
Breast cancer is one of the most prevalent malignant tumors among women and ranks as the second leading 
cause of cancer-related deaths in females, primarily due to delays in diagnosis and shortcomings in treatment 
strategies. Consequently, there is a pressing need to identify reliable therapeutic targets and strategies. In recent 
years, the identification of effective biomarkers-particularly novel molecular therapeutic targets-has become a focal 
point in breast cancer research, aimed at predicting disease aggressiveness and monitoring treatment responses. 
Simultaneously, advancements in understanding the molecular mechanisms underlying cellular programmed death 
have opened new avenues for targeting kinase-regulated programmed cell death as a viable therapeutic strategy. 
This review summarizes the latest research progress regarding kinase-regulated programmed death (including 
apoptosis, pyroptosis, autophagy, necroptosis, and ferroptosis) in breast cancer treatment. It covers the key kinases 
involved in this mechanism, their roles in the onset and progression of breast cancer, and strategies for modulating 
these kinases through pharmacological interventions.
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(nRTKs), which lack a transmembrane domain and are 
found in the cytosol, nucleus, or inner surface of the 
plasma membrane. In terms of catalytic domain sequence 
comparison, protein kinases are categorized into eight 
main families: AGC (A, G, and C kinases), CAMK (Ca2+/
calmodulin-dependent kinases), CK1 (casein kinase 1), 
CMGC (cyclin-dependent kinases), MAP kinases, gly-
cogen synthase kinase-3, CLK (cdc2-like kinases), RGC 
(receptor guanylate cyclases), STE (homologs of yeast 
sterile 7, 11, and 20 kinases), TK (tyrosine kinases), 
and TKL (tyrosine kinase-like proteins) [3]. This clas-
sification also encompasses many atypical kinases that 
lack sequence similarity to conserved eukaryotic pro-
tein kinase catalytic domains. Together with phospha-
tases, protein kinases are part of the phosphotransferase 
group, which includes enzymes that catalyze the revers-
ible transfer of phosphate groups between substrates. 
Surface receptor kinases are typically activated by their 
ligands or other stimuli, often necessitating the activa-
tion of non-receptor kinase cascades that facilitate signal 
transduction across the cytoplasm and nucleus. Thus, 
gene activation and cellular responses are coordinated 
through the phosphorylation states of protein kinases, 
phosphatases, and their substrate proteins. The phos-
phorylation process can induce conformational changes 
in substrate proteins, leading to either the disruption or 
formation of protein-protein interaction surfaces [4]. 
These conformational changes ultimately dictate the pro-
tein’s activity, cellular localization, and interactions with 
other proteins. Although protein kinase genes consti-
tute only about 2% of the genomes of most eukaryotes, 
they have the capacity to phosphorylate over 30% of 
cellular proteins, underscoring their vital role in regu-
lating post-translational modifications. Since the char-
acterization of protein kinase activity in the 1950s, these 
enzymes have been demonstrated to regulate molecu-
lar pathways that are critical for a wide range of cellular 
processes, including proliferation, metabolism, migra-
tion, survival, and apoptosis [5]. The overexpression of 
kinase activity is frequently observed in human cancers, 
resulting in abnormal cell proliferation and the inhibi-
tion of both cell differentiation and apoptosis. This dys-
regulated kinase activity generally facilitates the growth 
and survival of tumor cells by activating downstream sig-
naling pathways, which in turn drives the initiation and 
progression of cancer [6, 7]. The pathogenesis of breast 
cancer is a complex, multi-layered process influenced by 
genetic, environmental, hormonal, and immune factors 
[8, 9]. Key contributors to breast cancer development 
include genetic mutations, DNA damage, and the dys-
regulation of cell signaling pathways. Research has iden-
tified several critical signaling pathways, such as PI3K/
Akt, MAPK, and STAT, which are closely linked to the 
onset and progression of breast cancer [9]. Consequently, 

the search for new therapeutic strategies to intervene in 
signaling pathways has become a central focus of current 
research. Among these strategies, kinases play a crucial 
role as enzymes that regulate cell survival and apoptosis 
through phosphorylation [10]. However, abnormal acti-
vation of kinases can sometimes inhibit programmed cell 
death, thereby creating a conducive environment for can-
cer development [10]. Consequently, modulating kinase 
activity-particularly within programmed cell death path-
ways-may represent a promising therapeutic approach 
for breast cancer. Numerous studies have demonstrated 
that the expression levels of tyrosine kinases in breast 
cancer tissues are closely correlated with patient prog-
nosis [11]. High expression of tyrosine kinases is gener-
ally associated with increased malignancy and metastatic 
potential. Thus, the expression levels of tyrosine kinases 
not only serve as markers for breast cancer initiation and 
progression but may also become significant indicators 
for predicting disease progression and treatment out-
comes in patients [12]. In recent years, a variety of kinase 
inhibitors have been developed, and these drugs have 
been extensively studied and applied in the treatment 
of breast cancer [13]. Some inhibitors function by dis-
rupting the phosphorylation activity of kinases, thereby 
inhibiting their signaling pathways and inducing tumor 
cell death. This development brings new hope for breast 
cancer treatment, while also raising a series of clini-
cal and pharmacological questions that warrant further 
investigation. Despite extensive research on the aberrant 
expression and development of kinases in breast cancer, 
several challenges persist. First, the mechanisms of action 
of different kinases need further clarification across vari-
ous breast cancer subtypes. Second, issues related to drug 
tolerance and resistance continue to challenge current 
treatments, necessitating additional research to uncover 
their underlying mechanisms (Fig. 1).

Kinases and breast cancer
Association of abnormal kinase expression with breast 
cancer
Alterations in the PI3K/AKT/mTOR pathway are partic-
ularly prevalent in breast cancer, with estimates indicat-
ing that up to 70% of tumors exhibit some form of genetic 
mutation that leads to the hyperactivation of this path-
way. The PI3K/AKT/mTOR pathway is responsible for 
regulating numerous critical cellular functions, includ-
ing metabolism, growth, survival, and proliferation. This 
pathway transmits various extracellular signals through 
phosphoinositide 3-kinase (PI3K) via a signaling cascade. 
In mammals, class I PI3Ks are further categorized into IA 
and IB subclasses based on their regulatory mechanisms. 
Class IA PI3Ks are heterodimers composed of a p110 
catalytic subunit and a p85 regulatory subunit. The genes 
PIK3CA, PIK3CB, and PIK3CD encode three highly 
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homologous IA class catalytic isoforms: p110α, p110β, 
and p110δ. The p110α subunit, which is the catalytic 
component of the phosphoinositide 3-kinase α (PI3Kα) 
complex, is essential for normal growth and proliferation. 
This subunit is particularly critical for the signaling and 
growth of tumors driven by PIK3CA mutations or recep-
tor tyrosine kinases. The downstream target of the PI3K 
pathway is the serine/threonine kinase AKT, which has 
three isoforms (AKT1, AKT2, and AKT3) and plays a cen-
tral role in glucose metabolism, cell survival, growth, and 
proliferation [14]. Tyrosine kinases, a broadly expressed 
class of protein kinases, demonstrate significantly 

elevated expression levels in breast cancer tissues com-
pared to normal tissues. This abnormal expression may 
involve multiple isoforms, with the epidermal growth 
factor receptor (EGFR) and SRC family kinases (SFKs) 
being extensively studied in the context of breast cancer. 
The overexpression of EGFR is linked to tumor prolifera-
tion, invasion, and metastasis. Moreover, the oncogenic 
overexpression or activation of SRC, a proto-oncogene in 
mammalian cells, has been shown to play a crucial role 
in various aspects of breast cancer progression, including 
tumor initiation, growth, metastasis, and drug resistance. 
The abnormal activation of tyrosine kinases can lead to 

Fig. 1  Kinases play a crucial role in the regulation of programmed cell death, subsequently impacting the progression and treatment of breast cancer
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the dysregulation of multiple signaling pathways, thereby 
facilitating the development of breast cancer. Among 
these pathways, the PI3K/Akt and MAPK pathways are 
considered the most critical. Tyrosine kinases promote 
cell survival and proliferation through the activation of 
the PI3K/Akt pathway, while also regulating cell differen-
tiation and invasion via the MAPK pathway. The aberrant 
activation of these signaling pathways collectively drives 
breast cancer progression. Additionally, signal transduc-
tion induced by RTK activation can lead to the emer-
gence of cancer stem cell (CSC) phenotypes, which are 
characterized by resistance to therapeutic interventions 
[15, 16].

The role of apoptosis in breast cancer
Apoptosis
Apoptosis represents a significant form of programmed 
cell death and has increasingly emerged as a critical tar-
get in the screening of anticancer drugs. This highly 
regulated process serves to eliminate unnecessary or 
unwanted cells. Various conditions can activate apop-
totic pathways, including DNA damage and uncon-
trolled cell proliferation [17]. Apoptosis can be initiated 
by both intracellular and extracellular signals, leading to 
two primary pathways: the intrinsic and extrinsic path-
ways, which are distinguished by the nature of the acti-
vating signal. The intrinsic apoptotic pathway is triggered 
by internal stresses such as hypoxia, cell cycle arrest, 
metabolic stress, endoplasmic reticulum stress, cyto-
kine deprivation, genomic stress, and oncogenic signals 
[18, 19]. This pathway is tightly regulated by members of 
the B-cell lymphoma 2 (BCL2) family, which comprises 
both pro-apoptotic and anti-apoptotic factors that gov-
ern the release of mitochondrial pro-apoptotic factors 
[20]. When cellular homeostasis is disrupted by toxic 
agents or DNA damage, the pore-forming proteins Bax 
and BAK facilitate mitochondrial outer membrane per-
meabilization (MOMP). This permeabilization allows for 
the release of cytochrome c, which triggers the forma-
tion of apoptotic bodies and the activation of caspase-3, 
along with the release of pro-apoptotic factors Smac and 
Omi [21]. Additionally, MOMP induces the formation 
of apoptotic bodies. The apoptosome, a large complex, 
consists of cytochrome c, apoptotic protease activator 
1 (Apaf-1), dATP, and procaspase-9 [22]. Following the 
formation of a dimer between caspase-9 and the adap-
tor protein APAF1, downstream activation of the effector 
caspases (caspase-3, -6, and − 7) ensues. Caspases cleave 
a variety of critical substrates, including actin and cad-
herin, activate nucleases to degrade DNA, and promote 
self-cleavage, thereby establishing an irreversible posi-
tive feedback loop. Interestingly, members of the BCL-2 
family, specifically BCL-2 and BCL-XL, play a crucial role 
in inhibiting apoptosis. Notably, some anti-apoptotic 

proteins possess two BCL-2 homology (BH3) domains, 
which create a binding groove that sequesters either the 
activator or sensitizer BCL-2 protein or the BAX and 
BAK complex [23]. This balance is further influenced 
by post-translational modifications and cytoplasmic 
localization of BCL-2 proteins [24]. In contrast, intrin-
sic apoptosis is triggered by cytochrome c released from 
mitochondria, whereas extrinsic apoptosis is mediated 
by extracellular death receptors. The extrinsic apoptotic 
pathway is activated by extracellular stimuli that engage 
death receptors (DRs), including members of the tumor 
necrosis factor receptor (TNFR) superfamily, such as 
TNFR1, CD95/Fas, and TNF-related apoptosis-inducing 
ligand receptor-1 (TRAIL) [25]. Upon activation by their 
respective ligands, the oligomerization of death receptors 
facilitates the recruitment of adaptor proteins, specifi-
cally TNFR1-associated death domain protein (TRADD) 
and Fas-associated death domain protein (FADD). This 
process subsequently activates caspases-8 and − 10, cul-
minating in the formation of the death-induced signal 
transduction complex (DISC). The activation of cas-
pase-8 and − 10 is modulated by the caspase-like protein 
FLIP, which is also found within the DISC. Additionally, 
receptor-interacting protein kinase 1 (RIPK1) serves 
as another regulatory protein for the activation of the 
extrinsic apoptotic pathway. Notably, even prior to the 
identification of necroptosis, it was established that 
RIPK1 is recruited to the DISC, where it interacts by 
binding to the death domains of FADD and TRADD. 
RIPK1 can promote both a prosurvival NFκB-mediated 
pathway and a prodeath pathway either through apopto-
sis or, in the absence of active caspase-8, through necrop-
tosis, as described earlier [26, 27].

