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Abstract: Oncogenic fusion proteins, arising from chromosomal rearrangements, have emerged as
prominent drivers of tumorigenesis and crucial therapeutic targets in cancer research. In recent
years, the potential of small molecular inhibitors in selectively targeting fusion proteins has exhib-
ited significant prospects, offering a novel approach to combat malignancies harboring these aber-
rant molecular entities. This review provides a comprehensive overview of the current state of small
molecular inhibitors as therapeutic agents for oncogenic fusion proteins. We discuss the rationale
for targeting fusion proteins, elucidate the mechanism of action of inhibitors, assess the challenges
associated with their utilization, and provide a summary of the clinical progress achieved thus far.
The objective is to provide the medicinal community with current and pertinent information and to
expedite the drug discovery programs in this area.
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1. Introduction

Genomic instability is a prominent factor in driving tumorigenesis[1]. Specifically,
gene fusions represent significant genomic events in the progression of cancer[2]. Gene
fusions result from the physical juxtaposition of two or more previously separate genes,
generating a novel chimeric gene that comprises the head of one gene and the tail of the
other. These chimeric genes can be generated through several possible processes, includ-
ing chromosomal inversions, tandem duplications, interstitial deletions or translocation
events[3]. Gene fusions often encode fusion proteins that possess unique functional prop-
erties distinct from the original proteins, thereby leading to the alterations in cellular func-
tions and promoting tumorigenesis. Gene fusions are frequently identified as primary tu-
mor predisposing events in leukemias, lymphomas, solid malignancies, and benign tu-
mors[4]. Various fusion proteins have emerged as critical biomarkers for clinical diagnosis
and therapeutic targets[5]. Therefore, gene fusions have garnered substantial attention
within the realm of cancer research.

The discovery of the BCR-ABL fusion protein in patients with chronic myeloid leu-
kemia (CML) marked the inception of a new era in cancer research[6]. Subsequently, nu-
merous gene fusions have been identified in various cancer types[7], with advancements
in detection methods. The application of RNA sequencing technology has revealed a mul-
titude of unique fusion events, surpassing a count of 2200, with 120 of them exhibiting
high frequency. Among these, a substantial proportion encodes protein kinases, which
are known to play crucial roles in multiple signaling pathways, with relatively high ex-
pression levels and kinase activity[8]. Fusion proteins have been recognized as pivotal
drivers of cancer initiation and progression in variety of malignancies. For instance, the
BCR-ABL fusion protein has been shown to induce the transformation of benign cells into
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malignant ones[9]. In fibrolamellar hepatocellular carcinoma (FL-HCC), the DNAJB1-
PRKACA fusion drives tumorigenesis by hyperactivation the Wnt signaling pathway[10].
RET/PTC have been observed in papillary carcinomas and shown to activate the RAS-
MAPK pathway in a ligand-independent way[11]. Furthermore, MAN2A1-FER has been
identified in various tumor types and has been demonstrated to enhance the FER kinase
activation[12]. An increasing number of studies have illustrated the pivotal role of kinase
fusion proteins in the pathogenesis of cancer by aberrantly activating downstream signal-
ing pathways. Notably, a mounting body of research has also highlighted the significance
of non-kinase fusion proteins, particularly transcription factor-related non-kinase fusion
proteins, in cancer development. For instance, PML-RARa and FUS-DDIT3 have been
considered as the key drivers of acute myeloid leukemia (AML) and mucinous liposar-
coma (MLS)[13,14]. Therefore, comprehending the mechanistic and evolutionary pro-
cesses underlying fusion proteins is crucial for understanding their role in driving carcin-
ogenesis.

The remarkable specificity exhibited by fusion genes towards cancer cells has pro-
pelled their emergence as diagnostic markers and promising targets for cancer therapies.
By targeting fusion proteins, the potential arises to mitigate the off-target effects com-
monly associated with traditional cancer treatments, such as chemotherapy and radiation
therapy, which frequently lead to many side effects and adversely impact the patients’
quality of life. Consequently, the development of selective inhibitors for fusion proteins
has assumed critical goal in the realm of related-cancers therapies. Targeted therapies,
particularly tyrosine-kinase inhibitors (TKIs), have demonstrated remarkably efficacy in
treating specific cancer types, including the first-, second- and third-generation TKIs. For
example, Imatinib, a drug designed to target BCR-ABL, has exhibited effectiveness in the
treatment of CML[15]. Recently approved drugs, such as Larotrectinib and Entrectinib are
capable of targeting fusion proteins harboring neurotrophic RTK (NRTK) genes[16]. Cri-
zotinib has demonstrated efficient inhibition of ALK fusions[17]. Additionally, all-trans-
retinoic acid (ATRA) and arsenic trioxide (ATO) can be employed to treat or alleviate the
blockage of granulocyte differentiation caused by the RARA fusion protein[18]. Despite
the success achieved by inhibitors in the treatment of fusion-driven tumors, resistance
often emerges as a result of secondary mutations[19]. Remarkably, the therapeutic strat-
egy for cancers has undergone a paradigm shift with the advent of molecular-targeted
therapy for oncogenes-driven cancers.

As mentioned above, fusion proteins arising from fusion genes are important targets
for cancer therapy. Therefore, in this article, we present a succinct categorization of fusions
detected in diverse cancers, along with a summary of techniques employed for fusion
gene detection. Furthermore, a comprehensive classification of kinase fusion and non-ki-
nase fusion events is provided, primarily focused on their fusion forms, fusion inhibitors,
mechanism of action, and drug resistance.

2. Fusion genes in diseases and the detection of fusion genes

At the genomic level, the process of chromosome breakage and subsequent re-splic-
ing gives rise to gene fusions, which are novel genes formed through this mechanism[20].
Unlike other recurrent oncogenic mutations, gene fusions are often regarded as pathog-
nomonic factors for malignancy, and many of them are strongly associated with specific
cancer types, such as prostate cancer[21,22], lung cancer[23,24], breast cancer and so on
(Figure 1).
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Figure 1. The data in the bar chart show the percentage of gene fusions by cancer types (A) and gene
fusion types (B). The data comes from the TCGA Fusion Gene Database[25]. BRCA (Breast invasive
carcinoma); PRAD (Prostate adenocarcinoma); SARC (Sarcoma); BLCA (Bladder Urothelial Carci-
noma); LUAD (Lung adenocarcinoma); LUSC (Lung squamous cell carcinoma); SKCM (Skin Cuta-
neous Melanoma); LIHC (Liver hepatocellular carcinoma); LGG (Brain Lower Grade Glioma);
UCEC (Uterine Corpus Endometrial Carcinoma); STAD (Stomach adenocarcinoma); HNSC (Head
and Neck squamous cell carcinoma); CESC (Cervical squamous cell carcinoma and endocervical
adenocarcinoma); OV (Ovarian serous cystadenocarcinoma); UCS (Uterine Carcinosarcoma); ESCA
(Esophageal carcinoma); COAD (Colon adenocarcinoma); KIRC (Kidney renal clear cell carcinoma);
GBM (Glioblastoma multiforme); ACC (Adrenocortical carcinoma);THCA (Thyroid carcinoma);
KIRP (Kidney renalpapillary cell carcinoma); PAAD (Pancreatic adenocarcinoma); MESO (Meso-
thelioma); READ (Rectum adenocarcinoma); PCPG (Pheochromocytoma and Paraganglioma); AML
(Acute Myeloid Leukemia); TGCT (Testicular Germ Cell Tumors); CHOL (Cholangiocarcinoma);
THYM (Thymoma); KICH (Kidney Chromophobe); DLBC (Lymphoid Neoplasm Diffuse Large B-
cell Lymphoma); UVM (Uveal Melanoma).

