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Abstract. Staphylococcal nuclease and tudor domain‑
containing protein 1 (SND1) is an oncoprotein that is 
overexpressed in various types of cancer, including breast, 
prostate, lung, colorectal and hepatocellular carcinomas, as 
well as malignant gliomas, especially in cases of advanced and 
metastatic cancer. SND1 has a significant role in tumour devel‑
opment via its interactions with RNA and partner proteins. 
SND1 functions as a nuclease within the RNA‑induced 
silencing complex, where small RNAs (such as siRNAs or 
miRNAs) bind to ribonucleoproteins to mediate RNA interfer‑
ence and silencing of tumour suppressor genes. Metadherin 
(MTDH) has been identified as an important protein partner 
of SND1, and the SND1‑MTDH interaction has been reported 
to drive tumour initiation, metastasis and immune evasion in 
various types of cancer. Therefore, SND1 is considered as 
a crucial target for cancer therapy, and multiple approaches 
have been explored to inhibit its nuclease activity or disrupt 
its interaction with MTDH. In the present review, both the 
oncogenic functions of SND1 and therapeutic strategies that 
target either its binding to RNA or its interaction with MTDH 
are investigated.
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1. Introduction

Cancer remains a leading cause of death globally, with nearly 
20 million new cases, and 9.7 million cancer‑associated deaths, 
reported in 2022 (1). However, despite the significant progress 
that has been made in cancer prevention and early detection, 
cancer continues to pose a major global health challenge 
due to its complexity and the diverse mechanisms driving 
tumorigenesis (2). Major obstacles to successful cancer treat‑
ment include multidrug resistance, metastasis and immune 
evasion. Cancer cells employ various mechanisms that cause 
either the upregulation or downregulation of specific genes, 
often rendering current therapeutic strategies ineffective (2). 
Moreover, even though several of the molecular mechanisms 
underlying carcinogenesis have been elucidated, numerous 
factors contributing to cancer progression remain unclear. 
Therefore, identifying novel cancer‑associated proteins is of 
great clinical significance (2).

Staphylococcal nuclease and tudor domain‑containing 
protein 1 (SND1) protein is a component of the RNA‑induced 
silencing complex (RISC), and is currently recognized as an 
oncogenic protein. SND1 fulfils a crucial role in gene expres‑
sion by regulating transcription, RNA splicing, RNA editing 
and stability, as well as being involved in RNA interference 
(RNAi) (2). Recent analyses explored the oncogenic role of 
SND1 across 33 different types of tumour by utilizing data from 
The Cancer Genome Atlas and Gene Expression Omnibus (3). 
Elevated levels of SND1 expression have been identified in 
the majority of cancers, namely 74% cases of hepatocellular 
carcinoma (HCC), 69.9% cases of colon cancer, 97% cases 
of prostate cancer and 53.5% cases of breast cancer. SND1 in 
these types of cancers have been reported to exert a significant 
role in promoting tumour development, progression, immune 
cell infiltration and metastasis (2,3).

Wang et al  (4) identified SND1 as a novel endoplasmic 
reticulum (ER)‑associated protein that facilitates the targeting 
of the nascent major histocompatibility complex I (MHC‑I) 
heavy chain to the ER‑associated degradation (ERAD) pathway. 
In their study, downregulation of MHC‑I on the tumour cell 

Staphylococcal nuclease and tudor domain‑containing protein 1: 
An emerging therapeutic target in cancer (Review)

SANTOSH KUMAR RAI,  MOHD IMRAN KHAN,  RAKESH KUMAR,  RAKESH ISHWAR PATIL,  
SANJEEV DHAWAN,  AMIT PANWAR  and  ANIL KUMAR

New Drug Discovery Research, Mankind Research Centre Unit‑1, Mankind Pharma Limited, Gurugram, Haryana 122051, India

Received March 10, 2025;  Accepted June 24, 2025

DOI: 10.3892/mco.2025.2881

Correspondence to: Dr Santosh Kumar Rai, New Drug Discovery 
Research, Mankind Research Centre Unit‑1, Mankind Pharma 
Limited, 191‑E Kasan Road, Sector 4, IMT Manesar, Gurugram, 
Haryana 122051, India
E‑mail: santosh.rai@mankindpharma.com

Key words: staphylococcal nuclease and tudor domain‑containing 
protein 1, metadherin, RNA‑induced silencing complex, metastasis, 
immune evasion

https://www.spandidos-publications.com/10.3892/mco.2025.2881


RAI et al:  SND1 AS AN EMERGING THERAPEUTIC TARGET IN CANCER2

surface was shown to result in impaired recognition of cancer 
cells by CD8+ T cells. This process was observed in 20‑60% 
of common solid tumours, including lung, breast, prostate and 
bladder cancers. Reduced expression of MHC‑I on the surface 
of tumour cells helps to create an immune microenvironment 
that favours cancer growth, allowing tumour cells to evade the 
immune response (4).

Other research has shown that SND1 interacts with 
several proteins, including metadherin (MTDH), to exert its 
oncogenic effects. MTDH, also known as astrocyte elevated 
gene‑1 (AEG‑1), is another oncogene that has been implicated 
in the development of several types of cancer, including breast, 
prostate, liver, lung, glioma, cervical, bladder, kidney, gastric, 
colorectal and head and neck cancers (5). In non‑cancerous 
tissues, MTDH is primarily found in the nucleus, although 
it is translocated to the cytoplasm and cell membrane in 
malignant tissues, where it engages with critical oncogenic 
pathways. These pathways include NF‑κB, PI3K/AKT, MAPK 
and Wnt/β‑catenin as signalling components, all of which 
contribute to tumour growth and survival  (5). Among the 
various protein partners of SND1, MTDH has been shown to 
perform a key role in regulating essential processes, including 
cellular transformation, cancer metastasis and resistance to 
multiple drugs (6). 

The discovery of the MTDH‑SND1 protein complex 
crystal structure (Fig. 1) has paved the way for drug devel‑
opment targeting this crucial protein‑protein interaction 
(PPI)  (7). Multiple studies have focused on developing 
peptide and small‑molecule inhibitors to target SND1 with 
the aim of interrupting its RNA binding and SND1‑MTDH 
interaction  (8‑12). It has been reported that treating the 
MDA‑MB‑231 breast cancer cell line with the small mole‑
cule suramin blocked the interaction between SND1 and 
RNA, thereby resulting in increased levels of the microRNA 
(miRNA or miR), miR ‑1‑3p. This, in turn, enhanced the 
chemosensitivity of MDA‑MB‑231 cells to the Bcl‑2 inhibitor 
navitoclax (9). In addition, silencing of SND1 enhanced cell 
death induced by cisplatin in breast cancer cells by inhibiting 
SND1 binding to the 3'‑untranslated region (3'‑UTR) of 
glutathione peroxidase 4 (GPX4) mRNA.

Numerous peptides also have been reported to disrupt the 
MTDH‑SND1 interaction and to exhibit antitumour poten‑
tial in multiple cancers without non‑specific toxicity  (10). 
Shen et al (11,12) reported the first series of MTDH‑SND1 
PPI small‑molecule inhibitors, and resolved the co‑crystal 
structures of the inhibitors C26‑A2 and C26‑A6 with SND1. 
Both C26‑A2 and C26‑A6 exhibit strong binding affinity 
for SND1, effectively disrupting the SND1‑MTDH interac‑
tion. These compounds also inhibited tumour growth and 
metastasis, thereby leading to an improved chemotherapy 
response, and have proven to be effective in preclinical models 
of triple‑negative breast cancer (TNBC). The discovery of 
these small‑molecule inhibitors has stimulated the search for 
more potent inhibitors of the SND1‑MTDH protein interac‑
tion. Molecular dynamics (MD) simulation‑based virtual 
screening revealed L5 as the top candidate, demonstrating 
a binding affinity to SND1 with a dissociation constant 
(Kd) of 2.64 µM (13). Additionally, this compound exhib‑
ited significant anti‑proliferative effects in MDA‑MB‑231 
breast cancer cells  (13). Another study reported three 

promising drug molecules based on virtual screening analyses 
(BAS_00381028, BAS_00327287, and BAS_01293454), 
which also exhibited strong binding interactions and a stable 
binding conformation with the SND1 enzyme (14). 

The present review offers an in‑depth summary of the 
current insights into the oncogenic role and clinical relevance 
of SND1 and its key partners in cancer development and 
progression. Furthermore, various therapeutic approaches 
targeting either SND1 alone or its interaction with MTDH are 
discussed, and future directions that have been proposed for 
developing potential SND1 inhibitors to prevent cancer are 
described.