Kinases in apoptosis
Apoptosis is a fundamental process that occurs during 
development and aging to preserve cellular homeosta-
sis. A critical factor contributing to the onset and pro-
gression of breast cancer is the disruption of apoptotic 
pathways. Cancer cells frequently develop the capacity to 
evade apoptosis, which significantly contributes to their 
resistance to therapeutic agents in breast cancer [28].

HER2 is a receptor tyrosine kinase situated on the cell 
membrane, with its extracellular domain (HER2/neu) 
commonly involved in signaling pathways that facilitate 
cell growth and differentiation [29]. The phosphorylation 
of HER2 can activate the PI3K/AKT/mTOR pathway. 
Constitutive activation of PI3K, resulting from either 
PIK3CA mutations or loss of PTEN, is linked to resis-
tance against HER2-directed therapies and may indicate 
a subset of patients with poor prognoses following trastu-
zumab treatment. These alterations can trigger sequential 
signaling pathways that initiate mechanisms of therapeu-
tic escape despite HER2 blockade. Numerous researchers 
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have assessed the efficacy of trastuzumab in patients par-
ticipating in clinical trials across various disease contexts, 
focusing on alterations within the PI3K pathway. How-
ever, most studies have failed to establish a significant 
correlation between PIK3CA mutations and the thera-
peutic benefits of trastuzumab. For instance, the FinHER 
adjuvant phase III trial, which genotyped 687 patients 
with HER2-positive BC, found no statistically significant 
association between PIK3CA mutations and trastuzumab 
efficacy or survival outcomes [30]. A recent meta-analysis 
similarly concluded that neither PTEN loss nor PIK3CA 
mutations were associated with response rates to trastu-
zumab-based neoadjuvant therapy. Additional analyses 
from other trials have also not demonstrated a relation-
ship between PIK3CA or PTEN status and the benefits 
of adjuvant trastuzumab. Conversely, a novel small mole-
cule, SLLN-15, has exhibited anticancer activity by inhib-
iting the growth and proliferation of TNBC cells. This 
activity is associated with the induction of autophagy, 
achieved through the downregulation of Aurora kinase A 
(AURKA) and the inhibition of the AKT-mTOR signal-
ing pathway. Additionally, compound 9 m, a novel mTOR 
inhibitor, has been shown to inhibit the phosphorylation 
of Akt, 4E-BP1, and S6, leading to G0/G1 phase arrest 
and the induction of autophagy. Furthermore, HER3 acts 
as a vital partner to HER2 in tumorigenesis, enhancing 
processes such as cell proliferation, transcription, migra-
tion, and the inhibition of apoptosis [31, 32].

The type I insulin-like growth factor receptor (IGFIR), 
a member of the tyrosine kinase receptor family, is acti-
vated upon binding to its ligands, IGF1 and IGF2. This 
activation initiates two primary downstream pathways: 
PI3K/Akt and Ras/MEK/ERK, which regulate apoptosis, 
cell growth, and differentiation. A substantial body of evi-
dence suggests that IGFIR is implicated in various cancer 
types, with notably elevated expression levels observed 
in breast and colorectal cancers [33]. Additionally, IGFIR 
has been identified as a critical mediator in models of 
brain metastasis associated with breast cancer [34]. A 
recently developed analogue, NVP-AEW541, serves as 
an anti-IGFIR agent. When combined with trastuzumab, 
it can synergistically enhance therapeutic efficacy [35]. 
NVP-AEW541 not only decreases pAkt expression but 
also increases p27 expression, leading to reduced cell 
proliferation and increased apoptosis. Furthermore, 
genomic studies have identified several genes whose 
mRNA is modified by this combined treatment, with PIP 
emerging as the most upregulated. Although its function 
in the breast remains unclear, PIP has been reported as 
a small glycoprotein secreted by breast cancer cells [36, 
37]. Another noteworthy finding is the significant effect 
on the mRNA levels of actin bundle-like protein homolog 
1, which is organized into filaments. Actin is present in 
bundles within microspikes, membrane ruffles, and stress 

fibers. Fascin homolog 1 has been shown to be overex-
pressed in breast cancer, with elevated levels associated 
with poor prognosis [38]. Additionally, the combination 
treatment with p8, a small protein involved in stress-
induced apoptosis, also led to upregulation of apoptotic 
markers. Other genes implicated in cell cycle progression 
that interact with p130 and regulate RB function, such 
as E2F-4, E2F-5, and TFDP1 (which may also influence 
apoptosis), were specifically modified by the combination 
treatment [39]. Interestingly, several proteins involved in 
the proteolytic process were also affected by this com-
bined modification, including several upregulated cys-
tatins. Cystatin S, SN, and SA are secreted proteins that 
inhibit the function of cysteine proteases. Cystatin-based 
therapies are reported to modulate various processes, 
including cell proliferation and apoptosis, and may serve 
as effective antitumor agents [40]. Collectively, these bio-
chemical and genomic findings suggest that trastuzumab 
and NVP-AEW541 may exert their effects in breast can-
cer cells through a complex interplay of transcriptional 
and regulatory proteins that post-transcriptionally mod-
ify cellular dynamics.

SHP-1 is a non-receptor protein tyrosine phosphatase 
(PTP) that plays an inhibitory role in cancer progres-
sion across various types. It possesses an N-terminal 
SRC homology 2 (N-SH2) domain, a C-terminal catalytic 
PTP domain, and a C-terminal SH2 domain (C-SH2) 
[41]. SHP-1 can inhibit its own expression through inter-
actions between its N-SH2 and C-terminal domains. 
Furthermore, SHP-1 plays a critical role in signaling 
pathways associated with cell growth and survival, partic-
ularly those activated by the insulin receptor and lympho-
cyte-specific protein tyrosine kinases. This is achieved by 
dephosphorylating several key kinases, including BCR-
ABL and PI3K, which in turn influences the JAK/STAT 
pathway [42]. Nintedanib, a multi-target vascular kinase 
inhibitor, acts on various growth factor receptors, includ-
ing PDGFR, FGFR, VEGFR, and the oncogenes RET, 
FLT3, and SRC, exhibiting anti-angiogenic activity [43]. 
Reports indicate that nintedanib can activate SHP-1 by 
directly relieving its autoinhibition, significantly induc-
ing apoptosis in TNBC cells through SHP-1-dependent 
inhibition of p-STAT3 [44]. Current strategies target-
ing oncogenic STAT3 activity involve several designated 
drugs or natural compounds, such as JAK inhibitors or 
small molecules that directly block functional STAT3 
dimerization via the SH2 domain. Enhancing SHP-1, a 
negative regulator of STAT3 phosphorylation, presents 
an alternative approach independent of JAK inhibition, 
thereby providing potential therapeutic targets for the 
treatment of TNBC.

The epidermal growth factor receptor (EGFR) family, 
also referred to as human epidermal growth factor recep-
tors (HER) or the erythroblastic leukemia viral oncogene 
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homolog (ERbB) family, is RTK superfamily and includes 
58 transmembrane RTK proteins [45]. In TNBC, EGFR 
is frequently amplified, making it a significant thera-
peutic target. The activation of EGFR initiates various 
downstream signaling pathways, including PI3K/AKT/
mTOR and ERK/ MAPK pathways, which play crucial 
roles in cell proliferation, cell cycle progression, and the 
development and metastasis of primary tumors [46]. 
Currently, several EGFR inhibitors are employed in the 
clinical treatment of TNBC, including tyrosine kinase 
inhibitors such as afatinib, erlotinib, and lapatinib, as 
well as monoclonal antibodies like cetuximab and pani-
tumumab [47]. Notably, the EGFR inhibitor gefitinib has 
been demonstrated to inhibit breast cancer cell prolifera-
tion and enhance sensitivity to carboplatin and docetaxel. 
However, the standalone application of EGFR inhibitors 
is often ineffective; therefore, they are typically used as 
adjunctive therapy alongside chemotherapy. Previous 
studies have elucidated various mechanisms of action for 
cantharidin, including its ability to induce autophagy and 
apoptosis in breast cancer through the modulation of the 
miR-106b-93/p21-PTEN axis. Additionally, cantharidin 
has been shown to induce apoptosis in leukemia cells via 
the regulation of p38 MAPK, JNK, p53, and caspase-3 
[48, 49]. A recent report has identified miR-607 as a novel 
regulator of EGFR, which influences the proliferation and 
apoptosis of TNBC cells. Furthermore, cantharidin sig-
nificantly inhibits TNBC cell proliferation and induces 
apoptosis by targeting miR-607. It also suppresses down-
stream signaling events related to PI3K/AKT/mTOR and 
ERK/MAPK, as well as apoptosis-related proteins, under-
scoring its therapeutic potential as an inhibitor for TNBC 
[50] (Table 1). Moreover, dipyridamole has been shown 
to attenuate the Wnt signaling pathway by reducing 
β-catenin activation and to inhibit the ERK1/2-MAPK 
signaling pathway by decreasing ERK1/2 phosphoryla-
tion. This is achieved by increasing IkBα expression lev-
els, reducing p65 phosphorylation, and diminishing the 
systemic production of inflammatory cytokines, includ-
ing IL-1β, which is activated by NF-κB through a feed-
back loop. This study provides further insight into the 
molecular mechanisms underlying dipyridamole’s action, 
demonstrating its ability to inhibit primary tumor growth 
and metastasis formation in triple-negative breast cancer 
[51] (Fig. 2).