Thus, the detection of gene fusions is essential for the identification of cancer and the
development of targeted therapeutic approaches. These gene fusions generate novel chi-
meric proteins that can drive oncogenic transformation. The identification of gene fusions
in cancer patients can provide valuable insight for personalized treatment strategies that
target the aberrant fusion proteins or downstream signaling pathways, ultimately leading
to improved therapeutic outcomes. Currently, a variety of techniques are wildly em-
ployed in clinical practice, include cell morphology, exon array analysis (EAA), immuno-
histochemistry (IHC), fluorescence in situ hybridization (FISH), reverse transcription pol-
ymerase chain reaction (RT-PCR), droplet digital PCR (DD PCR), and next-generation se-
quencing (NGS) (Figure 2).
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Figure 2. Methods of detection of gene fusions.
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NTRK, ALK, NTRK1, BRAF, RET fusions and many other gene fusions have previ-
ously been successfully detected by cytomorphological methods[26,27]. However, it may
not always be sensitive enough to detect low-level fusion transcriptions or may not be
able to differentiate between different fusion variants. The convenience and speed offered
by IHC, the specificity provided by FISH, and the high detection sensitivity of RT-PCR
have positioned them as widely utilized detection methods. These techniques have made
great contribution to the identification of gene fusions, including ALK, NTRK, and RET.
While IHC stands out for its cost-effectiveness and rapidity compared to other available
assays, caution is warranted due to its tendency to yield false-positive results. Conse-
quently, validation in combination with complementary techniques is often necessary to
ensure reliable outcomes[28]. The emergence of NGS technology has facilitated targeted
therapy for tumors by enabling the detection not only of fusions but also polygenes and
fusion mutants[29]. In addition to the classical detection techniques, a large number of
new assays are emerging, including targeted RNA sequencing (RNAseq) and full-length
single-cell sequencing (scRNA-seq). Compared to FISH and RT-PCR methods, targeted
RNAseq improves diagnostic yield by evaluating multiple genes simultaneously in a sin-
gle assay, thereby increasing sequencing coverage and reducing diagnostic time. Addi-
tionally, it can also identify new gene fusions or complex structural rearrangements. How-
ever, the broader scope of detection in targeted RNAseq may lead to an increased likeli-
hood of false-positive results[30]. The scRNA-seq[31], employing the detection algorithm
scFusion, presents the opportunity to detect fusion genes at the single-cell level, thereby
enhancing the detection power through co-analysis of relevant cells. However, the ability
to detect rare fusions in highly heterogeneous tumor samples is limit. Furthermore,
scRNAseq data often exhibit high levels of noise land contain various technical artifacts,
which can also contribute to false-positive results[31].

3. The development of inhibitors targeted kinase fusion genes
3.1. ABL-fusion inhibitors

Abelson Murine Leukemia Viral Oncogene Homolo (ABL), a non-receptor tyrosine
kinase, participated in many signaling pathways in both the cytoplasm and the nucleus,
regulating critical cellular processes such as cell growth, survival, invasion, adhesion, and
migration[32]. The most common fusion partner with ABL is the BCR gene, which gives
rise to various forms of leukaemia in human (Figure 3A). The coiled-coil domain of the
BCR facilitates dimerization and constitutive autophosphorylation of the ABL tyrosine
kinase domain, resulting in uncontrolled tyrosine kinase activity. BCR-ABL has been iden-
tified as an anti-apoptotic gene, leading to abnormal cell proliferation and disruption of
normal cell regulation. This fusion has been validated as a carcinogenic alteration[33,34].
BCR-ABL fusions are predominantly detected in CML, accounting for approximately 95%
of cases. It has also been detected in patients with adult B-cell acute lymphoblastic leuke-
mia (B-ALL), and with mixed phenotype acute leukemia (MPAA), with frequencies of
approximately 25% and 30%, respectively. In contrast, it is rare in patients with AML, with
less than1% of cases being observed. Additionally, occasional cases of this oncogenic fu-
sion have been reported in patients with lymphoma and myeloma[35]. The primary treat-
ment for BCR-ABL positive leukemias is the use of TKIs, such as Imatinib, Nilotinib, Da-
satinib and Bosutinib (Figure 3B and 3C)[34].
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Figure 3. The structure of BCR-ABL fusion protein, its impact on downstream signaling pathways,
and the current inhibitors used to target BCR-ABL. (A) Schematic structural composition of BCR-
ABL fusion proteins. (B) the activation of molecular pathways downstream of BCR-ABL. Upon di-
merization, BCR-ABL fusion proteins undergo autophosphorylation at tyrosine 177 of BCR. The
dimerization event facilitates the recruitment of various proteins, such as GRB2, to activate multiple
downstream signaling pathways, including PI3K/AKT, MAPK and JAK/STAT pathways. (C) The
current inhibitors of BCR-ABL and major drug resistance mutations associated with them.

3.1.1. Imatinib

Imatinib is a 2-phenylaminopyrimidine derivative neoplastic agent that has been ap-
proved by the FDA for the treatment of CML by inhibiting BCR-ABL tyrosine kinase[36].
Its mechanism of action involves competing the ATP binding sites of BCR-ABL, thus pre-
venting downstream phosphorylation of target protein. Additionally, Imatinib is an in-
hibitor of platelet-derived growth factor (PDGF) and stem cell factor (SCF). Despite its
effectiveness in treating CML, Imatinib has been reported to cause acquired drug re-
sistance. The development of resistance to Imatinib in CML is a multifactorial process,
including point mutations in the structural domain of BCR-ABL kinase, amplification of
the BCR-ABL gene, and the presence of leukemic stem cells that can produce Imatinib-
insensitive active mutants[36,37]. It is noteworthy that mutations in the structural domain
of the BCR-ABL kinase, such as T3151, E255K, Y253F and M351T, represent a primary
cause of drug resistance[36].

3.1.2. Dasatinib

Dasatinib is a new and potent multitargeted kinase inhibitor that has been approved
as a second-generation TKI for the treatment of CML and ALL[38], which have not re-
spond to Imatinib therapy. In contrast to Imatinib, Dasatinib represses both the active and
inactive conformations of the ABL kinase domain. As a result of this unique characteristic,
Dasatinib has emerged as a viable therapeutic alternative for patients who exhibit re-
sistance to Imatinib. Currently, Dasatinib is being used as a treatment option for such pa-
tients[39]. Similarly, the therapeutic effect of Dasatinib is achieved through the ATP-
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competitive pathway[40]. And, the capability to cross the blood-brain barrier makes it a
promising treatment for central nervous system (CNS) leukemia. Frequently occurrence
of T315I and F317L mutations has been observed in patients who exhibit resistance to Da-
satinib[38,41]. In recent years, Dasatinib has been found to induce autophagy in BCR-ABL
positive leukemia cells, indicating that autophagy may be a potential direction for the de-
velopment of novel drugs to treat BCR-ABL positive leukemia[42].

3.1.3. Nilotinib

Nilotinib is a transduction inhibitor that targets several proteins including BCR-ABL,
c-kit and PDG, for the treatment of chronic phase CML. Nilotinib exhibits structural sim-
ilarities to Imatinib, but is 20- to 50-fold more potent against BCR-ABL in phase I clinical
trials. Consequently, Nilotinib has been regarded as a relatively safe treatment option that
offers significant therapeutic advantages for patients with CML who exhibit resistance to
Imatinib[43]. In contrast to Dasatinib, Nilotinib is a non-competitive inhibitor of ATP that
effectively blocks the autophosphorylation of BCR-ABL at Tyr177, a GRB2 binding site
involved in the regulation of multiple signaling pathways implicated in BCR-ABL patho-
genesis[44]. Although Nilotinib is effective against most BCR-ABL mutations, it exhibits
negligible efficacy against T315I and G250E mutations.

3.1.4. Asciminib

Asciminib is a novel BCR-ABL inhibitor that has been developed to overcome drug
resistance and off-target toxicity associated with current inhibitors[45]. Unlike other in-
hibitors such as Imatinib that binds to the ATP binding site, Asciminib binds to the
myristoyl pocket of BCR-ABL[45]. This unique mechanism of action makes Asciminib ef-
fective against many Imatinib-resistant BCR-ABL mutants, including the notoriously
T315I mutation[46]. While some emerging myristate-site mutations remain sensitive to
ATP-competitive inhibitors[47], a combination of Asciminib with an ATP-competitive TKI
may prove to be a promising strategy to prevent the development of resistance[48].

3.1.5. Prospect

As the originally identified oncogenic fusion, research on ABL inhibitors is ongoing,
with the development of new drugs to effectively treat CML. Recently developed ATP-
competitive TKIs, such as Ponatinib and Vamotinib, have demonstrated the ability to tar-
get both the natural and mutant variants of BCR-ABL, including the T315I gatekeeper
mutation. Furthermore, Bosutinib has exhibited high activity against BCR-ABL in Phase I
and II clinical trials, reflected by a >100-fold increase in potency compared with
Imatinib[49]. In addition to the continued progress in developing small molecule inhibi-
tors, therapies targeting the BCR-ABL protein degradation pathway have shown efficacy
in targeting not only naturally occurring kinase-active BCR-ABL protein, but also the mu-
tant forms of BCR-ABL protein[35]. As a novel therapeutic approach, protein degradation
strategies show the potential to outperform traditional protein activity inhibition meth-
ods.