2. Protein structure of SND1

Human SND1 is a protein comprising 910 amino acids. It has 
four similar staphylococcal nuclease (SN) domains and a fifth 
domain that combines a Tudor domain and part of a nuclease 
(TSN) domain (Fig. 2) (15). The SN domains in SND1 are 
20‑30% similar to those in SN proteins. SNs break down DNA 
and RNA with the help of calcium. However, the SN domains 
in SND1 lack the essential amino acid residues required for 
calcium‑dependent catalytic activity. These domains belong to 
the oligonucleotide/oligosaccharide‑binding (OB)‑fold super‑
family, which encompasses a variety of nucleic acid‑binding 
proteins. Although numerous OB‑fold proteins do not exhibit 
catalytic activity, they do perform other functions, including 
transcriptional regulation, chromatin modification and DNA 
repair (16,17). Tudor domains, which are highly conserved 
across eukaryotes and have been widely studied in Drosophila, 
have roles in DNA binding, epigenetic regulation, gene expres‑
sion, and in the formation of small nuclear ribonucleoproteins, 
miRNAs and siRNAs (18). The presence of SN and Tudor 
domains together provides the SND1 protein with a diverse 
range of multifunctional properties (Fig. 2).

3. Interacting protein partners of SND1, and their impact 
on cancer‑associated cellular functions

SND1 is a scaffold protein known to interact with different 
protein partners, including cellular myelocytomatosis viral 
oncogene homolog (c‑Myb), phosphoglycerate mutase family 
member 5 (PGAM5), protein arginine methyltransferase 5 
(PRMT5) and MTDH, to modulate cellular functions, including 
cell proliferation, cell signaling and cell differentiation. c‑Myb 
is a key factor involved in the differentiation and growth of 
immature hematopoietic stem cells, and SND1 has been 
reported to interact with c‑Myb in previous studies (19‑21). 
c‑Myb and SND1 were both shown to be overexpressed in 
MCF‑7 breast cancer cells, with the SND1 promoter serving 
as a key site for c‑Myb binding. This interaction helps to 
maintain a positive regulatory loop between c‑Myb and SND1, 
thereby contributing to breast cancer tumorigenesis (22). In 
addition, the interaction of SND1 with PRMT5 was shown 
to contribute to oncogenesis in HCC (21). Another study by 
Liang et al (20) demonstrated that localization of SND1 to the 
mitochondria promoted PGAM5‑mediated mitophagy, which, 
in turn, promoted increased cell proliferation in three HCC 
cell lines (Hep3B, PLC and HepG2); moreover, tumour growth 
in an HCC (Hep3B) xenograft model that recruited BALB/c 
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nude mice was shown to be enhanced. SND1 was also found 
to interact with long non‑coding RNAs (lncRNAs) such as 
transcription factor 7 (TCF7) and SND1‑intronic transcript 1 
(IT1), and this interaction participated in the progression of 
cancer and metabolic disorders (23). Previous studies have 
identified lncTCF7 as a novel protein partner for SND1, which 
is essential for the recruitment of the SWI/SNF chromatin 
remodelling complex to TCF7 promoter region. This interac‑
tion activates the expression of TCF7, which enhances the 
Wnt signalling pathway, thereby promoting cancer progres‑
sion (24,25). SND1‑IT1 is a well‑characterized lncRNA located 
on chromosome 7 at position 7q32.1, which has been reported 
to be significantly upregulated in gastric cancer tissues (26). 
It has been shown that SND1‑IT1 regulates the expression of 
collagen, type IV, α1 (COL4A1) by competing with miR‑124, 
a tumour suppressor gene. This competition was found to 
facilitate TGF‑β1‑induced epithelial‑to‑mesenchymal (EMT) 
transition through the miR‑124/COL4A1 axis in HGC‑27 
gastric cancer cells (26). 

Numerous studies have highlighted the critical role of PPIs 
between MTDH and its partner proteins in various types of 
cancer (27‑31). The interaction between SND1 and MTDH 
has also been shown to lead to immune evasion, as well as 
tumour initiation and metastasis in breast cancer, lung cancer 
and colorectal cancer (9). 

4. Molecular functions of SND1 and its role in cancer

Role of SND1 in RNA‑associated processes and gene 
regulation. Previous studies have shown that SND1 acts as 
a nuclease within the RISC, where it associates with small 
RNAs (such as siRNAs or miRNAs) and ribonucleoproteins 
to facilitate RNAi‑mediated gene silencing (32,33). MTDH 
has been shown to interact with SND1 and other proteins to 
form a stable RISC complex (2). The overexpression of either 
MTDH or SND1 has been associated with the downregula‑
tion of several tumour suppressor genes that are targeted by 
onco‑miRNAs. These include genes such as PTEN (targeted 
by miR‑221 and miR‑21), CDKN1C (also known as p57; 
targeted by miR‑221), CDKN1A (also known as p21; targeted 
by miR‑106b), SPRY2 (targeted by miR‑21) and TGFBR2 
(targeted by miR‑9)  (34). The adenomatous polyposis coli 
(APC) is essential for maintaining cell polarity and cell‑cell 
adhesion, primarily through regulation of the placement of 
E‑cadherin at the plasma membrane. In colon cancer, reduced 
levels of APC have been linked with the overexpression of 
SND1, which has been shown to modulate the expression 
of APC and other cancer‑associated genes. Loss of APC 
was shown to disrupt the degradation of β‑catenin via the 
proteasome, resulting in its stabilization (33). This stabilized 
β‑catenin subsequently activates the transcription of Wnt 

Figure 2. SND1 domains and related functions. SND1, staphylococcal nuclease and tudor domain‑containing protein 1.

Figure 1. Overall structure of the MTDH‑SND1 complex. (A) Two perpendicular views are shown. The SN1 and SN2 domains of SND1 are colored cyan 
and magenta, respectively, while MTDH is colored yellow. SND1 is displayed as (A) a  ribbon diagram and (C) surface representation. MTDH is depicted 
using a worm (backbone) and cylinder (side chain) representation. (B) A close‑up stereo view of the MTDH‑SND1 interface. (C) The MTDH peptide 
(D393WNAPAEEWGN403) occupies the shallow groove between SN1 and SN2 domains, with the two tryptophan residues, W394 and W401, forming 
extensive hydrophobic contacts with two well‑defined hydrophobic pockets in SND1 (7). MTDH, metadherin; SND1, staphylococcal nuclease and tudor 
domain‑containing protein 1.

https://www.spandidos-publications.com/10.3892/mco.2025.2881


RAI et al:  SND1 AS AN EMERGING THERAPEUTIC TARGET IN CANCER4

pathway target genes, and this process acts a key driver of 
tumour progression (35). RNA splicing is a vital process in 
pre‑mRNA maturation, during which non‑coding intronic 
regions are excised, and the exonic regions are joined, thereby 
producing a mature functional mRNA. The spliceosome 
complex consists of five dynamic small ribonucleoproteins 
(U1, U2, U4/U6 and U5), along with several non‑coding RNAs. 
SND1 interacts with U5 spliceosomal RNA, a key component 
of ribonucleoproteins, which facilitates the formation of the 
spliceosome. This interaction affects the levels of different 
splice variants, including the production of a variant form 
of CD44, which thereby increases the motility and invasive 
behaviour of prostate cancer cells (36).

Furthermore, SND1 has been shown to augment the 
stability of certain mRNAs, and this is essential for cellular 
stress responses (37). Under oxidative stress conditions, SND1 
and angiotensin II type 1 receptor (AT1R) mRNA are found to 
co‑localize within the stress granules, where SND1 has a critical 
role in facilitating efficient protein‑RNA complex formation (37). 
Collectively, these findings have demonstrated that SND1 may 
increase the stability of specific oncogenic mRNAs.