The role of pyroptosis in breast cancer
Pyroptosis
Pyroptosis, a form of inflammatory cell death, plays a 
crucial role in the transformation and progression of 
malignant tumors. Increasing evidence suggests that 
pyroptosis is implicated in all stages of carcinogenesis, 
positioning it as a potential target for therapeutic inter-
vention [52]. This process is mediated by inflammasomes, 
which facilitate the cleavage of gasdermin family pro-
teins and activate previously inactive cytokines, such as 
IL-1β and IL-18 [53]. The morphological and biochemi-
cal characteristics of pyroptosis include the formation 
of membrane pores, loss of ionic homeostasis, release 
of inflammatory mediators, and the emergence of large 
bubbles in the plasma membrane [54]. In 2015, Shao et 
al. first identified GSDMD as a target of caspase-1, elu-
cidating the downstream mechanisms of pyroptosis 
[55]. Furthermore, accumulating evidence indicates that 
gasdermin E (GSDME), activated by caspase-3, can also 
initiate pyroptosis [56]. Currently, six types of human 
gasdermins have been classified based on differences in 
conserved domains: gasdermin A (GSDMA), gasdermin 
B (GSDMB), gasdermin C (GSDMC), GSDMD, gas-
dermin E/DFNA5 (which is associated with autosomal 
dominant deafness), and DFNB59/Pejvakin [57]. The 
GSDM family members (A-E) predominantly feature an 
N-terminal pore-forming domain (PFD) and a C-ter-
minal repressor domain. In response to various stimuli, 
GSDM undergoes cleavage by inflammatory caspases 
at the linker region, resulting in the release of the PFD 
from the repressor domain. The oligomerization of the 
N-terminal PFD and subsequent pore formation in the 
cell membrane induce cell swelling, chromatin degrada-
tion, and the efflux of pro-inflammatory components 
[58]. Additionally, pyroptosis can be induced by vari-
ous caspases, including caspase-3, caspase-8, and cas-
pase-9, with death receptor-mediated or mitochondrial 
apoptotic pathways activating caspase-3 [59–61]. In the 
context of chemotherapy or viral infections, caspase-3 
selectively cleaves GSDME to release GSDME-N, which 
subsequently stimulates the activation of pyroptosis [62]. 
Zhang et al. discovered that extracts from Spatholo-
bus suberctus Dunn elevate the levels of caspase-4 and 
caspase-9, which cleave GSDME, thereby inducing cell 
membrane permeabilization and pyroptosis [60]. Fur-
thermore, antibiotic chemotherapy drugs can induce 
caspase-8-mediated pyroptosis through GSDMC [63]. 
Recent studies have demonstrated that cytosolic cas-
pase-8 can be activated by ligands of Toll-like receptors 3 
and 4 (TLR3 and TLR4) or tumor necrosis factor (TNF), 
resulting in GSDMD cleavage and subsequent pyroptosis 
[64, 65]. Interestingly, apoptosis can also be triggered by 
granzyme (GZM) released from natural killer (NK) cells 
and cytotoxic T lymphocytes (CTLs). Liu et al. initially 

Table 1  Programmed death-associated kinase inhibitors
Drugs Mechanism in RCD target Outcome Ref
Nintadanib Apoptosis SHP-1 In clinical use [43]
Cantharidin Apoptosis EGFR(miR-607) In clinical use [50]
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reported that granzyme B (GZMB), released from chi-
meric antigen receptor T cells, can briefly stimulate cas-
pase-3 in leukemia cells, leading to GSDME-dependent 
pyroptosis [66]. Additionally, it has been shown that 
lymphocyte-derived granzyme A (GZMA) can hydrolyze 
GSDMB at the Lys229/Lys244 site, thus inducing pyrop-
tosis in tumor cells [67].

Kinases in pyroptosis
Cancer cells are characterized by their limitless prolif-
eration, prompting the organism to employ normal cel-
lular protective mechanisms to regulate this process and 
inhibit tumor development under physiological con-
ditions [68]. The relationship between pyroptosis and 
cancer is complex, as the effects of pyroptosis can vary 
based on the specific tissue and genetic composition of 
the individual. Pyroptosis influences cancer through two 

primary mechanisms: it alters TME, which affects tumor 
formation and progression, including growth, invasion, 
and metastasis [69]. Chronic pyroptosis results in the 
release of inflammatory cytokines such as IL-1, IL-18, 
LPH, and HMGB1, thereby creating an inflammatory 
microenvironment that can initiate tumorigenesis. Evi-
dence suggests that NLRP3, IL-1β, and IL-18 may pro-
mote the development of lung cancer, melanoma, and 
breast cancer. As a form of inflammatory cell death, the 
immune responses elicited by pyroptosis can have both 
pro-tumor and anti-tumor effects throughout all stages 
of tumor development [70]. The activation of pyroptosis 
and the secretion of related cytokines can either mod-
ify the TME to accelerate cancer progression through 
immune evasion strategies or stimulate the immune sys-
tem by activating immune cells that generate immune 
memory, potentially leading to tumor regression and 

Fig. 2  The core mechanism of apoptosis and related kinases affect the signaling pathway. In apoptosis, the outer membrane permeability induced by 
pore-forming molecules Bax and BAK leads to the release of cytochrome c and pro-apoptotic factors, such as Smac and Omi. The dimerization of cas-
pase-9 with APAF1 facilitates the activation of downstream caspases, specifically caspase-3, -6, and − 7. Extracellular stimulation activates DRs, including 
members of the TNFR superfamily, such as TNFR1, CD95/Fas, and TRAIL which can initiate exogenous apoptosis. Additionally, HER2 phosphorylation 
activates the PI3K/AKT/mTOR and ERK/MAPK signaling pathways. The activation of IGF1R occurs upon binding with ligands IGF1 and IGF2, subsequently 
triggering two major pathways, PI3K/Akt and Ras/MEK/ERK, which regulate apoptosis. Notably, Shp-1-dependent inhibition of p-STAT3 significantly en-
hances apoptosis in triple-TNBC cells. Furthermore, EGFR activation can initiate various downstream signaling pathways, including PI3K/AKT/mTOR and 
ERK/MAPK, which are implicated in cell proliferation, cell cycle progression, primary tumor initiation, and metastasis. (Red: Tyrosine kinase; Yellow: Serine-
threonine kinases; Blue: Lipid kinases.)
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reduced resistance to immunotherapy. One study dem-
onstrated that pyroptosis induced by NLRP3 and IL-1β 
secretion may adjust the TME to an immunosuppressive 
environment, promoting tumor proliferation and inva-
sion in both mouse and human breast cancer models.

Janus kinase 2 (JAK2) is a non-receptor tyrosine kinase 
frequently amplified or hyperactivated in triple-nega-
tive and HER2-enriched breast cancers. JAK2 serves as 
a central signaling hub, linking the signals from onco-
genic receptor tyrosine kinases and interleukin receptor 
activities to the transcription factor signal transducer and 
STAT3 [71, 72]. JAK2 phosphorylates STAT3 at the Y705 
residue, which facilitates STAT3 dimerization, nuclear 
translocation, and activation of its transcriptional activ-
ity, thereby promoting the expression of target genes 
associated with cell proliferation, differentiation, survival, 
and migration [73, 74]. Given that the JAK2-STAT3 sig-
naling pathway is often upregulated in aggressive breast 
cancers, and its activation correlates with poor overall 
clinical outcomes, it is regarded as a critical target for 
cancer drug development. Previous studies have under-
scored the significant role of the JAK/STAT axis in cel-
lular metabolism and breast cancer cell proliferation 
[75]. Additionally, stimulation of JAK2/STAT3 has been 
shown to induce the expression of breast cancer stem cell 
markers, which may serve as a novel prognostic indica-
tor for breast cancer metastasis [76]. Recently, Liu et al. 
hypothesized that polydatin induces pyroptosis via the 
JAK2/STAT3 pathway, demonstrating anti-cancer effects 
in TNBC mice subjected to a high-fat diet [77]. In experi-
mental models, polydatin was found to downregulate 
the phosphorylation of STAT3 and JAK2 while simulta-
neously enhancing the expression of NLRP3, caspase-1, 
IL-1β, and IL-18, thereby contributing to the activation 
of pyroptosis. Pyroptotic cells are characterized by the 
secretion of inflammatory cytokines IL-1β and IL-18 
through pores formed by GSDMD, leading to inflam-
matory responses mediated by inflammasomes [78]. 
Numerous studies have established that IL-1β and IL-18 
play critical roles within the immune system [79]. Their 
functions in breast cancer are complex; on one hand, 
the expression of these inflammatory cytokines recruits 
immune cells to the TME, thereby stimulating breast 
cancer progression. Conversely, these cytokines can also 
inhibit tumorigenesis, growth, and metastasis of breast 
cancer cells.

In many malignant tumors, including breast can-
cer, elevated levels of IL-1β are observed within the 
TME, where it can promote tumor proliferation while 
also exhibiting anti-tumor effects [80]. Furthermore, 
IL-1β influences immune responses by enhancing adap-
tive T cell-mediated immunity and facilitating the 
maturation of CD4 + and CD8 + T cells [81]. Initially 
identified as a factor that induces IFN-γ production in 

anti-CD3-stimulated T cells [82]. IL-18 is widely rec-
ognized as a crucial mediator of anti-cancer immune 
functions, regulating immune components through the 
attraction and differentiation of NK cells, T cells, and 
monocytes [83]. Mesenchymal stem cells expressing 
IL-18 have been shown to suppress the growth, invasion, 
and metastasis of breast cancer cells in vitro, reducing the 
proliferation index marked by Ki-67 and halting tumor 
progression [84]. However, IL-18 may also contribute to 
cancer immune evasion; in the context of breast cancer, 
IL-18 has been shown to enhance PD-1 expression in NK 
cells, thereby increasing their immunosuppressive pro-
file, which correlates with poor outcomes in patients with 
TNBC [85].

Endothelial cells (ECs) are pivotal in regulating the 
development of endothelial dysfunction. The ligands of 
EGFR secreted by ECs phosphorylate EGFR when co-
cultured with MDA-MB-231 breast cancer cells (HU-
231), thereby playing a crucial role in cancer progression. 
Additionally, photodynamic therapy (PDT) employs 
mechanisms that inhibit breast cancer progression, 
including the suppression of EGFR signaling in direct 
co-culture systems. AE-PDT not only induces apoptosis 
and pyroptosis to facilitate HU-231 cell death but also 
inhibits angiogenesis. Notably, EGFR inhibition further 
enhances AE-PDT-induced apoptosis via mitochondrial 
pathways and promotes pyroptosis through modula-
tion of the caspase-1/GSDMD axis. Furthermore, EGFR 
inhibitors can be effectively combined with AE photody-
namic therapy for the treatment of breast cancer. These 
findings necessitate further investigation in larger human 
cohorts and diverse clinical contexts to uncover potential 
molecular mechanisms. JNK, a crucial component of the 
serine/threonine protein MAPK signaling cascade, has 
been implicated in mediating pyroptosis in human breast 
cancer cells by promoting JNK phosphorylation and 
activating the downstream NF-KB/caspase-1/GSDMD 
signaling pathway. This presents promising therapeu-
tic targets for breast cancer treatment. Additionally, the 
caspase-GSDME pathway is frequently associated with 
intracellular ROS production in cancer cells. Numer-
ous researchers have examined the interplay between 
the caspase-GSDME pathway and ROS signaling, yield-
ing a variety of insightful results. DOX treatment induces 
ROS accumulation, which subsequently promotes JNK 
phosphorylation to p-JNK, further activating the key 
regulatory factor caspase-3 through a series of cascading 
reactions. Conversely, ROS activated by DOX can influ-
ence the cleavage of caspase-8; c-Caspase-8 facilitates the 
cleavage of caspase-3, which in turn induces the cleavage 
of GSDME and triggers pyroptosis in breast cancer cells 
[86] (Fig. 3).
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The role of autophagy in breast cancer
Autophagy
Autophagy is a crucial physiological mechanism that 
regulates various biological processes and maintains 
dynamic homeostasis [87, 88]. It facilitates the degra-
dation of microbes, including viruses and bacteria, as 
well as damaged organelles and proteins, via lysosomal 
and proteasomal pathways. Autophagy can be catego-
rized into three primary types: macroautophagy, micro-
autophagy, and chaperone-mediated autophagy, each 
distinguished by its unique mechanisms for delivering 
cargo to the lysosome [89–92]. The predominant form, 
macroautophagy, is characterized by the formation 

of autophagosomes, which begins with the genera-
tion of phagophores. During the elongation phase, the 
membrane of the phagophore expands, engulfing cyto-
plasmic cargo to create the autophagosome, a double-
membraned structure. Once the autophagosome is 
formed, it fuses with lysosomes, where enzymes, includ-
ing tissue proteins and acidic hydrolases, facilitate the 
degradation of the cargo. After degradation within 
the autolysosome, the resulting contents are released 
into the cytoplasm to initiate biosynthetic processes. 
Numerous regulatory factors that influence the cellu-
lar autophagy mechanism have been identified. Under 
conditions of low energy and amino acid levels, such as 