3.2. ALK-fusion inhibitors

The identification of anaplastic lymphoma kinase (ALK) was originally accom-
plished in anaplastic large cell lymphoma (ALCL), which explains its name. The ALK fu-
sions production is associated with the oncogenicity of ALK, which could be related to
the altered conformation and phosphorylation of ALK protein[50]. Nevertheless, it is
widely acknowledged that the identity of the fusion partner is the key determinant of
oncogenic activity of ALK[51]. The retained kinase domain of ALK, along with the coiled-
coil domain present in most fusion partners, enables the dimerization of ALK and its con-
stitutive activation[52]. In addition to the frequently observed fusion types of ALK, such
as EML4-ALK, NPM1-ALK, KIF5B-ALK, TFG-ALK, TPM3-ALK and TPM4-ALK][24,53-
55], an increasing number of ALK fusion variants have been discovered (Figure 4). ALK
fusion proteins are involved in several cellular signaling pathways, such as Ras/extracel-
lular signal-regulated kinase (ERK), phosphatidylinositol 3 kinase (PI3K)/Akt, and Janus
protein tyrosine kinase (JAK)/STAT [56] (Figure 5A). Thus compromised regulation may
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lead to the development of several diseases. And ALK fusion proteins have been reported
innonelastic ALCL, inflammatory myofibrosarcoma (IMT), diffuse large B-cell lymphoma
(DLBCL) and non-small cell lung cancer (NSCLC)[57]. Furthermore, while EML4-ALK
fusion is commonly observed in the majority of the 2-7% of NSCLC cases[58], ALK fusions
are infrequent in SCLC. Nonetheless, there have been four rare instances of SCLS with
ALK fusions reported recently, including ELM4-ALK, PLEKHM2-ALK and ALK-
IR[59,60] (Figure 4). Fortunately, the first-generation drugs, including Crizotinib, a small
molecule tyrosine kinase inhibitor initially designed to target cMET, along with the sec-
ond-generation drugs, such as Ceritinib and Alectinib, and the third-generation agent Lor-
latinib, were repurposed effectively for the treatment of cancer with ALK-fusion.
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Figure 4. Schematic diagram of ALK fusion proteins in different cancers and their structural com-
position. (A) [llustration of ALK fusion events frequently observed in various cancers. Each colored
dot represents a distinct ROS1 fusion event, as depicted in (B). (B) Schematic structural composition
of ALK fusion proteins. CC (Coiled coil); KD (Kinase domain).

3.2.1. Crizotinib

Crizotinib, the first generation ALK-tyrosine kinase inhibitor, was initially designed
as a cMET kinase inhibitor. It was subsequently discovered to inhibit ALK-rearranged and
ROS-rearranged in NSCLC[61]. The use of Crizotinib leads to decreased phosphorylation
of ALK fusion, resulting in an inactive protein conformation[62]. In various xenograft
models using human-derived tumors or tumor cell lines expressing EML4- or NPM-ALK
fusion proteins, Crizotinib inhibited tumor growth, decreased proliferation, increased
apoptosis, and dose-dependent decreased phosphorylation. Based on its proven efficacy
and safety in clinical trials, Crizotinib was granted approval by the U.S. FDA approval on
26 August 2011, and received full approval in 20 November 2013[63]. Despite the signifi-
cant and long-lasting benefits of Crizotinib, the majority of patients eventually develop
resistance, usually after a few years[64]. The main mechanisms of resistance to Crizotinib
include secondary resistance mutations in ALK, such as L1196M, C1156Y[65],
G1269A[66], L1152R[67], and 11171[68] (Figure 5B), as well as ALK copy number altera-
tions. Interestingly, Crizotinib has demonstrated sensitivity to a large number of new ALK
fusions, including HIP1-ALK[69], BIRC6-ALK][70], DYSE-ALK.

3.2.2. Ceritinib

Ceritinib is a kinase inhibitor for the treatment of patients with ALK-positive meta-
static NSCLC who have failed prior Crizotinib therapy due to resistance or intolerance. It
was approved by the FDA in April 2014, as a surprisingly high response rate (56%) to-
wards Crizotinib-resistant tumors[71]. Mechanistically, Ceritinib suppress ALK-mediated
phosphorylation of the downstream signaling proteins in an ATP-competitive manner. It
has been demonstrated to be effective in treating NSCLC patients who have developed
resistance to Crizotinib, specifically, mutations in key "gatekeeper" residues of the en-
zyme, L1196M and G1269M and G1269A[72]. These findings suggest that Ceritinib holds
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promise as a therapeutic option for NSCLC patients with ALK fusion and resistance to
Crizotinib.

3.2.3. Alectinib

Alectinib, a highly selective inhibitor of ALK, is used specifically in the treatment of
NSCLC expressing the EML4-ALK fusion protein[73]. It has been approved in Japan for
the treatment of advanced, unresectable, or recurrent NSCLC with ALK rearrange-
ment[74]. Alectinib is frequently used as a second-line treatment after Crizotinib therapy
due to drug intolerance or resistance. Furthermore, it has exhibited remarkable effective-
ness against several novel ALK fusion proteins, including VKORC1L1-ALK][75], SQSTM1-
ALK]76], HIP1-ALK][77] and STRN-ALK][78]. For patients whose disease progression per-
sists despite initial treatment with Crizotinib, converting to Alectinib may be a viable op-
tion that could enhance treatment compliance[79]. Notably, the presence of T1151K has
been found to increase sensitivity to Alectinib[75]. However, secondary resistance muta-
tions in ALK, including 11171T/N/S[68], G1202R[80], V1180L and F1174C, may lead to re-
sistance to Alectinib (Figure 5B).

3.2.4. Brigatinib

Brigatinib is a tyrosine kinase inhibitor that selectively targets ALK and EGFR and
has demonstrated efficacy against 9 different Crizotinib-resistant mutants of the EML4-
ALK fusion[81]. It was developed by Ariad Pharmaceuticals, and received FDA-approved
in 2017. In BaF3 cells expressing EML4-ALK, and these with gatekeeper mutations
(G1269S and L1196M), Brigatinib has been shown to induce tumor regression. Further-
more, in EML4-ALK xenograft models in mice, Brigitanib exhibits dose-dependent inhi-
bition of tumor growth, tumor burden and prolonged survival[81]. Currently, Brigatinib
is primarily used as a treatment option for ALK-positive NSCLC who are intolerant to
Crizotinib.

3.2.5. Prospect

Despite the availability of the first-, second-, and third-generation ALK-fusion inhib-
itors and a profound understanding of the resistance mechanisms, drug resistance to
ALK-fusion inhibitors remains a major challenge[82]. As illustrated in Figure 4, drug de-
sign can be improved by considering the characteristics of the fusion type, particularly in
the presence of the coiled-coil domain[83]. Above all, to effectively prevent or overcome
drug resistance, a comprehensive understanding of the underlying mechanism is neces-
sary. The development of small molecule drugs, such as Brigatinib, a potent and selective
ALK inhibitor, has shown promise in treating metastatic NSCLC patients who have pro-
gressed but are intolerant to Crizotinib[84]. Similarly, NVP-TAE684 is also a potent and
selective ALK inhibitor that effectively induces apoptosis and cell cycle arrest through
rapid and prolonged inhibition of phosphorylation of NVM-ALK and its downstream ef-
fectors. Meanwhile, it is sensitive to the gatekeeper mutation L1196M[85].
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Figure 5. The downstream signaling pathways of ALK fusion proteins and current inhibitors. (A)
Activation of molecular pathway downstream of ALK fusion proteins. Unlike wild-type ALK, ALK
fusion facilitate the ligand-independent dimerization of ALK, resulting in its constitutive activation
and the initiation of multiple downstream signaling pathways. (B) Inhibitors targeting ALK fusions
and major drug resistance mutations. MAM1/2 (Multiple receptor protein-tyrosine phosphatase mu
1/2); LDL (Low-density lipoprotein receptor domain); TM (Transmembrane domain); FP (Fusion

partner); TRD (Intracellular kinase domain).