Genomic stability and chromatin remodelling. Maintaining 
genomic stability is essential for cell survival and the 
prevention of cancer. Eukaryotes have evolved complex 
and tightly regulated mechanisms which maintain genomic 
stability, thereby ensuring accurate cell division and precise 
DNA replication (38). Recently, the association between the 
expression of lysine demethylase 6A (KDM6A) and the DNA 
damage pathway in normal tissues has been established. The 

expression of KDM6A was found to be associated with several 
key proteins involved in DNA repair, including RAD50, 
nibrin 1, meiotic recombination 11, DNA polymerase Eta and 
X‑ray repair cross complementing 6 (Ku70). Furthermore, it 
was demonstrated that the interaction between KDM6A and 
SND1 facilitates the recruitment of DNA repair factors such 
as Ku70 and replication protein A to newly synthesized DNA. 
This study by Wu et al (38) also established that an increased 
interaction between KDM6A and SND1 contributes to chemo‑
resistance in oesophageal squamous cell carcinoma. Another 
study revealed that SND1 interacts strongly with another chro‑
matin regulator, namely DNA (cytosine‑5)‑methyltransferase 
3A (DNMT3A) (39). DNMT3A exerts a critical role in the 
de novo methylation of CpG islands in chromatin and also 
targets hemimethylated DNA for further methylation (40). 
Furthermore, the overexpression of DNMT3A has been shown 
to induce aberrant DNA methylation, oncogene activation 
and the silencing of tumour suppressor genes, resulting in 
genomic instability and oncogenesis (41‑42). SND1 was found 
to promote the transcription of DNMT3A by functioning 
as a chromatin architectural regulator (39). Elevated levels 
of DNMT3A expression lead to gene methylation and the 
transcriptional silencing of CDH1, thereby facilitating the 
metastasis of TNBC (Fig. 3) (39). SND1 has also been found 
to promote malignant glioma phenotypes by epigenetically 
inducing topological chromatin interactions that activate 
downstream Ras homolog family member A (RhoA) transcrip‑
tion. RhoA, in turn, influences the expression of key cell cycle 
regulators, including cyclin D1, cyclin E1, cyclin‑dependent 
kinase 4 (CDK4) and cyclin‑dependent kinase inhibitor 1B, 

Figure 3. Overall mechanism and role of SND1 in cancer: (1) SND1 role in RNA‑related processing and gene regulation. (2) SND1 role in genomic stability 
and chromatin remodelling. (3) SND1 role in immune evasion and (4) SND1 role in metastasis and invasion. SND1, staphylococcal nuclease and tudor 
domain‑containing protein 1; MTDH, metadherin; MHC1, major histocompatibility complex I; DrP1, dynamin‑related protein 1; KDM6A, lysine demethylase 
6A; ERG, ETS transcription factor.
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which accelerate the transition from the G1 to the S phase of 
the cell cycle, thereby boosting the proliferation of glioma 
cells (43). In these studies, strong evidence has been provided 
to suggest that SND1 functions as a novel chromatin architec‑
tural modifier, and that it is potentially a promising prognostic 
marker for cancer and its treatment.

Role of SND1 in tumour immune escape. Tumours are able to 
evade immune system attacks through various mechanisms, 
including limiting antigen recognition, suppressing immune 
responses and promoting T‑cell exhaustion (44). One of the key 
factors contributing to tumour immune escape is the reduced 
ability of CD8+ T cells to recognize tumour cells due to defects 
in the surface expression of MHC‑I molecules. This defect has 
been observed in 20‑60% of common solid tumours, including 
melanoma and cancers of the lung, breast, kidney, prostate and 
bladder (5,45,46). 

A previous study revealed that SND1 promotes tumour 
cell immune escape via inhibiting the MHC‑I antigen 
presentation signalling pathway, which leads to an impaired 
CD8+ T cell‑mediated antitumour response in the tumour 
microenvironment  (4). This effect is mediated through 
the downregulation of the MHC‑I heavy chain molecule, 
facilitated by the ERAD pathway. ERAD is responsible for 
targeting misfolded proteins in the ER for ubiquitination 
and subsequent degradation by the proteasome. SND1 can 
capture the nascent MHC‑I heavy chain and direct it to the 
ERAD‑mediated proteasomal degradation pathway (4). This 
process disrupts the proper assembly of the heavy chain with 
β2‑microglobulin (β2m) in the ER lumen, thereby impairing 
antigen presentation. Consequently, tumour cells become 
less susceptible to immune surveillance, and exhibit a 
diminished capacity to present antigens to cytotoxic CD8+ T 
cells. Additionally, a decreased expression of the transporter 
associated with antigen processing (TAP) protein is consid‑
ered to be one of the key mechanisms of tumour immune 
evasion (47,48). Two subtypes of the TAP protein (TAP1 and 
TAP2) have been shown to be mainly associated with other 
proteins for the purpose of loading the peptides to the MHC 
class I‑β2m complex, and the antigens are subsequently 
presented on the cell surface (49‑52). A recent study identified 
that SND1 interacts with TAP1/2 proteins to destabilize the 
complex with the assistance of the MTDH protein, and this 
process resulted in a decrease in the expression of TAP1/2 
in tumour cells, which were thereby able to evade immune 
surveillance (12) (Fig. 3). Furthermore, SND1 knockdown 
in tumour cells led to an increase in TAP1/2 expression 
levels, which subsequently resulted in an enhanced tumour 
antigen presentation to CD8+ T cells (12). A potential asso‑
ciation between immune cell infiltration levels and SND1 
gene expression across various cancer types has also been 
identified through extensive analysis. A negative correlation 
was observed between CD8+ T‑cell infiltration and SND1 
expression, whereas a positive correlation was identified 
between cancer‑associated fibroblasts and SND1 expression 
in the majority of different cancer types (3). Recently, epigal‑
locatechin has been reported to block the interaction between 
SND1‑MHC‑I, resulting in enhanced MHC‑I presentation 
and an increased CD8+ T‑cell response within the tumour 
microenvironment in a xenograft model (53).

Role of SND1 in cancer metastasis, angiogenesis and 
anti‑apoptosis. SND1 performs a crucial role in promoting 
metastasis and angiogenesis by activating EMT, cell invasion 
and cell migration, which are essential for its oncogenic func‑
tion. In the case of colorectal cancer, SND1 interacts with the 
histone chaperone and transcription elongation factor SPT6 to 
co‑control the expression of human telomerase reverse tran‑
scriptase (hTERT) and cell proliferation (54).  Briefly, SPT6 
and SND1 work in concert to promote cancer progression 
by targeting hTERT (54). Similarly, in HCC, SND1 has been 
shown to promote angiogenesis by activating a linear signal‑
ling pathway that comprises NF‑κB, miRNA‑221, angiogenin 
and C‑X‑C motif chemokine ligand 16, and it also promotes 
EMT via the AT1R and TGFβ signalling pathway (55‑57). 

Mitochondrial dysfunction is a major contributor towards 
numerous metabolic diseases, including neurodegenerative 
disorders, aging and cancer. A recent study (20) demonstrated 
that SND1 promotes liver cancer through PGAM5‑mediated 
dephosphorylation of serine‑637 of dynamin‑related protein 
1 (DRP1) and mitophagy, as shown in Fig.  3. This study 
revealed that SND1 enhances mitophagy by promoting the 
interaction between PGAM5 and DRP1 (20). In another study, 
Shen  et  al  (11) employed immunoprecipitation of MTDH 
followed by mass spectrometric analysis to identify SND1 as a 
primary interacting partner of MTDH. Their findings revealed 
that the MTDH‑SND1 complex has a critical role in the progres‑
sion and metastasis of late‑stage breast cancer. Furthermore, a 
different study (58) revealed a functional interaction between 
SND1 and the ETS transcription factor (ERG) protein in 
prostate cancer. In prostate organoid models, wild‑type SND1 
cells exhibited ERG‑driven increases in colony size, an effect 
that was found to be completely eliminated by knockdown 
of SND1. Collectively, these results suggested that SND1 is 
a key mediator of ERG‑driven organoid growth in prostate 
epithelial cells.

Role of SND1 in cancer drug‑resistance. Drug resistance 
presents a major challenge in treating cancer, given that it 
results in cancer recurrence, cancer dissemination, and death. 
Transporters, oncogenes, tumour suppressor genes, mito‑
chondrial alteration, DNA repair, autophagy and EMT are 
involved in the molecular mechanisms underlying multidrug 
resistance  (59‑61). The overexpression of SND1 has been 
demonstrated to be involved in the chemoresistance of various 
types of cancer. A recent study (62) showed that SND1 binds 
to the 3'‑UTR of GPX4, thereby providing stability, and that 
this fulfilled an essential role in the development of chemo‑
resistance against cisplatin in bladder cancer. Silencing of 
SND1 was also found to reverse the cisplatin resistance and 
trigger cell death via ferroptosis. SND1 has also been shown 
to be overexpressed in HCC (63), and may be a contributing 
factor towards the development of resistance in HCC. Another 
recent study  (64) established that the silencing of SND1 
expression caused an increase in the protein expression of 
organic anion transporter 2, which stimulated 5‑fluorouracil 
to inhibit proliferation of the HCC PLC/PRF5 cell line, and 
PLC/PRF/5 cell growth in a xenograft model. Furthermore, 
Fu  et  al  (65) investigated the potential role of SND1 in 
radio‑resistance in cervical cancer. SND1 has been shown to 
contribute to radio‑resistance through preferential activation 
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of the ATM pathway by affecting cell‑cycle checkpoints and 
DNA repair to promote cell survival upon the cells receiving 
DNA damage (65‑68). Similarly, another recently published 
study (69) showed that non‑small cell lung cancer (NSCLC) 
is highly resistant to chemo‑ or radiation therapy due to 
crosstalk between SND1 and the programmed cell death‑4 
protein. Chemosensitivity of NSCLC cells to different chemo‑
therapeutic drugs was also found to be increased following 
the silencing of SND1 (69). Given its consistent overexpres‑
sion across various types of cancer, SND1 holds promise as a 
biomarker in the future for the early detection and progression 
monitoring of malignancies.