Fig. 3  The core mechanism of pyrotosis and related kinases affect the signaling pathway. Pyroptosis is initiated when cytoplasmic sensor proteins, 
specifically members of the NOD-like receptor family (NLRP1, NLRP3, and NLRP4), recruit and activate CASPASE1 through ASC in response to PAMPs or 
DAMPs. This process leads to the secretion of the precursor interleukin IL-1β. Subsequently, the high mobility group box 1 protein (HMGB1) facilitates the 
cleavage and production of GSDMD-N, which triggers pyroptotic cell death by activating both canonical and non-canonical inflammasomes. Addition-
ally, the release of GZMB by T cells can transiently stimulate caspase-3 in leukemia cells, resulting in the pyroptosis of GSDME. Lymphocyte-derived GZMA 
hydrolyzes GSDMB at the Lys229/Lys244 sites, leading to the pyroptotic death of tumor cells. TNFR activation induces pyroptosis of GSDMC via caspase-8. 
Furthermore, JAK2 interacts with the STAT3 transcription factor, phosphorylating the Y705 residue of STAT3, which promotes its dimerization and nuclear 
translocation. This activation enhances STAT3’s transcriptional activity and the expression of its target genes. Inhibition of the EGFR further enhances 
apoptosis induced by AE-PDT through the mitochondrial pathway, while also promoting AE-PDT-mediated focal cell death by modulating the caspase-1/
GSDMD axis. Given that JAK2-STAT3 signaling is frequently upregulated in aggressive breast cancer and is associated with poor clinical outcomes, this 
pathway represents a significant target for cancer drug development. Moreover, JNK, a critical component of the serine/threonine MAPK signaling 
pathway, inhibits MFHAS1 to induce pyroptosis in human breast cancer cells by promoting JNK phosphorylation and activating the downstream NF-κB/
caspase-1/GSDMD signaling cascade. (Red: Tyrosine kinase; Yellow: Serine-threonine kinases.)
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during starvation, the mTORC1 complex is inhibited and 
remains free in the cytoplasm, unable to regulate autoph-
agy. Conversely, when energy and amino acid levels are 
elevated, v-ATPase is activated through interactions 
with the lysosome and its membrane, which recruits 
mTORC1 to inhibit autophagy. A complex comprising 
ULK1/2, Beclin-1, and Vps34 plays a critical role in the 
induction of autophagy [93–96]. The VPS34 complex acts 
as a phosphatidylinositol 3-phosphate kinase to gener-
ate phosphatidylinositol 3-phosphate (PI3P), which acts 
as a scaffold to recruit PI3P-binding molecules to form 
a detached preautophagic structure called phagosome. 
Collectively, PI3P recruits and asseminates two ubiqui-
tin-like coupling systems involved in LC3 lipidation and 
autophagosome formation [97]. In addition, Upon activa-
tion of the mTOR signaling pathway, autophagy is inhib-
ited through the impairment of ULK1/2. ULK1/2, via the 
overexpression of LC3B, is associated with the elongation 
of phagophores and the formation of autophagosomes 
[98, 99]. Additionally, upregulation of mTORC1 can 
inhibit the fusion of lysosomes and autophagosomes by 
phosphorylating UVRAG, thereby modulating autophagy 
within the cell [100]. Additionally, TRAIL can recruit 
autophagy proteins to facilitate death mechanisms dur-
ing apoptosis [101]. The regulation of autophagy mecha-
nisms in cancer, along with their therapeutic modulation, 
is both crucial and diverse [102–106]. Inhibiting the PIK-
fyve and p38 MAPK pathways can impede autophagy 
and slow tumor cell progression by suppressing protein 
degradation via autophagy inhibition [107]. In addition to 
apoptosis, ferroptosis mechanisms can also be regulated 
through autophagy, involving various pathways such as 
TMEM164, Gpx4, and HPCAL1 [108–110]. Moreover, 
drug repurposing is regarded as one of the targeted strat-
egies for modulating autophagy in cancer treatment.

Tyrosine in autophagy
The capacity of breast cancer cells to transition between 
epithelial and mesenchymal states significantly enhances 
their metastatic potential. Consequently, inducing 
tumor cells to adopt a stable mesenchymal state, rather 
than completely eradicating them, may limit the effi-
cacy of therapeutic agents and create opportunities for 
disease progression. One study proposed that cytokine-
induced epithelial-mesenchymal transition (EMT) is 
sufficient to confer resistance to lapatinib, establishing 
both stable and reversible EMT states induced by lapa-
tinib and TGF-β in a human mammary epithelial cell 
(HME2) model of HER2 transformation. This model 
system aimed to test the hypothesis that metastasis 
necessitates epithelial-mesenchymal plasticity (EMP), 
identifying spleen tyrosine kinase (SYK) as a critical 
molecular mediator of EMP. Furthermore, SYK activity 
is essential for the autophagy-mediated clearance of P 

bodies during mesenchymal-epithelial transition (MET). 
Pharmacological inhibition of SYK may offer a novel 
therapeutic strategy to mitigate breast cancer metastasis, 
not by eradicating tumor cells but by maintaining dis-
seminated cells in an asymptomatic dormant state [111]. 
Despite extensive research on the role of HER2 in medi-
ating extracellular signal transmission to intracellular 
matrices, the nuclear function of HER2 remains largely 
unexplored. Nuclear HER2 directly binds to consensus 
sequences in the DEPTOR promoter, thereby inhibiting 
its transcription. The kinase activity of HER2 is required 
for its nuclear translocation and DEPTOR transcriptional 
repression. Additionally, nuclear ErbB2 inhibits DEP-
TOR, which suppresses autophagy induction by activat-
ing mTORC1. This study uncovers a novel mechanism 
through which functional ErbB2 regulates autophagy by 
translocating to the nucleus and acting as a transcrip-
tional regulator that inhibits DEPTOR transcription. This 
process leads to the activation of the PI3K/AKT/mTOR 
pathway, ultimately suppressing autophagy. Additionally, 
DEPTOR serves as a direct inhibitor of both mTORC1 
and mTORC2. The induction of DEPTOR following 
HER2 inactivation not only promotes autophagy but may 
also influence cell proliferation, survival, and drug resis-
tance. These findings suggest that targeting DEPTOR’s 
inhibition of mTOR could offer therapeutic benefits in 
strategies aimed at modulating nuclear HER2 [112].

Leucine-rich repeat kinase 2 (LRRK2), a member of 
the leucine-rich repeat kinase family, is implicated in the 
regulation of autophagy. The modulation of autophagy 
represents a promising target for the development of 
anti-TNBC drugs, which has significant implications for 
breast cancer research. Breast cancer exhibits histologi-
cal diversity, characterized by multiple TNBC molecu-
lar subtypes and complex tumor features, coupled with 
aggressive behavior that results in high recurrence rates. 
TNBC is driven by various signaling pathways that 
involve multiple kinases. Zhou et al. identified KIN-281, a 
small molecule based on quinazoline, which inhibits sev-
eral kinases, including maternal embryonic leucine zip-
per kinase (MELK) and BMX. Structure-based molecular 
docking screening was performed to identify compounds 
that inhibit MELK as potential therapeutic targets. 
MELK overexpression has been linked to poor cancer 
prognosis due to its role in promoting cancer cell survival 
and significantly regulating the cell cycle by inducing 
G2/M arrest [113–115]. Additionally, KIN-281 has been 
demonstrated to inhibit several kinases in TNBC cells, 
including the tyrosine kinases BMX/ETK and TIE2/TEK, 
with IC50 values ranging from 1 to 4 mM to 42.7 mM. 
Following treatment with KIN-281, an upregulation of 
p21 WAF1/CIP1 was observed, which corresponded with 
reduced levels of cyclin A2.
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Moreover, breast cancer tumors often depend on HER2 
signaling, which can activate PI3K [116]. Young and 
colleagues utilized SAR405, a pyrimidine-based small 
molecule, to target class I (p110α) and class III (vacu-
olar protein sorting 34, Vps34) PI3K, effectively inhibit-
ing these kinases, reducing tumor growth, and inducing 
autophagy. They demonstrated that a locked nucleic acid 
antisense oligonucleotide (LNA-ASO) named EZN4150 
could sensitize HER2; however, it did not induce autoph-
agy and even inhibited autophagy induction in response 
to catalytic class I PI3K inhibitors. The combination 
of small molecules and oligomers is believed to inhibit 
Vps34-dependent pathways through tumor cell apopto-
sis, although the specific molecular mechanisms warrant 
further investigation.

Autophagy functions as a critical survival pathway for 
cancer cells that are subjected to genotoxic stress and is 
activated by oncogenic signals. Various oncogenic pro-
teins, including class I phosphoinositide 3-kinase, protein 
kinase B, the mammalian target of rapamycin, BCL-2, 
and mitogen-activated protein kinases, have been shown 
to inhibit autophagy. In contrast, other proteins, such as 
class III PI3K (PI3KCIII), PTEN, death-associated pro-
tein kinases (DAPKs), Beclin-1, Bax-interacting factor 1 
(Bif-1), and p53 (depending on the specific cancer type), 
can promote autophagy [117–119].

Protein kinase C (PKC) comprises a family of ser-
ine/threonine protein kinases that are pivotal in signal 
transduction and cellular regulation [120]. This family is 
classified into three distinct classes based on structural 
variations and biochemical properties: conventional (α, 
βI, βII, and γ), novel (δ, ε, η, and θ), and atypical (λ/ι and 
ξ). Recent research indicates that the PKC isoform PKCε 
is linked to autophagy, with its knockout mitigating the 
increased autophagy resulting from the depletion of Rap-
tor and Rictor. Overexpression of PKCε in MCF-7 cells 
activates mTORC1 and elevates levels of LC3-I, LC3-II, 
and p62. Furthermore, the knockout of mTOR and Ric-
tor, or the induction of starvation, enhances autophagy in 
cells that overexpress PKCε. Although PKCε overexpres-
sion suppresses apoptosis in MCF-7 cells, it simultane-
ously triggers autophagy in response to tumor necrosis 
factor-α. Consequently, PKCε contributes to the survival 
of breast cancer cells not only by inhibiting apoptosis 
but also by promoting autophagy. Given that PKCε over-
expression leads to chemotherapy resistance, targeting 
autophagy in combination with standard treatment may 
offer an effective strategy for managing breast cancers 
characterized by elevated PKCε levels [121].