3.3. ROS1 fusion inhibitors
ROS1 stands for c-ROS sarcoma carcinogen receptor tyrosine kinase (ROS proto-on-

cogene 1, receptor tyrosine kinase), which encodes a transmembrane tyrosine kinase re-
ceptor called ROS1 protein. However, the functional capabilities of ROS1 remain largely
unknown[86]. Fusion events involving ROS1 have been detected in various cancers in
adult and pediatric patients. The identified fusion partners include CD74, CCDC6, EZR,
FIG, KDELR2 and others[87-89]. While fusion events may retain the kinase domains of
ROS], it has been reported that only certain fusion partners such as FIG, CCDC6, TMP,
EZR, and GOPC contain coiled-coil domains[88]. In addition, it is not clear how several of
the fusion partners of ROS1, such as CD74, induce oncogenicity as they lack the ability to
induce dimerization in the N-terminal domain[88] (Figure 6). ROS1 fusion induces acti-
vation of several typical signaling pathways involved in cell survival and growth, for in-
stance RAS-MAPK, JAK-STATS3, PI3K-AKT-mTOR[90] (Figure 7A). ROS1 fusion proteins
account for approximately 1% of NSCLC[91], while in lung adenocarcinoma was about
3.3%. Currently, ROS1 inhibitors are classified into two classes, based on their preference
for binding to different conformations of the ROS1 kinase domain. Type I inhibitors, such
as Crizotinib and Entrectinib, preferentially bind to the “DFG-in” conformations of their
targets. In contrast, type II ROS1 inhibitors, such as Cabozantinib and Foretinib, have a
higher binding affinity for the “DFG-out” conformation [92].
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Figure 6. Schematic diagram of ROS1 fusion proteins in cancers and their structural composition.
(A) Tllustration of the frequent occurrence of ROS1 fusion in different cancers. Each colored dot
represents a distinct ROS1 fusion event, as depicted in (B). (B) Schematic structural composition of
ROSI fusion proteins. CC (Coiled coil); KD (Kinase domain).

3.3.1. Crizotinib

Crizotinib is a tyrosine kinase receptor inhibitor that has been used for the treatment
of ROS1-positive NSCLC tumors. At present, it is the only clinical phase IV inhibitor avail-
able for this type of cancer[88]. By competing with ATP, it effectively inhibits the activity
of ROS1 fusion with sub-nanomolar cellular potency[93]. Compared to other inhibitors,
like Ceritinib and Alectinib, Crizotinib displayed significantly improved activity against
ROS1 kinase[94]. However, it was invalid for G1202R, G2032R[95,96] (Figure 7B). Re-
sistance to Crizotinib in cancers may develop due to various mechanism, including sec-
ondary mutations in the structural region of the ROS1 kinase or amplification of the ROS1
gene. Additionally, drug resistance may develop due to the activation of other signaling
pathways that bypass the ROS1 pathway. To overcome Crizotinib resistance, several sec-
ond-generation ROS1 inhibitors, including Ceritinib, Roritinib and Enretinide, are cur-
rently undergoning clinical trials[64].

3.3.2. Entrectinib

Entrectinib is a multi-kinase inhibitor that functions as an ATP competitor and has
been demonstrated to be effective against ROS1, ALK, and pan-TRK[97]. In 2019, the FDA
approved Entrectinib for the treatment of ROS1-positive metastatic NSCLC and NTRK
gene fusion positive solid tumors. An integrated analysis of three-phase 1-2 trials indi-
cated that Entrectinib shown promising results in the treatment of ROS1 fusion-containing
cancers, and was found to be 40 times more potent than Crizotinib[98]. One of the ad-
vantages of Entrectinib is the ability to effectively cross the blood-brain barrier, making it
a potentially effective treatment option for tumor that have spread to the brain[98]. How-
ever, it also encounters the obstacle of drug resistance mutations, such as G2032R,
F2004C/I/V, L2086F[99], L2026M[100] (Figure 7B).

3.3.3. Prospect

Regrettably, the number of developed inhibitors for the ROS1 fusion is relatively lim-
ited, with only two drugs, Crizotinib and Entrectinib, approved by the FDA. Based on the
phase I/II clinical studies, Crizotinib has shown significant therapeutic potential against
ROS1-fusion driven cancers[94]. Nevertheless, drug resistance remains an unavoidable
challenge in cancer treatment, highlighting the need to overcome resistance[101]. In addi-
tion to the classical inhibitors, numerous drugs undergoing clinical trials have exhibited
favorable inhibitory effects. Repotrectinib is a low-molecular-weight macrocyclic TKI
with highly selective effects on ROS1 and ALK[102]. Brigatinib, initially used to treat ALK
positive metastatic NSCLC intolerant to Crisotinib[103], and was later found to have
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inhibitory activity against ROS1 fusion positive tumors, making it a next-generation tyro-
sine kinase[104]. Additionally, besides targeted treatment, programmed death-ligand 1
(PD-L1), an immune-suppressive molecule, needs to be considered for therapeutic deci-
sion-making[105]. However, whether the administration of immune checkpoint inhibitor
(ICI) therapy is suitable for ROS1 fusion after the development of Crizotinib resistance is

uncertain.
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Figure 7. The downstream signaling pathways of ROSI fusion proteins and current inhibitors. (A)
Activation of molecular pathways downstream of ROS1 fusion proteins. (B) Inhibitors targeting
ROS1 fusions and major drug resistance mutations. FN (Fibronectin type-III domain); TM (Trans-
membrane domain); FP (Fusion partner); TRD (Intracellular kinase domain).

3.4. NTRK fusion inhibitors

NTRK refers to a class of neurotrophic receptor tyrosine kinases that are involved in
the regulation of various cellular processes through the activation of intracellular signal-
ing pathways. The NTRK gene family is comprised of three distinct members, namely
NTRK1, NTRK2 and NTRK3, which encode for the TRK family of receptor proteins, in-
cluding TRKA, TRKB and TRKC[106]. The fusion types mainly include EML4-NTRK3,
TPM3-NTRK1[107], QKI-NTRK2[108], etc. NTRK gene fusions results in the production
of chimeric oncoproteins, such as ETV6-NTRK3[109] and MPRIP-NTRK1[110] (Figure 8).
These oncoproteins function as oncogenic drivers that promote tumor cell proliferation
and survival in vitro. Furthermore, immunohistochemical analysis of TRK expression in
NTRK fusion-positive tumors indicates that the subcellular localization of the fusion pro-
tein may be determined by the partner[16]. NTRK fusions are frequently observed in rare
cancer types including secretory breast cancer and congenital mesodermal nephroma,
while they occur less frequently in more common tumors like breast, lung and colorectal
cancers[111] (Figure 9A). Larotrectinib and Entrectinib have been approved by the FDA
and EMA for as monotherapy for the treatment of patients with NTRK gene fusion posi-
tive solid tumors.
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NTRK fusion. CC (Coiled coil); KD (Kinase domain); TM (Transmembrane domain).

3.4.1. Entrectinib

Entrectinib is a multi-kinase inhibitor with ATP-competitive properties that targets
TRKA, TRKB, TRKC, ROS1, and ALK. TRK receptors play a role in cell proliferation
through downstream signaling of MAPK, PI3K and PLCy. By inhibiting these pathways,
Entrectinib can suppress cancer cell proliferation, leading to tumor size reduction[112].
The FDA has granted approval for the use of Entrectinib in the treatment of NTRK gene
fusion solid tumors in both adult and pediatric patients. The systemic antitumor activity
of this compound has also been observed[113]. Clinical studies has shown that Entrectinib
is safe and well-tolerated in the patient with various tumor types, including NSCLC har-
boring SQSTM1-NTRK1[114], metastatic colorectal cancer harboring LMNA-NTRK1[115]
, lung cancer harboring SQSTM1-NTRK1[116], mammary analogue secretory carcinoma
harboring ETV6-NTRK3[117] and glioneuronal tumors harboring BCAN-NTRK1[118].
However, cases of resistance to Entrectinib have been reported, such as
G595R,G623R[119], G667C[119], G623E, V573M, and G595L[119] (Figure 9B).