5. SND1 as a critical biomarker for cancer diagnosis.

TNBC is a highly invasive form of cancer and ~46% of cases 
progress to distant metastasis (70‑74). In a study involving 
144 patients with breast cancer (aged 18‑75 years), all were 
diagnosed with invasive ductal carcinoma with no distant 
metastasis at the time of surgery; they received standard adju‑
vant therapy following surgery and the patients were followed 
for 10 years (75). That study by Gu et al (75) investigated the 
correlation between SND1 protein expression and the clini‑
copathological features of patients using Chi‑square analysis. 
The results obtained demonstrated that SND1 expression 
was positively associated with a larger tumour size (>2 cm), 
higher clinical TNM stage, lymph node metastasis and poorer 
prognosis. Additionally, high SND1 expression was associated 
with shorter overall survival and disease‑free survival rates 
compared with patients with low SND1 expression, high‑
lighting its potential as a prognostic biomarker. A different 
study  (43) examined SND1 expression in 58 TNBC tissue 
samples using immunohistochemical staining and the prog‑
nostic relevance of SND1 was evaluated using Kaplan‑Meier 
survival analysis. The results obtained from that study 
confirmed that overexpression of SND1 was positively associ‑
ated with increased metastasis and poor prognosis in patients 
with TNBC. 

In addition to breast cancer, SND1 has also been impli‑
cated as a potential biomarker in prostate cancer. In a 
cohort of 174 prostate cancer patients (stratified by age <70 
or ≥70 years, PSA levels >20 ng/ml and pathological stages 
pT2 or pT3), SND1 expression was shown to be significantly 
correlated with the histological tumour grade, suggesting its 
utility in improving prostate cancer diagnosis (21). In terms 
of the underlying mechanism, SND1 regulates the alternative 
splicing of CD44, thereby contributing to the progression 
of prostate cancer through the inclusion of pro‑oncogenic 
variant exon v5 (76).

Furthermore, in colon cancer, the co‑expression of SND1 
and MTDH has been shown to be associated with more advanced 
disease. Immunohistochemical analysis of 196 cases of colon 
cancer [with patients stratified according to their age (<60 vs. 
≥60 years)] revealed that the cytoplasmic expression levels of 
both SND1 and MTDH were positively correlated with tumour 
grade and disease progression and negatively correlated with 
post‑operative survival (77). These findings suggested that the 
expression of SND1 and/or MTDH may serve as important 
biomarkers for tumour aggressiveness, metastatic potential 
and patient prognosis in various types of cancer.

6. Therapeutic strategies to target SND1

SND1 has been shown to have oncogenic functions by control‑
ling gene expression through multiple pathways, including those 
associated with transcription activation, regulating mRNA 
stability and degradation, modulating ubiquitination and 
controlling alternative splicing (36). Different pharmacological 
approaches have been adopted to inhibit SND1 binding to either 
RNAs or other proteins for the treatment of cancer. Various 
therapeutic strategies designed to disrupt the interaction between 
SND1 and its RNA or protein partners are highlighted in Fig. 4. 

Inhibition of nuclease or RNA binding activity. Crystal struc‑
ture analyses have shown that the SN domains of SND1 are 
responsible for nuclease activity, whereas the Tudor domain 
is involved in RNA binding  (7,15). A primitive inhibitor, 
3',5'‑deoxythymidine bisphosphate (pdTp), was identified as a 
competitive inhibitor that targets the SN domain to inhibit the 
RNA‑protein interactions of SND1 in Plasmodium (Table I). 
A previous study showed that pdTp inhibits the growth of 
both chloroquine‑sensitive and chloroquine‑resistant strains of 
P. falciparum at concentrations ranging from 100‑200 µM (78). 
Moreover, upon treating cells of an HCC cell line (QGY‑7703) 
with pdTp, a significant reduction in cell viability was noted, 
as well as a decrease in colony‑forming potential  (79). 
Furthermore, the administration of different doses of pdTp in 
human HCC cells (of the QGY‑7703 cell line) in a xenograft 
NSG™ mouse model resulted in the observation of a significant 
inhibitory effect on tumour progression compared with vehicle 

Figure 4. Therapeutic approaches for targeting of SND1. SND1, staphylo‑
coccal nuclease and tudor domain‑containing protein 1; MTDH, metadherin; 
pdTp, 3',5'‑deoxythymidine bisphosphate.
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and no toxicity was observed. Recently, Lehmusvaara et al (9) 
identified the top three most effective inhibitors (suramin, NF 
023 and PPNDS) of SND1 and RNA‑binding activity using a 
fluorescence polarization‑based competitive assay (Table I). 
Among the identified compounds, suramin proved to be the 
most potent, inhibiting RNA binding to SND1 with an IC50 of 
0.6 µM (9). Inhibition of SND1 binding to RNA by suramin 
led to an increased expression of the miRNA miR‑1‑3p and 
sensitization of SW480 colon cancer cells to navitoclax (a Bcl‑2 
inhibitor). However, effective and specific molecules that block 
the interaction of SND1 with RNA have yet to be identified, 
and subsequent studies should focus on developing novel and 
more effective compounds for this purpose. 

Targeting of the SND1‑MTDH interaction. In recent years, 
SND1 has attracted significant attention due to the identification 
of interacting partner proteins and its role in cancer prognosis. 
Although multiple protein interactions have been reported, 
the interaction between SND1 and MTDH has been identified 
with markedly high oncogenic potential in different types of 
cancer (80). The identification of the SND1‑MTDH interaction 
paved the way for the development of potent and specific inhibi‑
tors to block this interaction and to prevent cancer progression 
(Tables II and III). This progress was facilitated by elucidating 
the crystal structure of the MTDH‑SND1 complex, which 
revealed a distinct interface between the SN1 and SN2 domains 
of SND1 and a MTDH peptide motif. The SND1 protein contains 

two deep pockets that specifically interact with two tryptophan 
residues of MTDH. Notably, the large and hydrophobic side 
chains of Trp‑394 and Trp‑401 of MTDH were found to fit 
deeply into the two hydrophobic binding pockets of SND1 (11). 
The following approaches have been reported and proposed to 
prevent the SND1‑MTDH interaction. 

Specific small‑molecule inhibitors. The interaction between 
MTDH and SND1 is crucial for breast cancer progression, and 
targeting this interaction with small chemical compounds may 
offer therapeutic potential (6,11). A high‑throughput screening 
analysis performed by Shen et al (11) led to the identifica‑
tion of specific inhibitors that can disrupt the SND1‑MTDH 
interaction. Of the three identified compounds (A26, A32, 
and A36), A26 was further modified, deriving the compounds 
C26‑A2 and C26‑A6. C26‑A6 has been identified as the first 
small‑molecule inhibitor that specifically targets the interac‑
tion between SND1 and MTDH. In in vitro studies, C26‑A6 
demonstrated strong inhibitory effects in SCP28 breast 
cancer cells that expressed a split‑luciferase reporter system, 
and this was used to monitor the SND1‑MTDH interaction. 
Furthermore, in vivo experiments in a breast cancer xenograft 
model showed that C26‑A6 significantly suppresses tumour 
growth. These experiments were performed in 8‑week‑old 
female mice across multiple strains, including immunocom‑
promised (NSG™ and nude) and immunocompetent (FVB 
and BALB/c) mice (Table II).

Table I. Inhibitors reported to inhibit nuclease activity or RNA binding of SND1.

			   Biochemical	 In vivo	
			   activity	 activity	
Compounds	 Structures	 Mechanism of action	  (IC50 in µM)	  (mg/kg)	 (Refs.)

pdTp	 	 Inhibitor against SN 	 200	 0.8	 (63)
		  domain to inhibit RNA 			 
		  interaction of SND1			 

Suramin	 	 Inhibition of RNA 	 0.6±1.0	 N/A	 (9)
		  binding and increased 			 
		  expression of miR‑1‑3p			 

NF023	 	 Inhibition of RNA 	 1.6±1.0	 N/A	 (9)
		  binding and increased 			 
		  expression of miR‑1‑3p			 

PPNDS	 	 Inhibition of RNA 	 0.5±1.0	 N/A	 (9)
		  binding and increased 			 
		  expression of miR‑1‑3p			 

SND1, staphylococcal nuclease and tudor domain‑containing protein 1; pdTp, 3',5'‑deoxythymidine bisphosphate; N/A, not applicable; miR, 
microRNA.

https://www.spandidos-publications.com/10.3892/mco.2025.2881
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Table II. Small molecule inhibitors reported to inhibit SND1 interaction with partner proteins.