Polo-like kinase 1 (PLK1) is a serine/threonine pro-
tein kinase that is overexpressed in breast cancer, mak-
ing it a promising therapeutic target. Inhibition of PLK1 
has been demonstrated to enhance the radiosensitivity 
of breast cancer cells, a phenomenon associated with 

the suppression of radiation-induced autophagy. This 
underscores its potential as a crucial target for sensitiz-
ing breast cancer to radiation treatment [122]. Further-
more, previous research has established that PIM-2, 
one of the three PIM kinases, plays a significant role in 
autophagy regulation by activating the mTOR pathway. 
Abnormal expression of PIM-2 has been identified in 
various malignancies. Evidence indicates that PIM-2 can 
directly phosphorylate TSC2 at the Ser1798 site, thereby 
alleviating TSC2’s inhibition of mTORC1. Additionally, 
PIM-2 promotes autophagy and can inhibit the reduc-
tion of autophagic responses, preventing the dissocia-
tion of BCL-2 from Beclin-1 and enhancing lysosomal 
acidification. Other studies have revealed that during glu-
cose starvation, the phosphorylation of hexokinase-II by 
PIM-2 is essential for the autophagic process [123].

Glycogen synthase kinase-3 (GSK-3) is a serine/threo-
nine kinase that is widely expressed and was originally 
identified as a regulator of glycogen synthesis; however, it 
also plays a significant role in the regulation of autophagy. 
In MCF-7 cells, the overexpression of GSK-3α/β activates 
mTORC1 and inhibits autophagy through the phosphor-
ylation of Ser859 on Raptor. This phosphorylation event 
results in decreased phosphorylation of both p70S6K1 
and ULK1, ultimately leading to an increase in autopha-
gic flux. In prostate cancer cell models, GSK-3β has been 
demonstrated to regulate autophagy via the LKB1-AMPK 
pathway. Specifically, the inhibition of GSK-3β results in 
a rapid decline in cellular ATP levels, which is followed 
by LKB1-dependent AMPK activation and the inactiva-
tion of the mTOR pathway, both of which are associated 
with the induction of autophagy [123].

Extracellular signal-regulated kinase 1 (ERK1), also 
referred to as p44MAPK or MAPK3, is a subtype of ERK 
that is part of the mitogen-activated protein kinase fam-
ily and is involved in the regulation of autophagy in vari-
ous tumor cells. ERK1 is phosphorylated and activated 
via the RAS-RAF-MEK signaling pathway to modu-
late autophagy. Additionally, research has suggested 
that non-classical activation of the MEK/ERK pathway 
can influence Beclin-1 expression, thereby stimulating 
autophagy. Acute activation of MEK/ERK promotes pro-
tective autophagy by inhibiting mTORC1 or mTORC2, 
accompanied by moderate increases in Beclin-1 expres-
sion. Conversely, prolonged activation of MEK/ERK leads 
to the dual inhibition of both mTORC1 and mTORC2, 
resulting in a substantial increase in Beclin-1 expression 
and the induction of destructive autophagy [124] (Fig. 4).

The role of necroptosis in breast cancer
Necroptosis
Necroptosis is distinct from apoptosis in that its progres-
sion does not involve the activation of caspases. Instead, 
necroptosis is mediated by external signals that activate 
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a signaling cascade involving receptor-interacting pro-
tein 1 (RIP1), RIP3, and mixed lineage kinase domain-like 
(MLKL). The pseudokinase MLKL plays a crucial role 
in necroptosis, as it can form membrane pores through 
oligomerization and subsequent insertion into the 
plasma membrane. In addition, necrotizing apoptosis 
is promoted by a variety of stimuli, including members 
of the TNF ligand family, interferon (IFN), TLR ligands 
that induce interferon-β using the adaptor TRIF (TIR 
domain-containing adaptor), and viral DNA via Z-DNA-
binding protein 1 (ZBP1) [125]. Notably, necroptosis 
is characterized by the permeabilization of lysosomal 

membranes, followed by mitochondrial damage, ulti-
mately leading to necrotic-like cell death, both morpho-
logically and biochemically. This process is finely tuned 
and serves multiple functions; for example, under physio-
logical conditions, necroptosis facilitates the formation of 
mammalian bone plates, megakaryocyte production, and 
the maintenance of epithelial hemostasis [126–128]. Fur-
thermore, necroptosis has been shown to exert both pro-
tumor and anti-tumor effects within TME. On one hand, 
low expression levels of necroptotic regulators RIP3 and 
MLKL are associated with poor prognosis in various 
types of solid tumors [129, 130]. Specifically, necroptotic 

Fig. 4  The core mechanism of autophagy and related kinases affect the signaling pathway. Autophagy is initiated by energy stress signals from AMPK, 
which ultimately activate VPS34. The VPS34 complex generates PI3P on the membrane, facilitating the recruitment and assembly of the ubiquitin-like 
coupling system. During the lipidation of LC3, ATG7, ATG3, and the ATG5-ATG12-ATG16L complexes function as ubiquitin enzymes, which can load cargo 
receptors such as SQSTM1/P62 and NBR. The transport of autophagosomes and late endosomes/lysosomes is closely coordinated with the recruitment 
of binding factors; HOPS complexes can be recruited by ARL8 or the ORP1L-RAB7-RILP complex, thereby achieving the coupling of anterograde and ret-
rograde transport as well as fusion events. The PKC isoenzyme PKCε is associated with autophagy, and its deletion mitigates the increase in autophagy in-
duced by the depletion of Raptor and Rictor. Conversely, overexpression of PKCε in MCF-7 cells leads to the activation of mTORC1 and an increase in LC3-I, 
LC3-II, and p62 levels. PLK1 may represent a crucial therapeutic target for radiosensitized breast cancer. PIM2 directly phosphorylates TSC2 at Ser1798, 
thereby inhibiting TSC2’s action at mTORC1. In MCF-7 cells, the overexpression of GSK-3α/β activates mTORC1 and inhibits autophagy through the 
phosphorylation of Ser859 on Raptor, resulting in decreased phosphorylation of p70S6K1 and ULK1, alongside increased autophagic flux. Non-classical 
activation of MEK/ERK may also modulate beclin-1 expression to stimulate autophagy. KIN-281 inhibits MELK and BMX. Pharmacological inhibition of SYK 
may provide a unique therapeutic strategy to limit the metastatic progression of breast cancer. Additionally, DEPTOR, induced following Her2 inactiva-
tion, not only promotes autophagy but may also mediate cell proliferation, survival, and drug resistance. Thus, the inhibition of mTOR by DEPTOR could 
contribute to the therapeutic effects observed when targeting nuclear Her2. (Red: Tyrosine kinase; Yellow: Serine-threonine kinases; Blue: Lipid kinase.)
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cells have been demonstrated to promote dendritic cell 
maturation and enhance cross-presentation efficiency, 
thereby generating anti-tumor immunity in CD8 + T 
cells through RIPK1 and NF-κB signaling [131, 132]. In 
contrast, cells undergoing passive necrosis are unable 
to effectively activate CD8 + T cells in vivo. Notably, the 
absence of RIP3 in mice diminishes the cytotoxicity of 
NKT cells against tumors [133]. Consequently, triggering 
necroptosis in cancer cells while simultaneously activat-
ing cytotoxic T cells has emerged as a novel strategy for 
cancer therapy. Furthermore, necroptotic cancer cells 
can stimulate dendritic cell maturation and enhance the 
cross-priming of CD8 + T cells, resulting in increased 
production of IFN-γ and improved anti-tumor immunity 
[134]. On the other hand, inhibiting TCR restimulation-
induced necroptosis in T cells can rejuvenate their anti-
tumor efficacy [135]. Additionally, necroptosis induced 
in endothelial cells by tumor cells may promote tumor 
metastasis. In a pancreatic ductal adenocarcinoma (PDA) 
mouse model, signaling associated with necroptosis has 
been shown to facilitate macrophage-mediated T cell 
suppression [136]. Recently, Jiao et al. demonstrated that 
in late-stage breast tumors, the levels of RIP3-mediated 
MLKL phosphorylation in necrotic areas are elevated 
compared to those observed in the early stages of breast 
cancer [137].

Tyrosine in necroptosis
Necroptosis, typically identified by its necrotic mor-
phology, serves adaptive functions not only in response 
to stress-induced failures but also in developmental 
processes, specifically by ensuring the elimination of 
potentially defective organisms prior to birth, and in the 
maintenance of adult T cell homeostasis [138–140]. At 
the molecular level, necroptosis is predominantly depen-
dent on the sequential activation of RIPK3 and MLKL 
[141, 142].

Recent literature indicates a correlation between 
necroptosis and tumor growth; however, several fun-
damental questions regarding its regulation and role in 
tumorigenesis remain unanswered. In the MVT1 breast 
cancer model, tumor necroptosis does not depend on 
RIPK1 and may even exert an inhibitory effect on the 
induction of necroptosis. This observation is consistent 
with previous studies that suggest RIPK1 impedes the 
necroptosis-inducing activity of ZBP1 (Z-DNA bind-
ing protein 1) during normal embryonic development. 
ZBP1 has been identified as a crucial mediator of tumor 
necroptosis in both the MVT-1 and B16 syngeneic can-
cer models, where its absence has been shown to inhibit 
tumor metastasis in the MVT-1 model. Although both 
RIPK1 and ZBP1 can recruit RIPK3 to facilitate necrop-
tosis, ZBP1, rather than RIPK1, acts as a pivotal upstream 
mediator of RIPK3 in tumor necroptosis, with glucose 

deprivation initiating ZBP1-dependent necroptosis in 
tumor cells. Glucose deprivation results in the release of 
mitochondrial DNA (mtDNA) into the cytoplasm, which 
subsequently binds to ZBP1 and activates MLKL through 
BCL-2 family proteins in an NOXA-dependent manner. 
These findings provide new insights into the regulation of 
tumor necroptosis during tumor development.

The binding of death receptors, particularly TNFR1, 
is the primary trigger for the activation of RIPK3. Death 
receptors, such as CD95, TNFR1, DR4, DR5, and DR6, 
are members of the TNF receptor superfamily [143–147]. 
These type I transmembrane proteins exhibit common 
characteristics, including an extracellular amino-termi-
nal cysteine-rich domain that facilitates ligand specific-
ity and receptor pre-binding, as well as a death domain 
(DD) comprised of an 80-amino acid sequence located 
at the cytoplasmic tail, which transmits apoptotic signals 
through protein-protein interactions (PPI) [148–151]. 
While the molecular mechanisms underlying CD95-
induced apoptotic signaling have been elucidated, the 
pathways through which these receptors activate non-
apoptotic signaling cascades, such as NF-κB, MAPK, 
and PI3K, remain unclear. Membrane-bound CD95 
ligand (m-CD95L) effectively induces cell death and can 
be cleaved by various metalloproteinases [152]. In con-
trast, soluble CD95 ligand (s-CD95L) interacts with the 
soluble form of CD95 but does not induce cell death [153, 
154]; however, it does activate non-apoptotic signaling 
pathways [155, 156]. To date, the specific interactions 
between the unique ligand (CD95L) and receptor (CD95) 
that lead to the activation of these distinct signaling path-
ways have yet to be fully explained.