3.4.2. Larotrectinib

Larotrectinib is a highly selective TRK inhibitor that has been approved for the treat-
ment of NTRK fusion-positive solid tumors in both adults and children[120]. By binding
to TRK, Larotrectinib effectively obstructs neurotrophin-TRK interactions and TRK acti-
vation, resulting in the induction of cellular apoptosis and the inhibition of tumor cell
growth in cases where TRK is overexpressed. Clinical studies have demonstrated that it
exhibits potent antitumor activity in patients with NTRK fusion positive cancer, such as
those with TPM3-NTRK1 in lung cancer[121] and CTRC-NTRK1 in pancreatic ductal ad-
enocarcinoma[122]. Larotrectinib has demonstrated the ability to inhibit the growth of cell
lines or xenografts containing TPM3-NTRK1, MPRIP-NTRK1 and ETV6-NTRK3[121].
Moreover, Larotrectinib exhibited favorable tolerability and demonstrated efficacy across
all patients with tumors harboring NTRK gene fusions, thereby representing a promising
therapeutic option for such individuals. However, Larotrectinib displayed limited activity
in cell lines with point mutations in the TRK kinase domain, such as G667S, G696A,
G595R, G623R, F617L[123], V573M[119] (Figure 9B).

3.4.3. Prospect

Mutations in NTRK genes are responsible for drug resistance, including solvent front
mutations in TRKA G595R and TRKC G623 in the ATP-binding pocket of the kinase struc-
tural domain. To overcome acquired resistance to first-generation TKIs, next-generation

TRK inhibitors such as Selitectinib is being developing. In preclinical studies, Merestinib
has shown efficacy in tumor models with NTRK fusion and TRKA G667C variants[124].
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Additionally, Cabozantinib can target NTRK fusions, but may also exhibit resistance
against TRKA L564H, D679G, G595R, and G595L mutation[125]. It is crucial to note that
treatment with TRK inhibitors can lead to overactivation of cancer-related pathways
(MAPK pathway), including hotspot mutations, MET amplification, KRAS mutations and
BRAF V600E mutations. This effect may result in treatment failure, and thus, combination
therapy with drugs that regulate these pathways may represent a new paradigm in the
fighting NTRK fusion diseases[125]. Moreover, combination therapy involving NTRK in-
hibitors and immune checkpoint inhibitors may also offer a promising treatment option.
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Figure 9. The downstream signaling pathways of NTRK fusions and current inhibitors. (A) Activa-
tion of molecular pathways downstream of NTRK fusion. (B) Inhibitors targeting NTRK fusions and
major drug resistance mutations. TM (Transmembrane domain); FP (Fusion partner); TRD (Intra-
cellular kinase domain).

3.5. RET fusion inhibitors

Rearranged during transfection (RET), a member of receptor tyrosine kinase family,
has been demonstrated to have a crucial role in signal transduction. Perturbations in the
expression of RET can lead to tumorigenesis. The most prevalent oncogenic variants in-
clude gene fusions and mutations. Notably, studies have highlighted that RET fusions
occur with high frequently in populations exposed to ionizing radiation[126]. Various
types of RET fusion have been identified, including CDCC6-RET, NCOA4-RET, KIF5B-
RET[127], LSM14A-RET[128], TRIM33-RET, ZNF477P-RET[127], etc. (Figure 10). Typi-
cally, the gene fusion encodes a fusion protein that retains the kinase domain, which can
induce the overactivation of downstream signaling pathways via partners dimerization
or oligomerization, culminating in the development of multiple malignancies[129] (Figure
11A). RET fusion proteins have been detected in more than 20 cancer type, with thyroid
and lung adenocarcinomas being the most prevalent[127] (Figure 10A). Cabozantinib,
Vandetanib, Lenvatinib, Ponatinib, Sunitinib, and Sorafenib have been approved as ther-
apeutic agents for treating RET fusions[130].
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3.5.1. Lenvatinib

Lenvatinib, an oral tyrosine kinase inhibitor, has been demonstrated to target various
receptors, including vascular endothelial growth factor receptor (VEGER) 1-3, fibroblast
growth factor receptor (FGFR) 1-3 and RET[131]. Current preclinical and clinical studies
indicate that it can hinder the autophosphorylation of KIF5B-RET, CCDC6-RET and
NCOA4-RET, which can ultimately prevent the development of tumors harboring RET
fusion oncogenes. Its efficacy has been demonstrated in various cancers, including
CCDC6-RET-positive human thyroid cancer[132] and lung cancers[131]. Despite these
promising findings, targeted therapy for RET fusions has not produced favorable out-
comes. Resistance to Lenvatinib has gradually developed after treatment. Specifically,
mutations such as V738A, A807V and F998V, L730V and E732K, G810A have been identi-
fied as potential mechanisms underlying resistance to it[133] (Figure 11B).

3.5.2. Cabozantinib

Cabozantinib, a multi-kinase inhibitor, has been reported to bind to both the ATP
binding site and adjacent hydrophobic/variable sites[129]. Phase II clinical trials in pa-
tients with RET-fusion-positive NSCLC demonstrated its efficacy[131]. However, a com-
parative analysis has revealed that Cabozantinib exhibits off-target effects and is not spe-
cific for RET gene fusions. The development of resistance to Cabozantinib during its use
is a potential problem, and specific mutations such as L7301, E732K and V8711[133] (Figure
11B).

3.5.3. Vandetanib

Vandetanib is a multi-target inhibitor of several proteins, including VEGFR2-3, EGFR
and RET[129]. It has been demonstrated to inhibit the autophosphorylation of these pro-
teins, and then blocking the downstream signaling[131]. Inhibition of RET-fused cancers
is achieved by competing with ATP[129], leading to reduce the colony-forming ability in
RET-fused cell lines. Vandetanib has also been found to inhibit the growth of both KIF5B-
RET-mediated tumor and multiple RET fusion positive NSCLC[131,134]. Several drug-
resistant mutations have been identified as frequently occurring during use, including
G810A, L881V[135], C634W, MI18T[129], V804L/M/E[129,136], G810S[133], S904F[137]
(Figure 11B).

3.5.4. Selpercatinib

Selpercatinib is an oral administered, small-molecule ATP-competitive agent known
for its high selectivity[138]. While it is currently being investigation in clinical trials, Selp-
ercatinib obtained accelerated approval from the FDA in 2020 for the treatment of specific
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RET-driven cancers. It exhibits greater sensitivity in patients with KIF5B-RET type,
CCDC6-RET type and RET V804L/M and M918T resistant NSCLC[139]. Its antitumor ac-
tivity in the CNS is notably prolonged as it is capable of crossing the blood-brain bar-
rier[140]. Notably, the use of Selpercatinib in patients with RET fusion-positive NSCLC
who have undergone platinum-based chemotherapy or remained untreated resulted in a
significant reduction in tumor growth with minimal toxicity[141]. Selpercatinib has exhib-
ited robust and durable anti-tumor activity in medullary thyroid carcinoma (MTC) cases
harboring RET mutations[140]. Importantly, it has been associated with a favorable safety
profile[142]. However, Recent reports have identified mutations in RET G810R/S/C/V that
have the potential to result in treatment failures, despite not affecting ATP binding
[95,96,137] (Figure 11B).

3.5.5. Pralsetinib

Pralsetinib is a highly selective, orally administered, small molecule drug that has
demonstrated notable efficacy and tolerability in the treatment of various RET abnormal-
ities, including wild-type and mutations such as V804L, V804M and M918T, as well as
fusions like KIF5B-RET, CCDC6-RET[143,144]. Similar to Selpercatinib, the phase I/II trial
of Pralsetinib is currently ongoing. Nevertheless, Pralsetinib received accelerated ap-
proval from the FDA approval in 2020, specifically for the treatment of metastatic NSCLC
with RET fusion. It has exhibited considerable therapeutic efficacy in patients with RET
fusion-positive metastatic NSCLC, RET mutant MTC and RET fusion-positive thyroid,
with no significant off-target toxicity[131,143,145]. Moreover, Pralsetinib has been shown
to have no genotoxicity both in vitro and in vivo[146] , making it a promising RET fusion
inhibitor. However, caution must be taken when administering it with P-gp (P-glycopro-
tein) and CYP3A inhibitors, as they may decrease its effectiveness and increase the inci-
dence and severity of adverse reactions[134,143]. Regrettably, it has been found to be in-
sensitive to G810R/S mutation (Figure 11B), which may limit its effectiveness in certain
patient populations[147].