	 In vitro activity
			   ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 In vivo	
		  Mechanism	 Biochemical	 Anticancer	 activity	
Compounds	 Structures	 of action	 (IC50 in µM)	 (IC50 in µM)	 (mg/kg)	 (Refs.)

C26‑A2	 	 Binds to SN1/2	 9 	 38.7	 15	 (11,12)
		  domain of SND1 				  
		  and prevents 				  
		  SND1‑MTDH 				  
		  interaction				  
C26‑A6	 	 Binds to SN1/2	 5.8	 12.3	 15	 (11,12)
		  domain of SND1 				  
		  and prevents 				  
		  SND1‑MTDH 				  
		  interaction				  
L1	 	 Binds to SN1/2	 467±87.1	 N/A	 N/A	 (13)
		  domain of SND1 				  
		  and prevents 				  
		  SND1‑MTDH 				  
		  interaction				  
L2	 		  N/A	 N/A	 N/A	

L3	 		  194±37.4	 N/A	 N/A	

L4	 		  11.3±2.10	 N/A	 N/A	

L5	 		  2.64±0.36	 57	 N/A	

L6	 		  5.53±0.30	 N/A	 N/A	

L7	 		  4.36±1.38	 N/A	 N/A	

L8	 		  0.214±0.002	 N/A	 N/A	

L9	 		  29.8±19.6	 N/A	 N/A	
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The discovery of C26‑A6 has encouraged researchers to 
develop additional inhibitors with higher affinity and efficacy. 
Subsequent all‑atom MD simulations in solution revealed that 
C26‑A6 binds more strongly to SND1 compared with C26‑A2, 
since C26‑A2 undergoes a 180˚ directional shift during the 
simulation process (81). Furthermore, C26‑A6 was shown to 
reduce tumour growth and metastasis, while also enhancing 
the sensitivity of TNBC preclinical models to the chemothera‑
peutic agent paclitaxel when combined with C26‑A6 (12). In 
addition, the MTDH‑SND1 complex was shown to suppress 
tumour antigen presentation and to prevent the infiltration 
of CD8+ T cells within the tumour microenvironment (11). 
Disrupting the MTDH‑SND1 interaction with C26‑A6 boosted 
the immune response, thereby improving the effectiveness of 
anti‑programmed cell death protein 1 (anti‑PD‑1) therapy in a 
preclinical metastatic breast cancer model (11). 

Another approach utilizing MD simulations was performed 
to screen over 1 billion compounds from the ZINC15 database, 
aiming to identify novel small‑molecule inhibitors that could 
inhibit the SND1‑MTDH interaction (13). The top 12 potential 
candidates were identified through virtual screening, and 
subsequently tested for their ability to bind to SND1 using a 

surface plasmon resonance‑based assay (Table II). Among the 
10 best SND1 binders, L5 and L8 were the top hit compounds, 
with Kd values of 2.64 and 0.2 µM, respectively. Subsequent 
analysis of L5 for anticancer activity in MDA‑MB‑231 breast 
cancer cells revealed an IC50 value of 57 µM.

In addition, structure‑based virtual screening was performed 
to target the known active site of the SND1 enzyme, which 
resulted in the identification of three promising lead molecules 
(BAS_00381028, BAS_00327287 and BAS_01293454) from 
the Asinex library (https://www.asinex.com/) (Table II). The 
binding energy score was calculated and compared with the 
reference compound C26‑A6. These molecules exhibited 
excellent binding to the SND1 enzyme, and maintained stable 
docked conformations during MD simulations. Furthermore, 
the pharmacokinetic properties were also elucidated, and 
favourable drug‑like properties were predicted that could 
be used in experimental investigations to study their SND1 
inhibition potential  (14). A MD approach was performed 
by Shen et al  (11), which revealed a novel series of inhibi‑
tors for the SND1‑MTDH interaction. Using 293 cells stably 
expressing SND1‑Nluc and Cluc‑MTDH, this research group 
identified a markedly potent inhibitor, C19, which disrupted the 

Table II. Continued.

	 In vitro activity
			   ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 In vivo	
		  Mechanism	 Biochemical	 Anticancer	 activity	
Compounds	 Structures	 of action	 (IC50 in µM)	 (IC50 in µM)	 (mg/kg)	 (Refs.)

L10	 		  3±0.10	 N/A	 N/A	

Epigallocatechin	 	 Binds to  K490‑	 3.2	 0.16	 100	 (53)
(EGC)		  containing sites 				  
		  of SND1 and 				  
		  inhibits SND1‑				  
		  MHC‑I complex				  
BAS_00381028	 	 In silico studies	 N/A	 N/A	 N/A	 (13)
		  show binding to 				  
		  SN1/2 domain 
		  of SND1				  
BAS_00327287	 		  N/A	 N/A	 N/A	

BAS_01293454	 		  N/A	 N/A	 N/A	

C19	 	 Binds to SN1/2	 0.48±0.99	 0.626+0.27	 60	 (82)
		  domain of SND1 				  
		  and prevents 				  
		  SND1‑MTDH 				  
		  interaction				  

SND1, staphylococcal nuclease and tudor domain‑containing protein 1; MTDH, metadherin; N/A, not applicable.

https://www.spandidos-publications.com/10.3892/mco.2025.2881
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MTDH‑SND1 interaction according to a split‑luciferase assay 
(IC50=487±99 nM). C19 was also shown to inhibit MCF‑7 breast 
cancer cell proliferation, invasion and migration, to arrest the 
cell cycle, and to induce apoptosis (Table II). Furthermore, C19 
has demonstrated promising levels of tumour growth inhibition 
in MCF‑7 xenograft models (82). 

Specific peptide inhibitors. Trp‑394 and Trp‑401 are two 
crucial tryptophan residues in MTDH that have been found 
to occupy the binding pocket of SND1, and these trypto‑
phan residues are critical in the SND1‑MTDH interaction to 
promote breast cancer initiation and progression (Fig. 1) (7). 
A 12‑mer (CPP‑4‑2‑2) high‑affinity MTDH‑like peptide 
was discovered through utilizing phage display technology 
to target the MTDH‑SND1 complex (Table III). CPP‑4‑2‑2 
was found to exert anticancer effects, both in  vitro in 
MDA‑MB‑231, MCF‑7 and MDA‑MB‑468 breast cancer cell 
lines and in vivo in an xenograft BALB/c nude mice model via 
interacting with the SN1/2 domain of SND1 and disrupting 
the SND1‑MTDH interaction, which resulted in SND1 degra‑
dation (83). However, the linear peptide CPP‑4‑2‑2 contains 
a number of notable limitations, including its having an 
unstable secondary structure, low serum stability, weak cell 
permeability and poor druggability.

Subsequently, Chen et al (10) utilized a terminal aspartic 
acid cross‑linking strategy (TD method) to overcome the issues 
associated with linear peptides. This research group effectively 
created a range of stabilized peptides derived from the MTDH 
sequence using structure‑based design and optimization. 
Ultimately, they identified the peptides MS2D‑cyc4 (Kd=74 nM) 
and MS2D‑cyc6 (Kd=82 nM), which demonstrated exceptional 
binding affinities, efficient cellular uptake and enhanced 
serum stability (Table III). Further study of MS2D‑cyc4 and 
MS2D‑cyc6 revealed that these peptides possessed appreciable 
bioactivity in TNBC cells (10). Additionally, a more potent 
cyclized peptide, NS‑E, exhibiting a Kd value of 23.4 nM, was 
developed, which possessed a 4‑fold greater activity compared 
with MS2D‑cyc4 and MS2D‑cyc6 (84). In spite of its enhanced 
activity, however, this NS‑E exhibited poor cell penetration effi‑
ciency, and also demonstrated antitumour effects at relatively 
high concentrations, with an IC50 value exceeding 100 µM in 
MDA‑MB‑231 and 4T1 cells (Table III). To overcome these 
limitations, a stabilized peptide delivery system was developed 

which utilized a reversible sulfonium‑based peptide carrier 
(Wpc) to improve the cell permeability of NS‑E. The IC50 of 
the nanomaterial‑conjugated peptide (Wpc/NS‑E) was found 
to be reduced to 20 µM in cell‑based assays (Table III). The 
Wpc/NS‑E peptide effectively blocked the MTDH‑SND1 inter‑
action by targeting SND1, with enhanced delivery into tumour 
cells. Consequently, the Wpc/NS‑E peptide induced apoptosis 
and significantly inhibited the proliferation, migration and 
invasion of human MDA‑MB‑231 and mouse 4T‑1 TNBC cells. 
Moreover, the Wpc/NS‑E peptide demonstrated exceptional 
antitumour activity in a 4T1‑TNBC mouse model (84).