A study reported that TNBC cells exposed to s-CD95L 
exhibited no detectable levels of caspase-8 in the mem-
brane immunosuppressive compartment (MISC), 
although the presence of a trace amount of this protease 
cannot be entirely ruled out, as it is not detectable by 
Western blotting [156]. Caspase-8 is recognized for its 
role in cell migration, primarily through non-enzymatic 
mechanisms [157]. SRC kinase mitigates the proteolytic 
activity of caspase-8 by phosphorylating tyrosine 380 
(Y380), which promotes the recruitment of the p85α 
subunit of PI3K, thereby activating the PI3K signaling 
pathway [158]. Concurrently, TNBC cells overexpressing 
EGFR and exposed to s-CD95L facilitate the binding of 
CD95 to EGFR, enhancing the migration and metastatic 
dissemination of these cancer cells. Although the CD95/
CD95L interaction is known to eliminate malignant cells 
by promoting the formation of the death-inducing signal-
ing complex (DISC), the molecular mechanisms that gov-
ern the transition between different signaling pathways 
remain unclear (Fig. 5).
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The role of ferroptosis in breast cancer
Ferroptosis
Ferroptosis is a form of programmed cell death dis-
tinguished by three hallmark features: the loss of lipid 
hydroperoxide repair capability mediated by glutathione 
peroxidase 4 (GPX4), the presence of redox-active iron, 
and the oxidation of phospholipids that contain polyun-
saturated fatty acids (PUFAs). Morphologically, ferropto-
sis cells exhibit ultrastructural changes in mitochondria, 
such as reduced size, increased bilayer density, disruption 
of the outer mitochondrial membrane (OMM), and dis-
appearance of mitochondrial cristas. In addition, the bal-
loon-like phenotype (that is, the formation of clear, round 
cells composed mainly of empty cytosol) can be used for 
microscopic identification of ferroptosis cells [159, 160].

Iron is pivotal in the process of ferroptosis. Within 
cells, iron exists primarily in two forms: ferritin-bound 
iron and the free labile iron pool (LIP). Ferritin is com-
posed of two subunits: ferritin heavy chain 1 (FTH1) and 

ferritin light chain (FTL), which function to sequester 
iron and thereby inhibit its involvement in deleterious 
oxidative reactions. The degradation of ferritin occurs 
predominantly through ferritin autophagy, a mechanism 
facilitated by nuclear receptor coactivator 4 (NCOA4). 
This process results in the release of substantial amounts 
of iron, thereby promoting ferroptosis [161, 162]. Extra-
cellular ferric iron (Fe³⁺) binds to transferrin (TF) and 
enters the cell via transferrin receptor 1 (TFR1). Once 
inside, trivalent iron is reduced to divalent iron (Fe²⁺) 
by prostate sextant transmembrane epithelial anti-
gen 3 (STEAP3) [163], which is then released into the 
cytoplasm through solute carrier family 11 member 2 
(SLC11A2), contributing to the formation of the LIP. 
The divalent iron in the LIP reacts with hydrogen per-
oxide (H₂O₂) through the Fenton reaction, generating 
hydroxyl radicals (·OH) and other highly reactive free 
radicals. These free radicals can initiate lipid peroxida-
tion, resulting in cell membrane damage and promoting 

Fig. 5  The core mechanism of necroptosis and related kinases affect the signaling pathway. In necroptosis, the binding of TNFα to its receptor leads 
to the recruitment of multiple proteins via the intracellular tail of TNFR1, forming complex I. The IAP-mediated Lys63-linked polyubiquitination of RIP1 
(Lys63-Ub) is crucial for survival pathways. When CASP8 is inhibited, MLKL, RIPK1, and RIPK3 are recruited to form necrosomes through phosphorylation. 
The phosphorylation-mediated activation of MLKL, followed by MLKL-induced membrane pore formation, culminates in necroptosis. Further investiga-
tion is needed to elucidate the mechanisms and functions of RIPK3, MAPK, and JAK/STAT signaling pathways in the context of breast cancer treatment. 
(Red: Tyrosine kinase; Yellow: Serine-threonine kinases; Blue: Lipid kinase.)

 



Page 15 of 26Hong et al. Journal of Translational Medicine          (2025) 23:439 

the process of ferroptosis [161]. In addition, excess cyto-
plasmic ferrous iron can be exported from the cell via 
solute carrier family 40 member 1 (SLC40A1) to main-
tain iron homeostasis [164]. A critical factor driving fer-
roptosis is the excessive production of lipid peroxides 
(LPO) [165]. Polyunsaturated fatty acids exhibit a high 
sensitivity to peroxidation due to their multiple double 
bonds. The oxidation of PUFA-containing phospholip-
ids (PUFA-PL) can occur through both enzymatic and 
non-enzymatic autoxidation processes, which are often 
driven by the Fenton reaction. Lipid peroxidation pri-
marily involves lipoxygenases (ALOXs) and cytochrome 
P450 oxidoreductase (POR). ALOXs are heme iron-free 
enzymes that facilitate the direct incorporation of oxygen 
into PUFAs and PUFA-containing lipids found within 
biofilms. For instance, ALOX12 is crucial for p53-depen-
dent ferroptosis, while ALOX15 specifically interacts 
with stearoyl-arachidonoyl-phosphatidylethanolamine 
(stearoyl-AA-PE) to generate lipid peroxides. This inter-
action leads to the formation of a complex with phos-
phatidylethanolamine binding protein 1 (PEBP1), which 
subsequently promotes ferroptosis induced by erastin or 
RSL3 [166]. GPX4 serves as a critical regulator of ferrop-
tosis. It is the sole member of the glutathione peroxidase 
family that operates as a phospholipid hydroperoxidase, 
capable of reducing lipid hydroperoxides (PLOOH) to 
their corresponding phosphatidyl alcohols (PLOH). The 
mechanism of GPX4 action is as follows: PLOOH oxi-
dizes the active site of GPX4, specifically the selenyl alco-
hol (GPX4-SeH), resulting in the formation of a selenic 
acid intermediate (GPX4-SeOH). This intermediate sub-
sequently reacts with GSH to produce a Se-glutathione 
adduct (GPX4-Se-SG). The GPX4-Se-SG then interacts 
with a second GSH molecule, leading to the conversion 
of GPX4-Se-SG into GPX4-SeH and generating oxidized 
glutathione (GSSG) [167]. GPX4 is crucial for neutral-
izing phospholipid hydroperoxides. Research has eluci-
dated the mechanisms underlying ferroptosis induced by 
erastin and RSL3. Erastin functions by inhibiting System 
Xc⁻, which reduces cellular uptake of cystine and subse-
quently suppresses the synthesis of GSH. Given that glu-
tathione serves as an essential cofactor for the normal 
functioning of GPX4, decreased synthesis of GSH results 
in diminished GPX4 activity. This reduction impairs 
the enzyme’s capacity to effectively eliminate lipid per-
oxides within the cell, ultimately leading to ferroptosis. 
In contrast, RSL3 directly binds to GPX4, inhibiting its 
activity and further compromising the enzyme’s ability 
to clear lipid peroxides, thereby facilitating the occur-
rence of ferroptosis. SLC7A11, a subunit of the cystine/
glutamate antiporter (xCT) system, is recognized as a 
key regulator of ferroptosis, as it facilitates the import of 
cysteine necessary for glutathione (GSH) synthesis. GSH 
serves as an essential substrate for GPX4, which catalyzes 

the conversion of lipid hydroperoxides to alcohols. Fur-
thermore, NCOA4 promotes ferroptosis by degrading 
ferritin, which leads to an increase in unstable cellular 
iron levels [168]. Another significant gene, long-chain 
acyl-CoA synthetase 4 (ACSL4), enhances ferroptosis by 
enriching cell membranes with long polyunsaturated n-6 
fatty acids, which are particularly prone to oxidation via 
free radicals or enzyme-mediated processes [169, 170].

Tyrosine in ferroptosis
The TYRO3 protein tyrosine kinase is clinically asso-
ciated with resistance to anti-PD-1/PD-L1 therapy in 
cancer patients, indicating its potential as a predictive 
biomarker for patient stratification aimed at enhancing 
treatment outcomes. Prior research has established that 
TYRO3 is crucial for tumor cell proliferation; however, 
it may also facilitate resistance to anti-PD-1/PD-L1 ther-
apy by inhibiting ferroptosis and fostering a pro-tumor 
TME. Furthermore, the role of metabolic reprogramming 
in tumorigenesis and its impact on therapy resistance 
remains inadequately understood [171, 172]. Alterations 
in the TME can significantly influence metabolic path-
ways, presenting challenges for therapies targeting cancer 
metabolism [173].

Discoidin domain receptor tyrosine kinase 2 (DDR2) 
is implicated in the process of epithelial-mesenchymal 
transition. Standard treatment for breast cancer typi-
cally involves the surgical excision of the primary tumor, 
followed by various combinations of adjuvant therapies, 
including radiotherapy, chemotherapy, and hormone 
therapy. While most patients respond favorably to these 
interventions and may achieve remission, a subset of 
patients will experience recurrent breast cancer months 
to years later [174]. Recent research has identified exten-
sive epigenomic and transcriptional alterations in recur-
rent tumors, particularly concerning RIPK3, G9a histone 
methyltransferase, and heightened NRF2 activation, all of 
which play critical roles in tumor recurrence [175–177]. 
A notable characteristic of both mouse and human recur-
rent tumors is the occurrence of EMT, which entails 
dynamic transitions from epithelial to mesenchymal 
phenotypes, thereby enhancing cellular migration and 
invasion [178]. This process also reestablishes metabolic 
pathways, prompting tumor cells to depend on extracel-
lular cysteine uptake, which increases their vulnerability 
to ferroptosis [179]. DDR2 facilitates ferroptosis in recur-
rent tumor cells through SRC-mediated activation of 
YAP/TAZ, suggesting that inducing ferroptosis may offer 
significant therapeutic opportunities [180]. Additionally, 
Sirtuin 3 has been shown to positively regulate autophagy 
by promoting AMPK phosphorylation. The combination 
of erastin and TGF-β1 treatment leads to a reduction in 
EMT-related markers, thereby inhibiting breast cancer 
invasion and metastasis. Furthermore, SIRT3-mediated 
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autophagy enhances anticancer effects through the 
BECN1-SLC7A11 complex, representing a promising 
therapeutic strategy for breast cancer.

Previous studies have identified several mechanisms of 
resistance to anti-HER2 therapy in HER2-positive breast 
cancer, including the presence of p95 HER2 truncated 
proteins and MUC4 overexpression, which result in the 
loss of trastuzumab binding sites [181]. Additionally, 
constitutive activation of the HER2 signaling pathway is 
attributed to the dysregulation of downstream signaling 
components, such as PIK3CA mutation and PTEN loss 
[182]. Unfortunately, most inhibitors developed to target 
these pathways have not succeeded in overcoming anti-
HER2 resistance in clinical trials. Furthermore, there is a 
notable absence of biomarkers capable of accurately pre-
dicting treatment responses and relapse risks following 
neoadjuvant and adjuvant anti-HER2 therapy. Therefore, 
identifying robust genomic resistance targets is essential 
for developing new treatment options for patients who 
do not respond to anti-HER2 therapies. One study sug-
gested that the upregulation of fibroblast growth factor 
receptor 4 (FGFR4) contributes to anti-HER2 resistance 
by reducing ferroptosis in breast cancer. The combined 
inhibition of FGFR4 and HER2 may induce synergistic 
ferroptosis. Specifically, FGFR4 inhibition significantly 
diminishes glutathione synthesis and the efficiency of 
Fe2+ efflux through the β-catenin/TCF4-SLC7A11/FPN1 
axis, which results in ROS production and the accumu-
lation of an unstable iron pool. These findings shed light 
on the mechanisms underlying anti-HER2 resistance and 
propose a potential strategy to overcome resistance in 
refractory HER2-positive breast cancer through FGFR4 
inhibition [183]. Additionally, Circ-BGN is significantly 
elevated in trastuzumab-resistant breast cancer cells and 
tissues, and this elevation correlates with poorer overall 
survival. Silencing circ-BGN inhibits breast cancer cell 
viability and markedly restores sensitivity to trastuzumab. 
Furthermore, circ-BGN can directly bind to OTUB1 and 
SLC7A11, enhancing the deubiquitination of SLC7A11 
mediated by OTUB1, which subsequently inhibits fer-
roptosis. Erastin effectively restores the antitumor effects 
of trastuzumab. Preclinical in situ tumor models dem-
onstrate that erastin significantly reduces tumor volume 
in trastuzumab-resistant breast cancer cells, particularly 
when combined with circ-BGN knockout. These findings 
reveal a novel circRNA that regulates trastuzumab resis-
tance through the modulation of ferroptosis, thereby pro-
viding a promising therapeutic strategy for patients with 
trastuzumab-resistant breast cancer [184].