3.5.6. Prospect

Multi-kinase inhibitors have demonstrated efficacy in the treatment of RET fusion-
positive cancers, but their lack of specificity and susceptibility to drug resistance have
been noted. The advent of highly selective targeted agents for RET has improved the treat-
ment of RET fusion-positive patients. The selective inhibitors Pralsetinib and Selpercatinib
have been approved by the FDA for the treatment of RET fusion-positive NSCLC[131].
Additionally, several RET fusions-targeting inhibitors are being developed and are cur-
rently undergoing clinical trials. These include TAS0953 (NCT04683250) for RET fusion
positive cells[147], BOS172738 for RET fusion positive NSCLC[148], RXDX-105 for
CCDC6-RET, NCOA4-RET and PRKAR1A-RET-containing cells[127], TPX-0046 for ad-
vanced solid tumors with RET fusions or mutations[129,148]. In addition, exploring com-
binations therapies may lead to new developments in the treatment of RET fusion muta-
tions.
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Figure 11. The downstream signaling pathways of RET fusion proteins and current inhibitors. (A)
Activation of molecular pathway downstream of RET fusion proteins. (B) Inhibitors targeting RET
fusion proteins and major drug resistance mutations. CLD (Cadherin-like domains); CRD (Cysteine-
rich domain); TM (Transmembrane domain); FP (Fusion partner); TRD (Intracellular kinase do-
main).

3.6. Others
3.6.1. EGFER fusion inhibitors

Epidermal Growth Factor Receptor (EGFR) is a transmembrane glycoprotein and a
type I receptor tyrosine kinase that plays a key role in epithelial cell proliferation and sig-
naling. Somatic mutations of EGFR have been found to be associated with various onco-
genic processes, including tumor cell proliferation, angiogenesis, tumor invasion and me-
tastasis[149]. Notably, EGFR fusions have also been observed among these mutations. The
most common one is EGFR-RAD51[149], while other fusions include HMGA2-EGFR[150],
KIF5B-EGFR[151], EGFR-SEPT14[152], EGFR-PURB[153], etc. (Figure 12A). The fusion of
EGEFR with RAD51/PURB may have the potential to enhance EGFR activity through two
mechanisms, namely, asymmetric dimerization promotion and inhibition of receptor
switching. The C-terminal tail of EGFR contains multiple autophosphorylation sites that
participate in downstream signaling pathways, such as MAPK and PI3K/Akt (Figure
12A). However, in EGFR-RAD51 and EGFR-PURB fusion, the C-terminal domain (CTD)
is absent, resulting in a disruption of signal regulation that can lead to pathological con-
sequences|[149,153]. For the treatment of EGFR aberrant disease, including EGFR fusions,
EGEFR TKIs of the first, second and third generation, such as Erlotinib, Afatinib and Osi-
mertinib, have been developed[154] and reported to be effective. Erlotinib, a first-genera-
tion EGFR TKI, has been shown to inhibit the formation of glioma expressing HMGA2-
EGEFR and prolong survival in animal models. It has also demonstrated efficacy against
the rare EGFR-SEPT14 fusion protein in patients with colorectal adenocarci-
noma[150,155]. The second-generation Afatinib has exhibited a favorable responded in
patients with KIF5B-EGFR fusion in NSCLC[156]. However, the T790M mutation remains
the most common form of resistance to first- and second-generation inhibitor [157]. In
contrast, the third-generation Osimertinib has demonstrated sustained CNS activity and
the ability to inhibit tumor growth selectively, making it an attractive option for the treat-
ment of EGFR-Fused NSCLC[158]. Lazertinib has been found to be therapeutically similar
to Osimertinib[159]. In addition, the use of Cetuximab, an EGFR antibody, has shown
promise in inhibiting the proliferation of Ba/F3 cells expressing EGFR RAD51[149,153].
Although EGER fusions are not well understood due to their low incidence and lack of
detection technology[158], it is critical to develop more accurate and effective detection
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methods to improve our understanding of EGFR fusion and its potential patient treat-
ment.

3.6.2. RAF/BRAF-fusion inhibitors

B-Rapidly Accelerated Fibrosarcoma (BRAF) is a member of the serine/threonine pro-
tein kinase family that regulates the MAP kinase/ ERK signaling pathway, which is in-
volved in various cellular processes, including cell division, differentiation and secretion.
BRAF aberrations, including gene fusions, such as KIAA1549-BRAF[160,161], FAM131-
BRAF[162], GIT2-BRAF[163], GTF2I-BRAF[164], LMO7-BRAF[165] have been identified,
and the list of novel BRAF fusions continues to grow(Figure 12B). Among these,
KIAA1549-BRAF is the most prevalent type of BRAF fusion. RRAF fusions are often found
in low-grade gliomas such as dermatocytic astrocytoma(PA), dermatomyosarcoma-like
astrocytoma (PMA) and diffuse meningeal glial neuron tumor (DLGNT)[166]. Sorafenib
is a potent inhibitor of RAF1 and exhibits effects on BRAF, RET, PDGFR{ and VEGFR-3.
In a phase I clinical trial, a combination of Sorafenib and Bevacizumab showed promising
results in patients with a KIAA1549-BRAF fusion[167] (Figure 12B). Furthermore, in vitro
and in vivo studies have shown that the combination of Trametinib with the PI3K inhibi-
tor BKM120 or the CDK4/6 inhibitor LEEO11 produces synergistic antitumor effects in
melanoma cells harboring BRAF fusions[168]. While Vemurafenib, Dabrafenib, and En-
corafenib are selective BRAF inhibitors used in BRAF V600E mutated melanomas[169],
limited data exist on their effectiveness against BRAF fusion kinase due to the low occur-
rence of these alterations in cell lines[168]. Initial research on cell lines suggests that drug
combinations may be more successful. Efforts have been made to utilize inhibitors of both
BRAF and MEK to overcome drug resistance[170].

A B ® Growth factors
2
L RTK
EGFR 5$3eseisesse:s 833338883833
" " i BRAF fusion .' Sorafenib
EGFR fusion 2 Erlotinib KIAA1549-BRAF f} Temsirolimus
EGFR-RAD51 Afatinib 9™ EPB41L2-BRAF RAS B:vaclzgn:b
HMGA2-EGFR Lazertinib MCC-BRAF ' ramat_m_-
KIF5B-EGFR : OsimertinibL792/6796/c797 AGAP3-BRAF Buparlisib
i - BRAF Ribociclib
EGFR-SEPT14 ¥ 3} Cetuximab DAAM1-BRAF it ) i ocn;:s a)
EGFR-PURB RAS TEX41-BRAF 1 ‘'emurafenil
VOPP1-EGFR A5 NRF1-BRAF v Dabrafenib
: v x MEK Encorafenib
EGFR-TNS3 1 FOXN3-BRAF
EGFR-SHC1 RAF ¥ OSBP-BRAF v
il AKT
MEK ! : Nucleus
‘ - = Py -
v mTOP 77 ¥ Gene regulation i
ERK - 4 N
] 4 N
¥ v /
Cell survival, cell proliferation, cell migration, ... Cell proliferation, cell migration, ...

Figure 12. The downstream signaling pathways of EGFR and BRAF fusion proteins, current inhibi-
tors and major drug resistance mutations. (A) EGFR fusion proteins, (B) BRAF fusion proteins. RTK
(Receptor tyrosine kinase); FP (Fusion partner). The upper right corner of Osimertinib refers to its
main drug resistant mutations.