7. Conclusions and future perspectives 

SND1 has been found to be overexpressed in several different 
types of cancer, including breast, colon, prostate, lung cancer 
and glioma. Due to its positive correlation with cancer progres‑
sion and metastasis, SND1 has recently emerged as a potential 
biomarker and a novel therapeutic target (85). It has been shown 
to influence global gene expression, regulating a variety 
of mechanisms that operate at both the transcriptional and 
post‑transcriptional levels. As discussed in the present review, 
numerous efforts have been made to develop inhibitors that 
are able to block SND1 binding to RNA, and thereby inhibit 
its nuclease function. However, the SND1 inhibitors developed 
thus far have proven to be less potent in preclinical studies, and 
none of them have advanced to clinical trials. Recently, the 
SND1‑MTDH interaction emerged as a target with great cancer 
therapeutic potential, as a small molecule C26‑A6 was reported 
to block the SND1‑MTDH interaction by binding to SND1 (11). 
Subsequently, disruption of the SND1‑MTDH interaction by 
C26‑A6 was demonstrated to reduce tumour growth and metas‑
tasis, and enhanced CD8+ T‑cell infiltration was identified in the 
tumour microenvironment in a TNBC mouse model (13). 

A recent review described how MTDH lacks catalytic 
activity, suggesting that developing inhibitors to reduce MTDH 
expression or block its interaction with protein partners, such 
as SND1, may offer a promising strategy for targeting different 
types of cancers (86). Therefore, developing SND1 inhibitors 
(either small molecules or peptides) may offer a more effective 
strategy to disrupt the oncogenic SND1‑MTDH interaction, 
given that SND1 has a well‑defined binding pocket. In this 
context, both linear and structurally stabilized peptides are 

Table III. Peptide inhibitors reported to inhibit SND1‑MTDH protein‑protein interaction.

	 In vitro activity (µM)
			   ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 In vivo	
		  Mechanism	 Biochemical	 Anticancer	 activity	
Peptides	 Structures	 of action	 (Kd in µM)	 (IC50 in µM)	  (mg/kg)	 (Refs.)

CPP‑4‑2	 	 Binds to SN1/2	 3.1 	 23.6±2.6	 50	 (83)
MS2D‑cyc4	 	 domain of SND1 	 0.074±0.007	 50	 N/A	 (10)
MS2D‑cyc6	 	 and prevents 	 0.0824±0.005	 50	 N/A	
NS‑E	 	 SND1‑MTDH 	 0.0234±0.002	 121	 8	 (84)
		  interaction				  

SND1, staphylococcal nuclease and tudor domain‑containing protein 1; MTDH, metadherin; N/A, not available.
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being optimally designed, with a view to enhancing their 
binding affinities, which should result in the peptides ulti‑
mately exhibiting improved anti‑tumour activity. However, to 
date, the majority of the peptide‑ and small‑molecule‑based 
inhibitors that have been developed have experienced the 
setback of poor cellular permeability  (11,13), which has 
limited their ability to attain therapeutic concentrations in 
systemic circulation or within tumour tissues. Going forwards, 
this reduced bioavailability poses a major barrier to achieving 
effective anticancer responses. 

MD simulation‑driven approaches or computer‑aided 
drug design approaches have yielded several SND1‑specific 
compounds, although these have exhibited poor potency in 
cell‑based assays (13). The emergence of artificial intelligence 
(AI), along with the availability of extensive biological and 
chemical datasets, has significantly transformed small‑mole‑
cule drug discovery. In particular, machine learning (ML) 
and, more recently, deep learning (DL) approaches have 
accelerated the identification and optimization of potential 
anticancer compounds (87). Several studies have successfully 
integrated ML models with MD‑based virtual screening 
methods to identify inhibitors for critical cancer‑associated 
proteins, including CDK4/6, PI3K, histone deacetylase and 
VEGF (88‑91). Additionally, advanced techniques such as 
quantitative structure‑activity relationship (QSAR)‑guided 
ligand‑based virtual screening have shown considerable 
promise. QSAR is widely utilized for hit‑to‑lead optimization, 
whereas ML algorithms, such as random forest and support 
vector machines, are routinely employed to predict absorption, 
distribution, metabolism, excretion and toxicity (ADMET) 
properties, enabling the early elimination of unsuitable drug 
candidates  (92). Collectively, these AI‑driven approaches 
have the potential to overcome the limitations of previously 
identified SND1 inhibitors, and their implementation should 
accelerate the development of effective cancer therapeutics.

Additionally, proteolysis‑targeting chimeras (PROTACs) 
are bifunctional molecules that consist of a ligand for the protein 
of interest (POI), a linker that connects the components, and 
another ligand that binds to an E3 ubiquitin ligase (such as 
VHL, MDM2 or CRBN), thereby facilitating the degradation 
of the POI. Unlike conventional inhibitors that block specific 
protein functions, PROTACs induce complete degradation of 
the target protein via the ubiquitin‑proteasome system (93). This 
approach has shown promise in targeting challenging protein 
classes, such as transcription factors, nuclear proteins and scaf‑
folding proteins. PROTACs such as ARV‑110 and ARV‑471 have 
already demonstrated encouraging efficacy in Phase II clinical 
trials (94). It is suggested that the development of SND1‑targeting 
PROTACs by conjugating known SND1 inhibitors (as shown 
in Tables I, II and III) with appropriate linkers and E3 ligase 
ligands should be encouraged. These SND1‑PROTACs would 
promote the degradation of both the SN1/2 and Tudor domains, 
thereby disrupting SND1 interactions with partner proteins and 
enabling more effective inhibition of its oncogenic functions. 

Overall, SND1 has been demonstrated to be a multifunc‑
tional protein that contributes to tumour immune evasion and 
immune resistance. One of the key factors behind resistance 
to immunotherapy, especially immune checkpoint blockade 
therapy, is low immunogenicity, which leads to limited 
immune cell infiltration. It is proposed that targeting the 

SND1‑MTDH interaction could represent a novel strategy 
for improving the effectiveness of immunotherapy in cancers 
that are characterized by low immunogenicity, often due to 
impaired tumour‑associated antigen presentation.

Acknowledgements

Not applicable.

Funding 

Not funding was received.

Availability of data and materials

Not applicable.

Authors' contributions 

SKR and AK were involved in the conception and design of the 
present review. MIK AP, RK, RIP and SD contributed substan‑
tially to the literature search and data collection. SKR, MIK and 
RK also performed the critical analysis of findings from the 
reviewed literature. The draft manuscript was prepared by MIK 
and RK. Data authentication is not applicable. All authors read 
and approved the final manuscript.

Ethics approval and consent to participate

Not applicable.

Patient consent for publication

Not applicable.

Competing interests 

The authors declare that they have no competing interests.

References

  1.	 Atun R and Cavalli F: The global fight against cancer: Challenges 
and opportunities. Lancet 391: 412‑413, 2018. 

  2.	Jariwala N, Rajasekaran D, Srivastava J, Gredler R, Akiel MA, 
Robertson CL, Emdad L, Fisher PB and Sarkar D: Role of the 
staphylococcal nuclease and tudor domain containing 1 in onco‑
genesis (Review). Int J Oncol 46: 465‑473, 2015. 

  3.	Cui X, Zhang X, Liu M, Zhao C, Zhang N, Ren Y, Su C, Zhang W, 
Sun X, He J, et al: A pan‑cancer analysis of the oncogenic role of 
staphylococcal nuclease domain‑containing protein 1 (SND1) in 
human tumors. Genomics 112: 3958‑3967, 2020. 

  4.	 Wang Y, Wang X, Cui X, Zhuo Y, Li H, Ha C, Xin L, Ren Y, 
Zhang W, Sun X, et al: Oncoprotein SND1 hijacks nascent MHC‑I 
heavy chain to ER‑associated degradation, leading to impaired 
CD8+ T cell response in tumor. Sci Adv 6: eaba5412, 2020. 

  5.	Dhiman G, Srivastava N, Goyal M, Rakha E, Lothion‑Roy J, 
Mongan NP, Miftakhova RR, Khaiboullina SF, Rizvanov AA 
and Baranwalet M: Metadherin: A therapeutic target in multiple 
cancers. Front Oncol 9: 349, 2019. 