A recent report indicates that the breast cancer cell 
lines MDA-MB-231, MCF-7, ZR-75, and SKBr3 can syn-
ergistically induce cell death when treated with a com-
bination of siramizine and lapatinib [185]. This mode of 
cell death is associated with elevated levels of Lipid-ROS 

and FeCl3. Furthermore, the application of ferrostatin-1 
and DFO was found to reverse the cell death induced 
by siramizine and lapatinib. Notably, lapatinib, whether 
administered alone or in conjunction with siramizine, 
resulted in reduced expression of ferroportin, which in 
turn decreased the export of iron into the extracellular 
space. Concurrently, lapatinib enhanced the expression 
of transferrin, thereby promoting iron transport into the 
cells, increasing intracellular iron content, and catalyzing 
the production of iron-dependent Lipid-ROS. The over-
expression of ferroportin or the reduction of transferrin 
expression led to decreased intracellular Lipid-ROS pro-
duction and inhibited cell death. These findings suggest 
that the synergistic anticancer effects of siramizine and 
lapatinib operate through the ferroptosis pathway. Given 
that lipid-ROS serve as a critical trigger for ferroptosis, 
the significance of lipid metabolism has been extensively 
studied. Among the acyl-CoA synthetases, ACSL4 has 
been specifically linked to ferroptosis due to its associa-
tion with acylated polyunsaturated fatty acids, particu-
larly arachidonic acid (AA) and adrenic acid (AdA) [186]. 
These fatty acids are subsequently incorporated into 
membrane phospholipids by lysophosphatidylcholine 
acyltransferase 3 (LPCAT3). In the context of breast can-
cer, ACSL4 is reported to be preferentially expressed in a 
subset of basal-like breast cancer cell lines, where it pro-
motes ferroptosis by enriching the cell membrane with 
long-chain polyunsaturated n-6 fatty acids [169].

Current research on ferroptosis in breast cancer has 
mainly focused on TNBC. Small molecule targeted drug 
therapy has emerged as a preferred treatment approach. 
Among the various drug delivery systems, exosomes-
micromembrane vesicleshave garnered significant 
attention due to their potential to transport low-molec-
ular-weight chemotherapy drugs in cancer treatment 
[187–189]. A novel formulation of exosomes loaded with 
folic acid (FA), referred to as erastin@FA-exo, has been 
developed [190]. This formulation operates by inhibit-
ing GPX4 expression and up-regulating the expression 
of dioxygenase (CDO1), leading to a reduction in GSH 
levels, an increase in ROS levels, and the promotion of 
ferroptosis in TNBC cells that overexpress FA receptors. 
Compared to free erastin, erastin@FA-exo exhibits a sig-
nificantly stronger capacity to inhibit the proliferation 
and migration of TNBC cells [191]. These findings sug-
gest that exosome-based drug delivery systems may offer 
a novel therapeutic option and direction for the treat-
ment of TNBC (Fig. 6).

Targeted therapy of kinases (Brief Introduction)
The human genome encodes 538 protein kinases, which 
are responsible for transferring γ-phosphate groups from 
ATP to serine, threonine, or tyrosine residues. Many 
of these kinases are implicated in the initiation and 
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progression of human cancers. Recently developed small-
molecule kinase inhibitors have demonstrated clinical 
success in treating various cancer types. Since the intro-
duction of the first protein kinase inhibitor in the early 
1980s, the FDA has approved 37 kinase inhibitors for 
the treatment of malignancies, including breast and lung 
cancer. Furthermore, approximately 150 kinase-targeted 
drugs are currently undergoing clinical trials, with many 
kinase-specific inhibitors still in the preclinical develop-
ment phase. Despite these advancements, tumor recur-
rence continues to pose a significant challenge in the 
management of breast cancer. The factors contribut-
ing to tumor recurrence are multifaceted, including the 

presence of breast cancer stem cell-like cells (BCSCs) 
within primary tumors and metastatic sites. CSCs rep-
resent a subset of tumor cells that possess self-renewal 
capabilities and the potential to drive tumorigenesis. 
BCSCs are identified by the expression of specific cell 
surface markers such as EpCAM, CD24, and CD44 
[192]. Molecular analyses of the EpCAM/CD24/CD44 
and ALDH + ve CSCs indicate that the former subgroup 
exhibits a quiescent EMT phenotype, whereas ALDH + ve 
CSCs display an epithelial phenotype combined with self-
renewal capability [193]. The tumor microenvironment 
is composed of cancer-associated fibroblasts (CAFs), 
tumor-associated macrophages (TAMs), mesenchymal 

Fig. 6  The core mechanism of ferroptosis and related kinases affect the signaling pathway. Ferroptosis is characterized by the disruption of iron ho-
meostasis, the production of toxic lipid peroxides, and the inhibition of antioxidant systems. Key components that promote ferroptosis include the 
transferrin-transferrin receptor (TF-TFRC) complex, iron export transporters, and ferritin autophagy, all of which contribute to increased iron accumulation, 
limited iron efflux, and reduced iron storage, respectively. The overload of divalent iron ions also causes the Fenton reaction, which generates excessive 
free radicals and then oxidises phospholipids, generating toxic lipid peroxides and triggering ferroptosis. The ACSL4-LPCAT3-ALOXs pathway is crucial 
for promoting ferroptosis by activating lipid peroxidation, which produces PLOOH from PUFA in conjunction with Rab7A-dependent fat phagocytosis. 
Various antioxidant systems, including the Xc-system-GSH-GPX4, AIFM2-CoQ10, GTP-GCH1-BH4, and ESCRT-II membrane repair systems, play a role in 
inhibiting lipid peroxidation. Additionally, TYRO3 can enhance the resistance of tumor cells to PD-1/PD-L1 therapy by inhibiting ferroptosis and support-
ing a pro-tumor TME. DDR2 activates YAP/TAZ-mediated expression through SRC, promoting ferroptosis in relapsed tumor cells. In breast cancer, FGFR4 
is upregulated to confer resistance to HER2-targeted therapies by alleviating ferroptosis, and the combined inhibition of FGFR4 and HER2 may elicit a 
synergistic therapeutic effect by inducing ferroptosis. Furthermore, Sirtuin 3 positively regulates autophagy via the phosphorylation of AMPK. The com-
bination of erastin and TGF-β1 therapy can reduce the expression of EMT-related markers and inhibit the invasion and metastasis of breast cancer. (Red: 
Tyrosine kinases; Yellow: Serine-threonine kinases.)
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stem cells (MSCs), and various immune and vascu-
lar cells, all of which contribute to the maintenance of 
BCSCs. RTK signaling in both tumor and stromal cells 
plays a vital role in regulating the phenotypes of CD24, 
CD44, and ALDH-positive cancer stem cells [194, 195]. 
BCSCs significantly influence cancer treatment out-
comes, as they demonstrate resistance to conventional 
chemotherapy through the expression of multidrug 
resistance (MDR) genes. Following neoadjuvant chemo-
therapy, breast cancer patients exhibit an increase in the 
CD44/CD24 tumor cell fractions [196]. Altered or dys-
regulated RTK expression has been associated with the 
BCSC phenotype and resistance to therapy. Some studies 
indicate that RTK-targeted therapies may reverse multi-
drug resistance in breast cancer [197–199]. nRTKs acti-
vated by various RTKs, regulate critical cancer-related 
cellular processes, including polarity, proliferation, dif-
ferentiation, migration, invasion, and angiogenesis [200]. 
Notably, SRC, the first identified proto-oncogene tyrosine 
kinase, is frequently linked to tumorigenesis and metas-
tasis across multiple cancer types, particularly in breast 
cancer [201]. As a result, targeted therapies against tyro-
sine kinases have emerged as essential strategies in the 
treatment of breast cancer.

Anti-breast cancer drugs that target kinases
Breast cancer is a heterogeneous disease that can be clas-
sified into five molecular subtypes based on the expres-
sion of ER, PR, and HER2. These subtypes include 
Luminal A (characterized by low grade, ER+/PR+, 
HER2-, and low Ki67), Luminal B (ER+/PR+, HER2 + or 
HER2-, and high Ki67), triple-negative breast cancer or 
basal-like breast cancer (ER-/PR- and HER2-), HER2-
enriched, and normal-like breast cancer [202]. For hor-
mone receptor-positive breast cancer (Luminal A and B), 
standard adjuvant treatments include hormone therapy 
with selective estrogen receptor modulators (SERMs) 
such as tamoxifen and raloxifene [203]. In contrast, 
hormone therapy is ineffective for TNBC and HER2-
enriched breast cancer, as these subtypes lack hormone 
receptor expression [204]. Given the significant expres-
sion of RTKs in TNBC and HER2-enriched subtypes, tar-
geting RTK functions presents a promising therapeutic 
strategy for these cancers.

Various strategies have been employed to inhibit 
RTK-dependent signaling. Mutations or overexpres-
sion of the EGFR gene can lead to tumor progression 
and resistance in multiple cancers, including breast can-
cer. Consequently, EGFR presents as an attractive drug 
target in breast cancer, prompting the development of 
EGFR inhibitors, such as small-molecule inhibitors and 
monoclonal antibodies (mAbs), some of which are cur-
rently in clinical use. In breast cancer, HER2 overexpres-
sion is prevalent, leading to the development of several 

HER2-targeted therapies. Trastuzumab (Herceptin), a 
humanized monoclonal antibody, specifically targets the 
extracellular domain of HER2 in HER2-positive breast 
cancer, and has been reported to improve survival rates 
for both early and advanced-stage patients [205]. How-
ever, the precise mechanism of action for trastuzumab 
remains unclear. Some studies suggest that trastuzumab 
inhibits HER2-HER3 heterodimerization, a process 
known to occur in HER2-positive breast cancer in a 
ligand-independent manner. Other investigations indi-
cat that trastuzumab may induce HER2 degradation, 
although the underlying mechanisms have not been thor-
oughly explored [206]. Despite the significant improve-
ment in disease prognosis associated with trastuzumab, 
resistance remains a major challenge in the treatment 
of HER2-positive breast cancer. Approximately 65% of 
HER2-positive breast cancer patients do not respond to 
initial trastuzumab therapy, and most patients who ini-
tially respond well eventually experience tumor recur-
rence [207, 208].