4. The development of inhibitors targeted non-kinase fusion genes
4.1. RARa-fusion inhibitors

Retinic acid receptors a (RARa) is a nuclear hormone receptor that binds to the ret-
inoic acid response element (RARE) and forms a dimer with the retinoid X receptor pro-
tein (RXRA), collectively known as the RARa-RXRA complex. The RARa-RXRA complex
is essential for the promyelocyte differentiation. Acute promyelocytic leukemia (APL) is
a subtype of AML. Although, the molecular mechanisms of development and progression
remain to be fully understood, the PML-RARa fusion, resulting from the chromosomal
translocation t(15;17) (q24;q21), is considered as the hallmark of APL[171] (Figure 14).
PML-RARa fusion have been identified in more than 98% of APL patients, while rare
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RARa fusion, including NPM-RARa and others, have also been identified. The produc-
tion of PML-RARa fusion proteins results in the formation of stable homodimers. And
then, these fusion proteins can disrupt normal RARax signaling, increase the recruitment
of co-blockers, and suppress the transcription of target genes, ultimately preventing dif-
ferentiation and leading to the development of APL[172,173]. As the potent transcriptional
repressors of retinoic acid signaling, RARa fusion proteins can be overcome with thera-
peutic doses of ATO[174]. ATO is a common chemotherapeutic agent used primarily for
the treatment of refractory or relapsed APL (Figure 13). Although the mechanism of action
of ATO is not fully understood, it has been shown to damage or degrade PML-RARa fu-
sion protein and induce apoptosis in MCF-7 cancer cells[175]. Studies have revealed that
combining ATRA with chemotherapy has led to APL becoming a highly curable disease
with high response rates (>90%)[176]. Furthermore, ATO has been shown to be effective
in patients who have relapsed after clinical remission with ATRA[177-179] (Figure 13).
However, patients carrying the ZBTB16-RARa or STAT5B-RARa fusion gene were natu-
rally resistant to ATO[180,181]. Currently, there are fewer drugs targeting RARA fusion
protein, and drug resistance remains a significant challenge in treating APL. Developing
new therapeutic tools or drugs is necessary to overcome this challenge.

ﬁ ‘ PML-RARa Targetgene
PML-RA (

RARa Targetgene As;0
»* Ubiquiti

ally Autophagy

» Proteasome

Autophagy
Proteasome

Figure 13. Distinct pathways regulating PML/ RAR«a degradation. RA: Retinoic acid.

4.2. DDIT3-fusion inhibitors

DNA damage inducible transcript 3 (DDIT3), a cellular stress sensor, is expressed at
low levels under normal physiological conditions. However, it can be rapidly induced in
response to endoplasmic various stress, including reticulum stress, nutrient deprivation,
DNA damage, cell growth arrest, or hypoxia. Additionally, DDIT3 is believed to be in-
volved in the negative regulation of cell differentiation[182]. MLS is a prevalent of lipo-
sarcomas distinguished by a characteristic cytogenetic feature of chromosomal transloca-
tion. The most frequent gene fusion observed in MLS is FUS-DDIT3, found in over 90% of
cases, while less commonly EWSR1-DDITS3 is identified[183-185] (Figure 14). The tran-
scriptional regulation of FUS-DDIT3 is controlled by the FUS promoter, whereas the
mRNA stability relies on the DDIT3 protein. The expression of FUS-DDIT3 protein is crit-
ical for MLS tumor development, and its expression level correlates with the expression
of cell proliferation-related genes, although the underlying mechanism remains un-
known[183,186]. It was suggested that FUS-DDIT3 could be a potential target for MLS
therapy [281-283]. Furthermore, FUS-DDIT3 activates JAK-STAT signaling, leading to the
development of targeted therapies for MLS based on this discovery[184]. Most JAK and
GSK-3 inhibitors, such as Fedratinib, TG101209 and AT9283 have been found to be effec-
tive[186]. In addition, FUS-DDIT3 induces activation of IGF-IR and PI3K/AKT signaling
and therapies targeting IGF-IR have shown efficacy in treating MLS both in vitro and in
vivo. NVP-AEW541, BMS-754807 and Picropodophyllin have demonstrated effective in-
hibition of IGF-IR and PI3K/AKT signaling activity. These findings suggest that targeting
this pathway could be a promising and specific therapeutic approach for the treatment of
MLSJ[187]. Currently, the treatment landscape for MLS has expanded to include the utili-
zation of new agents, such as Trabectedin or Eribulin in combination with traditional ther-
apeutic approaches[185]. However, a notable deficiency persists in terms of pharmacolog-
ical interventions that specifically target the FUS-DDIT3 fusion protein, which represents
a characteristic molecular alteration in MLS. There is an urgent requirement to develop
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novel therapeutic strategies that directly address the oncogenic potential conferred by the
FUS-DDIT3 fusion protein.
4.3. ETS-fusion inhibitors

ETS protein family encompasses 28 transcription factors that possess highly con-
served DNA-binding ETS domains. These factors, including FLI1, ERG, FEV, ETV1, ETV4
and others, play a crucial role in regulating a range of physiological processes, including
cell proliferation, differentiation and apoptosis[188]. The role of ETS gene fusions has been
widely investigated in prostate cancer, breast cancer, lung cancer and colorectal can-
cer[188]. The most common form of ETS gene fusion observed in prostate cancer is
TMPRSS2-ERG, accounting for approximately 50% of cases[189]. Also, other fusion such
as EWS-FLI1, TMPRSG-ERG[190], HNRNPH1-ERG[191], and EWSR1-ETV1[192] have
been observed in different types of cancers (Figure 14). The transcription of ETS is de-
pendent on the expression and activation of poly ADP-ribose polymerase (PARP) and
DNA protein kinase (DNAPK). This indicates that utilization of pharmacological agents
that PARP and DNAPK shows promising potential in the inhibition of ETS fusion activ-
ity[189]. For instance, the PARP inhibitors, such as Olaparib[189], Veliparib and
Rucaparib, have shown therapeutic efficacy against ETS fusions. Rucaparib has been
found to be effective in cells with defective in the PTEN gene and expressing ETS gene
fusion[193]. YK-4-279 inhibits the activity of EWS-FLI1 fusion protein by blocking RNA
Helicase A (RHA) binding with EWS-FLI1[194]. TK216, a derivative of Yk-4-279, also in-
hibits the activation of EWS-FLI1[195]. Dutasteride inhibits the growth of TMPRSS2-ERG
fusion-positive cells and significantly slows tumor growth when combined with Bicalu-
tamide[196]. Additionally, the BET protein inhibitor, ABBV- 075, is a potent inhibitor of
TMPRSS2-ETS fusion[197]. Studies have shown that the glucocorticoid receptor GR inter-
acts with transcription factors of the ETS family. And the GR antagonist Mifepristone in-
hibits EWS-FLI1 and EWS-ERG[198]. The diversity of therapeutic approaches for ETS fu-
sions provides valuable insights for follow-up studies.

4.4. MYB-fusion inhibitors

Avian myeloblastosis viral oncogene homolog (MYB) is a transcriptional regulator
that plays a critical role in maintaining normal tissue homeostasis and development[199].
The presence of rearrangements and mutations in the MYB gene serves as compelling ev-
idence for the involvement of MYB family members in human cancers. The most fre-
quently occurring MYB fusion is MYB-NFIB[199,200] (Figure 14). In particular, the AKT-
dependent IGF-IR signaling pathway regulates MYB-NFIB, making the IGF-1R-MYB-
NFIB axis is a promising target for the treatment of ACC[201]. The administration of IGF-
1R inhibitor, such as Linsitinib or BMS-754807, has been shown to downregulation of the
expression of the MYB-NFIB fusion protein[200]. MYB-TYK2 fusion proteins are known
to activate JAK/STAT signaling pathway. In cells expressing MYB-TYK?2, a combination
therapy involving Vorinostat, Tanespimycin and Cerdulatinib has exhibited notable effi-
cacy[202]. And, transcriptional targets of MYB-QKI, such as KIT or CDKS®, can be targeted
for therapeutic intervention. ATR, a DNA damage-sensing kinase, has also been reported
as a downstream therapeutic target for MYB and MYB-NFIB[200,203]. Monensin can in-
duce MYB degradation and inhibition of MYB-NFIB at both the mRNA and protein lev-
els[200].