  6.	Manna  D and Sarkar  D: Multifunctional role of astrocyte 
elevated gene‑1 (AEG‑1) in cancer: Focus on drug resistance. 
Cancers 13: 1792, 2021. 

  7.	 Guo F, Wan L, Zheng A, Stanevich V, Wei Y, Satyshur KA, 
Shen M, Lee W, Kang Y and Xing Y: Structural insights into 
the tumor‑promoting function of the MTDH‑SND1 complex. 
Cell Rep 8: 1704‑1713, 2014. 

https://www.spandidos-publications.com/10.3892/mco.2025.2881


RAI et al:  SND1 AS AN EMERGING THERAPEUTIC TARGET IN CANCER12

  8.	Davis  E, Ermi  AG and Sarkar  D: Astrocyte elevated 
gene‑1/Metadherin (AEG‑1/MTDH): A promising molecular 
marker and therapeutic target for hepatocellular carcinoma. 
Cancers (Basel) 17: 1375, 2025.

  9.	 Lehmusvaara S, Haikarainen T, Saarikettu  J, Nieto GM and 
Silvennoinen O: Inhibition of RNA binding in snd1 increases 
the levels of mir‑1‑3p and sensitizes cancer cells to navitoclax. 
Cancers (Basel) 14: 3100, 2022. 

10.	 Chen H, Zhan M, Liu J, Liu Z, Shen M, Yang F, Kang Y, Yin F 
and Li Z: Structure‑based design, optimization, and evaluation of 
potent stabilized peptide inhibitors disrupting MTDH and SND1 
interaction. J Med Chem 65: 12188‑12199, 2022. 

11.	 Shen M, Wei Y, Kim H, Wan L, Jiang YZ, Hang X, Raba M, 
Remiszewski  S, Rowicki  M, Wu  CG,  et  al: Small‑molecule 
inhibitors that disrupt the MTDH‑SND1 complex suppress breast 
cancer progression and metastasis. Nat Cancer 3: 43‑59, 2022.

12.	Shen  M, Smith  HA, Wei  Y, Jiang  YZ, Zhao  S, Wang  N, 
Rowicki M, Tang Y, Hang X, Wu S,  et  al: Pharmacological 
disruption of the MTDH‑SND1 complex enhances tumor antigen 
presentation and synergizes with anti‑PD‑1 therapy in metastatic 
breast cancer. Nat Cancer 3: 60‑74, 2022. 

13.	 Xu Y, Guo X, Yan D, Dang X, Guo L, Jia T and Wang Q: Molecular 
dynamics simulation‑driven focused virtual screening and experi‑
mental validation of inhibitors for MTDH‑SND1 protein‑protein 
interaction. J Chem Inf Model 63: 3614‑3627, 2023. 

14.	 Almansour NM: Cheminformatics and biomolecular dynamics 
studies towards the discovery of anti‑staphylococcal nuclease 
domain‑containing 1 (SND1) inhibitors to treat metastatic breast 
cancer. Saudi Pharm J 31: 101751, 2023. 

15.	 Li CL, Yang WZ, Chen YP and Yuan HS: Structural and func‑
tional insights into human Tudor‑SN, a key component linking 
RNA interference and editing. Nucleic Acids Res 36: 3579‑3589, 
2008. 

16.	 Callebaut I and Mornon JP: The human EBNA‑2 coactivator p100: 
Multidomain organization and relationship to the staphylococcal 
nuclease fold and to the tudor protein involved in Drosophila 
melanogaster development. Biochem J 321: 125‑132, 1997. 

17.	 Theobald DL, Mitton‑Fry RM and Wuttke DS: Nucleic acid 
recognition by OB‑fold proteins. Annu Rev Biophys Biomol 
Struct 32: 115‑133, 2003. 

18.	 Ying  M and Chen  D: Tudor domain‑containing proteins of 
Drosophila melanogaster. Dev Growth Differ 54: 32‑43, 2012. 

19.	 Leverson JD, Koskinen PJ, Orrico FC, Rainio EM, Jalkanen KJ, 
Dash AB, Eisenman RN and Ness SA: Pim‑1 kinase and p100 
cooperate to enhance c‑Myb activity. Mol Cell 2: 417‑425, 1998. 

20.	Liang S, Zhu C, Suo C, Wei H, Yu Y, Gu X, Chen L, Yuan M, 
Shen S, Li S, et al: Mitochondrion‑localized SND1 promotes 
mitophagy and liver cancer progression through PGAM5. Front 
Oncol 12: 857968, 2022. 

21.	 Wright T, Wang Y and Bedford MT: The role of the PRMT5‑SND1 
axis in hepatocellular carcinoma. Epigenomes 5: 2, 2021.

22.	Quintana AM, Liu F, O'Rourke JP and Ness SA: Identification 
and regulation of c‑Myb target genes in MCF‑7 cells. BMC 
Cancer 11: 30, 2011.

23.	Zeng Q, Liu CH, Wu D, Jiang W, Zhang N and Tang H: LncRNA 
and circRNA in patients with non‑alcoholic fatty liver disease: 
A systematic review. Biomolecules 13: 560, 2023. 

24.	Yankey A, Oh M, Lee BL, Desai TK and Somarowthu S: A novel 
partnership between lncTCF7 and SND1 regulates the expres‑
sion of the TCF7 gene via recruitment of the SWI/SNF complex. 
Sci Rep 14: 19384, 2024. 

25.	Ochoa  B, Chico  Y and Martínez  MJ: Insights into SND1 
oncogene promoter regulation. Front Oncol 1: 606, 2018. 

26.	Hu YZ, Hu ZL, Liao TY, Li Y and Pan YL: LncRNA SND1‑IT1 
facilitates TGF‑β1‑induced epithelial‑to‑mesenchymal transi‑
tion via miR‑124/COL4A1 axis in gastric cancer. Cell Death 
Discov 8: 73, 2022. 

27.	 Lin S and Gregory RI: MicroRNA biogenesis pathways in cancer. 
Nat Rev 15: 321‑333, 2015. 

28.	Ganesan H, Nandy SK, Banerjee A, Pathak S, Zhang H and 
Sun  XF: RNA‑interference‑mediated miR‑122‑based gene 
regulation in colon cancer, a structural in silico analysis. Int 
J Mol Sci 23: 15257, 2022. 

29.	 Ahmed EA, Rajendran P and Scherthan H: The microRNA‑202 
as a diagnostic biomarker and a potential tumor suppressor. Int 
J Mol Sci 23: 5870, 2022. 

30.	Wang Y, Dong L, Wan F, Chen F, Liu D, Chen D and Long J: 
MiR‑9‑3p regulates the biological functions and drug resis‑
tance of gemcitabine‑treated breast cancer cells and affects 
tumor growth through targeting MTDH. Cell Death Dis 12: 
861, 2021. 

31.	 Banerjee  S, Kalyani‑Yabalooru  SR and Karunagaran  D: 
Identification of mRNA and non‑coding RNA hubs using 
network analysis in organ tropism regulated triple negative breast 
cancer metastasis. Comput Biol Med 127: 104076, 2020. 

32.	Levy DE and Lee CK: What does stat3 do? J Clin Investig 109: 
1143‑1148, 2002. 

33.	 Tsuchiya N, Ochiai M, Nakashima K, Ubagai T, Sugimura T and 
Nakagama H: SND1, a component of RNA‑induced silencing 
complex, is up‑regulated in human colon cancers and implicated in 
early stage colon carcinogenesis. Cancer Res 67: 9568‑9576, 2007. 

34.	Bromberg J: Stat proteins and oncogenesis. J Clin Investig 109: 
1139‑1142, 2002.

35.	 Kennell J and Cadigan KM: APC and beta‑catenin degradation. 
Adv Exp Med Biol 656: 1‑12, 2009. 

36.	Chidambaranathan‑Reghupaty S, Mendoza R, Fisher PB and 
Sarkar D: The multifaceted oncogene SND1 in cancer: Focus on 
hepatocellular carcinoma. Hepatoma Res 4: 32, 2018. 

37.	 Gao  X, Shi  X, Fu  X, Ge  L, Zhang  Y, Su  C, Yang  X, 
Silvennoinen O, Yao Z, He J, et al: Human tudor staphylococcal 
nuclease (Tudor‑SN) protein modulates the kinetics of AGTR1‑3' 
UTR granule formation. FEBS Lett 588: 2154‑2161, 2014. 