In 2013, the FDA approved the antibody-drug con-
jugate T-DM1 (trastuzumab emtansine or ado-trastu-
zumab emtansine, trade name Kadcyla) for the treatment 
of HER2-positive metastatic breast cancer in patients 
who had previously received trastuzumab and taxane 
therapy. T-DM1 comprises trastuzumab linked to the 
cytotoxic agent emtansine (DM1), which induces can-
cer cell death by binding to tubulin [209]. A randomized 
trial involving 991 HER2-positive advanced breast cancer 
patients demonstrated that those treated with T-DM1 
experienced a longer median progression-free survival 
compared to those receiving lapatinib plus capecitabine 
[210]. However, a recently completed phase III trial 
involving 1,095 HER2-positive advanced breast cancer 
patients compared the efficacy of trastuzumab plus tax-
ane, T-DM1 plus placebo, T-DM1 alone, and T-DM1 
plus pertuzumab at standard doses. The results indi-
cated that progression-free survival was not significantly 
enhanced in the T-DM1 and T-DM1 plus pertuzumab 
groups relative to the trastuzumab plus taxane group, 
although the arms incorporating T-DM1 exhibited supe-
rior tolerability [211]. Pertuzumab (trade name Perjeta) is 
another monoclonal antibody that targets HER2 and has 
been approved for use in combination with trastuzumab 
and docetaxel for neoadjuvant or adjuvant treatment of 
HER2-positive advanced breast cancer. Clinical trials 
have demonstrated that the combination of pertuzumab, 
trastuzumab, and docetaxel significantly improves pro-
gression-free survival in breast cancer patients compared 
to control groups [212, 213] (Table 2).
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Potential use of kinase inhibitors in breast cancer 
treatment
Given the significant and pervasive role of SRC kinase in 
breast tumorigenesis and metastasis, SRC kinase inhibi-
tors present a promising the rapeutic avenue for BC. Sev-
eral SRC kinase inhibitors, including bosutinib, dasatinib, 
and saracatinib, have been developed by pharmaceutical 
companies and subsequently approved by the FDA for 
the treatment of hematologic malignancies [214]. Cur-
rently, these agents are also being rigorously investigated 
in clinical trials for their efficacy in treating BC. Bosuti-
nib, a multi-kinase inhibitor, is effective against all SFKs 
as well as ABL. Preclinical studies have shown that bosu-
tinib can inhibit the growth, invasion, and metastasis of 
BC cells both in vitro and in vivo [215, 216]. Furthermore, 
oral administration of bosutinib in the MMTV-PyVmT 
transgenic mouse model has demonstrated the ability to 
inhibit tumorigenesis and growth in older animals with 
pre-existing tumors [217]. A phase II clinical trial involv-
ing patients with metastatic BC revealed that bosutinib 
monotherapy exhibited tolerable safety and moderate 
antitumor activity in certain hormone receptor-positive 
BC patients [218]. Additionally, a phase I study found 
that the combination of bosutinib and capecitabine was 
safe; however, the efficacy observed in cases of locally 
advanced or metastatic BC was limited [219]. Conse-
quently, after the implementation of appropriate patient 
selection methods, further investigation into the combi-
nation of bosutinib with other therapeutic agents is war-
ranted (Table 2).

Dasatinib is an oral small molecule drug that targets 
multiple SFKs, including SRC, LCK, FYN, and YES [220]. 
Extensive preclinical studies have demonstrated that 
dasatinib exhibits significant antitumor efficacy across 
various BC subtypes. However, clinical research has 
shown that its effectiveness is markedly limited when 
administered as a monotherapy in patients with TNBC 

and metastatic BC [116, 221]. Consequently, a phase II 
study was conducted to prospectively evaluate the clini-
cal benefits of previously identified gene characteristics 
for selecting patients who are likely to benefit from dasat-
inib treatment [222]. Unfortunately, these gene charac-
teristics did not effectively predict the clinical sensitivity 
of dasatinib as a single agent. Therefore, these findings 
underscore the limited monotherapy activity of dasatinib 
in unselected BC patients, suggesting that future research 
should explore the potential of combining dasatinib 
with other therapeutic agents for specific BC patient 
populations.

Saracatinib is an SRC-ABL kinase inhibitor that 
exhibits moderate and manageable adverse effects 
when compared to dasatinib. An early preclinical study 
reported that saracatinib and tamoxifen could syner-
gistically inhibit the growth of human ER-positive BC 
cells [223]. Additionally, the combination of saracatinib 
and tamoxifen was effective in preventing in vitro hor-
mone resistance in human BC cells [224]. Notably, in 
the MMTV-Neu mouse model, saracatinib significantly 
inhibited the formation of precancerous lesions and 
delayed tumor onset [225]. Recently, the SRC inhibitor 
eCF506 has been identified as having greater selectivity 
and specificity for SFKs than the previously mentioned 
SRC kinase inhibitors. Additionally, eCF506 has been 
shown to reduce the growth of TNBC cells both in vitro 
and in vivo, demonstrating effects similar to those of 
bosutinib [226]. In a mouse model of TNBC metasta-
sis, eCF506 exhibited highly effective antitumor activity 
against both primary tumors and bone metastases [227]. 
Given these promising preclinical findings, eCF506 is 
anticipated to emerge as a pioneering clinical candidate 
for the treatment of SRC-related breast cancer in the 
future.

Table 2  Current therapy protein kinase inhibitors
Drugs Mechanism target stage Ref
Trastuzumab Inhibits HER2 HER2 all stage [184]
Doxorubicin Knockdown of AMPKα1 promotes doxorubicin-induced apop-

tosis of breast cancer cells
AMPK α1 all stage [228]

Lapatinib Inhibits EGFR, HER2 EGFR, HER2 all stage [117]
Trastuzumab Inhibits HFR2 and HER3 dimerization, induces ADCC HER2 all stage [229]
Afatinib Inhibits EGFR and HER2 signalling irreversibly HER2/EGFR LUX Breast1/3 [230]
Dacomitinib Inhibits HER2, EGFR, HER4, Akt and ERK phosphorylation EGFR, HER2, ErbB4 Phase 1B [231]
Neratinib Irreversibly blocks EGFR and HER2 pathway EGFR, RET VEGFR2-3 Phase III NALA Trial [232]
Bosutinib inhibition of SRC-mediated signaling pathways SRC, ABL Phase II [217]
Dasatinib SRC inhibition affects P-cadherin downstream signaling SRC Phase I, II [233]
Palbociclib HR positive and EGFR negative CDK4/6 Phase 1B [234]
Everolimus HR positive mTOR Drug resistant after 

metastatic
[212]

Alpelisib HR positive PI3K Late stage [235]
Olaparib BRCA mutation PARP All stage [236]
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Conclusions and prospects
Kinases play a critical role in breast cancer by regulating 
cell signaling pathways that influence essential biologi-
cal processes, including cell growth, proliferation, and 
metastasis. Aberrantly activated kinases are frequently 
associated with tumor initiation, progression, and metas-
tasis in breast cancer. These kinases can enhance the pro-
liferation, invasion, and migration of tumor cells and are 
linked to drug resistance, making them significant targets 
for targeted therapies. Therefore, in-depth research into 
the role of kinases in breast cancer is vital for improv-
ing treatment outcomes. A comprehensive understand-
ing of the specific mechanisms through which kinases 
contribute to the occurrence, progression, and metasta-
sis of breast cancer is necessary for the development of 
more effective targeted treatment strategies. Addition-
ally, studying the interactions between kinases and other 
signaling pathways in breast cancer is crucial for under-
standing the mechanisms of drug resistance, which can 
inform the development of more effective treatment 
strategies. Future research should encompass a com-
prehensive examination of the mechanisms of action 
of kinase inhibitors, the identification of more selective 
and effective drugs, and the formulation of personalized 
treatment approaches tailored to various breast cancer 
subtypes, while considering tumor heterogeneity and 
individual patient characteristics. Additionally, exploring 
multi-target combination therapies may prove advanta-
geous in tackling the complexities associated with tumors 
and drug resistance. The development of novel tyrosine 
kinase inhibitors is also a pivotal focus in breast cancer 
treatment, as these agents can specifically inhibit tyrosine 
kinases, thereby obstructing the growth, proliferation, 
and metastasis of cancer cells. Future studies should pri-
oritize the creation of more selective, effective, and less 
toxic tyrosine kinase inhibitors to enhance survival rates 
and improve the quality of life for breast cancer patients. 
Lastly, personalized treatment strategies are increasingly 
recognized as a significant trend in breast cancer therapy. 
Customizing treatment plans based on patients’ geno-
types, phenotypes, and the molecular characteristics of 
tumors-including targeted therapies aimed at tyrosine 
kinases-holds promise for improving treatment efficacy 
and survival rates while minimizing adverse side effects. 
This approach may involve the combination of multiple 
targeted therapies, the identification of new therapeutic 
targets, and the application of combination therapies. 
Moreover, strengthening research on the mechanisms 
of drug resistance will be instrumental in predicting and 
effectively managing the emergence of resistance.
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HME2	� Human mammary epithelial cell
IGFIR	� The type I insulin-like growth factor receptor
JAK2	� Janus kinase 2
LRRK2	� Leucine-rich repeat kinase 2
LIP	� Labile iron pool
LPCAT3	� Lysophosphatidylcholine acyltransferase 3
MSCs	� Mesenchymal stem cells
MOMP	� Mitochondrial outer membrane permeabilization
MAPK	� Mitogen-activated protein kinase
MDR	� Multidrug resistance
MELK	� Maternal embryonic leucine zipper kinase
MISC	� Membrane immunosuppressive compartment
MLKL	� Mixed lineage kinase domain-like
MSCs	� Mesenchymal stem cells
mtDNA	� Mitochondrial DNA
mTOR	� Mammalian target of rapamycin
nRTKs	� Non-receptor tyrosine kinases
NCOA4	� Nuclear receptor coactivator 4
OMM	� Outer mitochondrial membrane
PFD	� N-terminal pore-forming domain
PUFA-PL	� PUFA-containing phospholipids
PEBP1	� Phosphatidylethanolamine binding protein
PDT	� Photodynamic therapy
PI3K	� Phosphoinositide 3-kinase PI3K
PI3Kα	� Phosphoinositide 3-kinaseα
PKC	� Protein kinase C
PKs	� Human protein kinases
PLK1	� Polo-like kinase 1
PPI	� Protein-protein interactions
PTP	� Protein tyrosine phosphatase
PUFAs	� Polyunsaturated fatty acids
RIPK1	� Receptor-interacting protein kinase 1
RGC	� Receptor guanylate cyclases
RIP1	� Receptor-interacting protein 1
RTKs	� Receptor tyrosine kinases
STE	� Homologs of yeast sterile 7, 11, and 20 kinases
SFKs	� SRC family kinases
STEAP3	� Sextant transmembrane epithelial antigen 3
SLC11A2	� Solute carrier family 11 member 2
SLC40A1	� Carrier family 40 member 1
Stearoyl-AA-PE	� Stearoyl-arachidonoyl-phosphatidylethanolamine
SERMs	� Selective estrogen receptor modulators
STAT3	� Signal Transducer and Activator of Transcription 3
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SYK	� Spleen tyrosine kinase
TRADD	� TNFR1-associated death domain protein
TLR3	� Toll-like receptors 3
TLR4	� Toll-like receptors 4
TF	� Transferrin
TFR1	� Transferrin receptor 1
TAMs	� Tumor-associated macrophages
TKL	� Tyrosine kinase-like proteins
TKs	� Tyrosine kinases
TME	� Tumor microenvironment
TNBC	� Triple-negative breast cancer
TNF	� Tumor necrosis factor
TNFR	� Tumor necrosis factor receptor
TRAIL	� TNF-related apoptosis-inducing ligand receptor-1
xCT	� Cystine/glutamate antiporter
ZBP1	� Z-DNA binding protein 1
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