4.5. MLL-fusion inhibitors

Myeloid/lymphoid leukemia (MLL), is a kind of histone methyltransferases in the
maintenance of hematopoietic stem cells. MLL gene fusions can be generated due to chro-
mosomal translocation or epigenetic changes, which promote the occurrence and devel-
opment of leukemia. MLL rearrangement is one of the most prevalent chromosomal ab-
normalities in AML[204]. Multiple types of MLL fusions were identified, such as MLL-
AF4[205], MLL-AF9[206,207], MLL-AF6[208] and others (Figure 14). The oncogenic activ-
ity of MLL fusion proteins depends on the binding of the CXXC domain to the promoter
and/or enhancer of the target gene. Disulfiram has been shown to disrupt the CXXC do-
main and inhibit the binding of MLL fusion protein to DNA, thereby attenuating their


https://doi.org/10.20944/preprints202305.1151.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 May 2023 doi:10.20944/preprints202305.1151.v1

activity[209]. In addition, most MLL fusion proteins rely on transcriptional regulatory
mechanisms mediated by asparagine endopeptidase (AEP) and histone methyltransferase
(DOT1L)[207]. A selective DOTIL inhibitor, EPZ004777, has demonstrated efficacy
against various MLL fusion proteins, including MLL-AEP [210], MLL-AF9, MLL-AF4 and
MLL- ENL fusions[211,212]. Rabeprazole, a protonpump inhibitors, selectively inhibits
the growth of MLL-AF4 and MLL-AF9-positive cells[213]. KO-382, a small molecule in-
hibitor of Menin-MLL interaction, binds to Menin and inhibits the proliferation of leuke-
mic cells transformed by MLL-AF9[214]. Mocetinostat, the inhibitor of the histone
deacetylase complex (HDAC), is used to inhibit MLL-AF9[212]. The immunoproteasome
inhibitor ONX-0914 exhibits therapeutic activity against ALL expressing MLL-AF4 fusion
protein[215]. The HSP90 inhibitors Radicol and Ganetespib induce degradation of MLL
fusion protein[216]. In conclusion, the treatment of MLL fusions holds great promise.
4.6. FOXO1-fusion inhibitors

The Forkhead Box O (FOXO) family, comprising FOXO1, FOXO3, FOXO4 and
FOXO®6, represents a group of transcription factors that play critical roles in various phys-
iological processes and responses to environmental stimuli[217]. Among the FOXO family
members, FOXO1 fusions are the most prevalent, with notable example including PAX3-
FOXO1[218] and PAX7-FOXO1[218] (Figure 14). Inhibition of key target genes regulated
by PAX3-FOXO1 using the small molecule inhibitor JQ1, which blocks the BRD4 protein,
have been shown to induce cell death and effectively suppresses tumor growth in
vivo[217]. The potent and selective histone deacetylase inhibitor, Entinostat, reduces the
mRNA and protein expression levels of PAX3-FOXOL1 in tumor cells. JARID2, a direct
transcriptional target of PAX3-FOXOI1 fusion protein and its downstream effector, shows
reduced cell proliferation upon inhibition[219]. Chromodomain decapping enzyme DNA-
binding protein 4 (CHD4) is a key co-regulator of PAX3-FOXO1, meaning it a potential
therapeutic target for rhabdomyosarcoma (RMS)[220]. ATR inhibitors show greater activ-
ity in PAX7-FOXO1 fusions. Furthermore, PAX3-FOXO1 protein levels can be regulated
by proteasome inhibitors such as MG-132. Small molecule inhibitors against fusion tran-
scription factors remain a challenging area of research. Therefore, indirect inhibition strat-
egies against such carcinogens hold promising as a more pragmatic approach.

4.7. YAPI-fusion inhibitors

Yes-associated protein 1 (YAP1) is an essential transcriptional co-activator that acts
as a downstream effector of the HIPPO pathway primarily through the TEAD family of
transcription factors[221,222]. Its crucial roles in normal tissue homeostasis, development,
stem cell maintenance, making it an attractive target for cancer therapy[222]. YAP1 fusion
types, include YAP1-TFE3[222], YAP1-MAML2[222], YAP1-NUTM1[221] have been iden-
tified (Figure 14). The activity of the YAP1 fusion protein is reliant on its interaction with
TEAD, mediated through TEAD binding sites, which has been shown to hinder the de-
velopment of associated tumors[223]. Therefore, disrupting the interaction between YAP1
and TEAD may hold promise as an effective strategy for cancer therapy. In addition, Ver-
teporfin, a small molecule inhibitor, disrupts the interaction between YAP1 and TEAD,
leading to the inhibition of YAP1 function[222]. Pharmacological and genetic disruption
of YAP-TEAD interactions reduced the oncogenic potential of the fusion, suggesting the
potential of targeting this interaction as a future approach for cancer treatment[224,225].
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Figure 14. Schematic structural composition of common non-kinase fusion genes.

5. Conclusions

In recent years, advancements in detection methods have yielded an expanding rep-
ertoire of identified gene fusion events, encompassing both known and novel types. These
discoveries have provided valuable insights into potential therapeutic targets, fueling fur-
ther investigations in this field. Although the efficiency of the assay technology has im-
proved, the challenge of false-positive results persists[30,31]. Hence, continuous refine-
ment of detection methods is critical to deepen our understanding of gene fusions and to
foster the development of effective strategies for tumor treatment. Tumors harboring gene
fusions usually exhibit heightened malignancy, and although targeted drugs have been
proven effective against certain fusions, many tumors remain without effective treatment
options. We have compiled a comprehensive list of drugs currently undergoing clinical
trials with the specific objective of targeting fusion proteins. The data comes from the
DrugBank database[226](Table 1). Despite the availability of several small molecule inhib-
itors approved by the FDA, drug resistance remains a pervasive clinical issue[227]. While
small molecule inhibitors have undeniably advanced cancer treatment, the exploration
and development of alternative therapeutic options are imperative, given the eventual
emergence of tumor cells resistance over time[228-230].

Table 1. Disease types and inhibitors of fusion proteins.

Fusion proteins Cancers Inhibitors
ABL fusion Imatinib™, Dasatinib™, Nilotinib™", Bosutinib™",
. CML, ALL - e A e
(Mainly BCR-ABL) Ponatinib™, Radotinib™, Asciminib™, VVamotinib
ALK-fusion NSCLC, IMT Crizotinib™, Cerltlnlb_ ,A|_e(i'£ll’llb , Lorlatinib™,
Brigatinib
ROS1 fusion NSCL.C and Other Crizotinib™, Entrectinib™
solid tumors
NTRK1/2/3 fusion GIST, NSCLC, IFS Entrectinib™, Larotrectinib™, Taletrectinib™
NSCLC, THCA, Lenvatinib™, Vandetanib™, Cabozantinib™, Sorafenib™,
RET fusion HCC, MTC Ponatinib®, Regorafenib”, S_elpe**\/amotlnlb rcatinib™,
Pralsetinib
EGFR fusion NSCLC, PAAD Gefitinib™, Erlotinib™, Afatinib™, Osimertinib™
NSCLC, CRC, HCC,
BRAF fusion GIST Sorafenib™, Vemurafenib™, Dabrafenib™, Encorafenib™
RARGa fusion APL Arsenic trioxide™"

*: Phase I Clinical; **: Phase II/III Clinical; ***: Phase IV Clinical. GIST: Gastrointestinal stromal tu-
mor; IFS: Infantile Fibrosarcoma.

The Protein Targeting Chimeras (PROTACS) is a novel technique that effectively in-
duces protein degradation through the ubiquitin-proteasome degradation system (UPS).
PROTAC: offer potential advantages in addressing target protein mutations, overexpres-
sion, and resistance to small molecule inhibitors or monoclonal antibodies[231-233]. More-
over, PROTACs hold promise in targeting non-drug or drug-resistant targets, including
nuclear receptors, transcription factors and folded proteins[231,233]. These attributes
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make PROTACsS an attractive approach for treating fusion proteins associated with dis-
eases such as NPM/EML4-ALK, BCR-ABL[233,234], presenting a viable strategy for com-
bating drug resistance. Furthermore, considering that fusion partners often possess
coiled-coil domains, crucial for the function of resulting fusion proteins (Figure 4), these
domains could serve as potential targets for developing inhibitors in future designs. More-
over, gene fusions have demonstrated remarkable potential in generating tumor-specific
neoantigens, making immunotherapy centered around these neoantigens a promising ap-
proach for cancer treatment[235]. In particular, certain fusions can modulate the expres-
sion of PD-L1 through downstream pathways, as observed with ALK fusions. Given the
correlation between PD-L1 expression on tumor cell surfaces and the response to PD-
1/PD-L1 antibody, it may be a prudent choice for tumors harboring such gene fu-
sions[130,236]. Among these therapeutic strategies, immune checkpoint blockade (ICB)
therapy utilizing PD-1/PD-L1 blockade is currently one of the most prevalent immuno-
therapeutic approaches. Overall, there is growing optimism that cancers driven by gene
fusion can be effectively addressed through continued research and the development of
new treatments in the future[237].
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