38.	 Wu J, Jiang Y, Zhang Q, Mao X, Wu T, Hao M, Zhang S, Meng Y, 
Wan X, Qiu L and Han J: KDM6A‑SND1 interaction maintains 
genomic stability by protecting the nascent DNA and contributes 
to cancer chemoresistance. Nucleic Acids Res 52: 7665‑7686, 2024. 

39.	 Zhang H, Gao M, Zhao W and Yu L: The chromatin architectural 
regulator SND1 mediates metastasis in triple‑negative breast 
cancer by promoting CDH1 gene methylation. Breast Cancer 
Res 25: 129, 2024. 

40.	Lyko F: The DNA methyltransferase family: A versatile toolkit 
for epigenetic regulation. Nat Rev Genetics 19: 81‑92, 2018. 

41.	 Gao X, Yan F, Lin J. Gao L, Lu XL, Wei SC, Shen N, Pang JX, 
Ning QY, Komeno Y, et al: AML1/ETO cooperates with HIF1α 
to promote leukemogenesis through DNMT3a transactivation. 
Leukemia 29: 1730‑1740, 2015. 

42.	Kim  G, Kim  JY, Lim  SC, Lee  KY, Kim  O and Choi  HS: 
SUV39H1/DNMT3A‑dependent methylation of the RB1 
promoter stimulates PIN1 expression and melanoma develop‑
ment. FASEB J 32: 5647‑5660, 2018. 

43.	 Yu L, Xu J, Liu J, Zhang H, Sun C, Wang Q, Shi C, Zhou X, 
Hua D, Luo W, et al: The novel chromatin architectural regulator 
SND1 promotes glioma proliferation and invasion and predicts 
the prognosis of patients. Neuro Oncol 21: 742‑754, 2019. 

44.	Kim SK and Cho SW: The evasion mechanisms of cancer immu‑
nity and drug intervention in the tumor microenvironment. Front 
Pharmacol 13: 868695, 2022. 

45.	 Garrido F, Aptsiauri N, Doorduijn EM, Lora AM and van Hall T: 
The urgent need to recover MHC class I in cancers for effective 
immunotherapy. Curr Opin Immunol 39: 44‑51, 2016. 

46.	Seliger B, Cabrera T, Garrido F and Ferrone S: HLA class I 
antigen abnormalities and immune escape by malignant cells. 
Semin Cancer Biol 12: 3‑13, 2002. 

47.	 Gabathuler R, Reid G, Kolaitis G, Driscoll J and Jefferies WA: 
Comparison of cell lines deficient in antigen presentation reveals 
a functional role for TAP‑1 alone in antigen processing. J Exp 
Med 180: 1415‑1425, 1994. 

48.	Qin Z, Harders C, Cao X, Huber C, Blankenstein T and Seliger B: 
Increased tumorigenicity, but unchanged immunogenicity of 
transporter for antigen presentation 1‑deficient tumors. Cancer 
Res 62: 2856‑2860, 2002.

49.	 Blum JS, Wearsch PA and Cresswell P: Pathways of antigen 
processing. Annu Rev Immunol 31: 443‑473, 2013. 

50.	Leonhardt RM, Keusekotten K, Bekpen C and Knittler MR: 
Critical role for the tapasin‑docking site of TAP2 in the func‑
tional integrity of the MHC class I‑peptide‑loading complex. 
J Immunol 175: 5104‑5114, 2005. 

51.	 Panter  MS, Jain  A, Leonhardt  RM, Ha  T and Cresswell  P: 
Dynamics of major histocompatibility complex class I associa‑
tion with the human peptide‑loading complex. J Biol Chem 287: 
31172‑31184, 2012. 

52.	Sadasivan B, Lehner PJ, Ortmann B, Spies T and Cresswell P: Roles 
for calreticulin and a novel glycoprotein, tapasin, in the interaction 
of MHC class I molecules with TAP. Immunity 5: 103‑114, 1996. 

53.	 Zhang X, Cui X, Li P, Zhao Y, Ren Y, Zhang H, Zhang S, Li C, 
Wang X, Shi L, et al: EGC enhances tumor antigen presentation 
and CD8+ T cell‑mediated antitumor immunity via targeting 
oncoprotein SND1. Cancer Lett 592: 216934, 2024. 

54.	Diao C, Guo P, Yang W, Sun Y, Liao Y, Yan Y, Zhao A, Cai X, 
Hao J, Hu S, et al: SPT6 recruits SND1 to co‑activate human 
telomerase reverse transcriptase to promote colon cancer 
progression. Mol Oncol 15: 1180‑1202, 2021. 



MOLECULAR AND CLINICAL ONCOLOGY  23:  86,  2025 13

55.	 Rajasekaran  D, Jariwala  N, Mendoza  RG, Robertson  CL, 
Akiel MA, Dozmorov M, Fisher PB and Sarkar D: Staphylococcal 
nuclease and tudor domain containing 1 (SND1 Protein) 
promotes hepatocarcinogenesis by inhibiting monoglyceride 
lipase (MGLL). J Biol Chem 291: 10736‑10746, 2016.

56.	 Santhekadur PK, Akiel M, Emdad L, Gredler R, Srivastava J, 
Rajasekaran D, Robertson CL, Mukhopadhyay ND, Fisher PB and 
Sarkar D: Staphylococcal nuclease domain containing‑1 (SND1) 
promotes migration and invasion via angiotensin II type 1 receptor 
(AT1R) and TGFβ signaling. FEBS Open Bio 4: 353‑361, 2014. 

57.	 Santhekadur  PK, Das  SK, Gredler  R, Chen  D, Srivastava  J, 
Robertson C, Baldwin AS, Fisher PB and Sarkar D: Multifunction 
protein staphylococcal nuclease domain containing 1 (SND1) 
promotes tumor angiogenesis in human hepatocellular carcinoma 
through novel pathway that involves nuclear factor κB and 
miR‑221. J Biol Chem 287: 13952‑13958, 2012. 

58.	Liao SY, Rudoy D, Frank SB, Phan LT, Klezovitch O, Kwan J, 
Coleman I, Haffner MC, Li D, Nelson PS, et al: SND1 binds to 
ERG and promotes tumor growth in genetic mouse models of 
prostate cancer. Nat Commun 14: 7435, 2023. 

59.	 Zheng HC: The molecular mechanisms of chemoresistance in 
cancers. Oncotarget 8: 59950‑59964, 2017. 

60.	Brasseur  K, Gévry  N and Asselin  E: Chemoresistance and 
targeted therapies in ovarian and endometrial cancers. 
Oncotarget 8: 4008‑4042, 2017. 

61.	 Lu C and Shervington A: Chemoresistance in gliomas. Mol Cell 
Biochem 312: 71‑80, 2008. 

62.	Zhao Y, Ren P, Yang Z, Wang L and Hu C: Inhibition of SND1 
overcomes chemoresistance in bladder cancer cells by promoting 
ferroptosis. Oncol Rep 49: 16, 2023. 

63.	 Jariwala N, Rajasekaran D, Mendoza RG, Shen XN, Siddiq A, 
Akiel MA, Robertson CL, Subler MA, Windle JJ, Fisher PB, et al: 
Oncogenic role of SND1 in development and progression of 
hepatocellular carcinoma. Cancer Res 77: 3306‑3316, 2017. 

64.	Wang Y, Wang Y, Fang Y, Jiang H, Yu L, Hu H and Zeng S: 
SND1 regulates organic anion transporter 2 protein expression 
and sensitivity of hepatocellular carcinoma cells to 5‑fluoro‑
uracil. Drug Metab Dispos 52: 997‑1008, 2024. 

65.	 Fu X, Duan Z, Lu X, Zhu Y, Ren Y, Zhang W, Sun X, Ge L 
and Yang J: SND1 promotes radioresistance in cervical cancer 
cells by targeting the DNA damage response. Cancer Biother 
Radiopharm 39: 425‑434, 2024. 

66.	Carruthers  R, Ahmed  SU, Strathdee  K, Gomez‑Roman  N, 
Amoah‑Buahin  E, Watts  C and Chalmers  A: Abrogation of 
radioresistance in glioblastoma stem‑like cells by inhibition of 
ATM kinase. Mol Oncol 9: 192‑203, 2015. 

67.	 Zhang P, Wei Y, Wang L, Debeb BG, Yuan Y, Zhang J, Yuan J, 
Wang M, Chen D, Sun Y, et al: ATM‑mediated stabilization 
of ZEB1 promotes DNA damage response and radioresistance 
through CHK1. Nat Cell Biol 16: 864‑875, 2024. 

68.	Ammazzalorso F, Pirzio LM, Bignami M, Franchitto A and 
Pichierri P: ATR and ATM differently regulate WRN to prevent 
DSBs at stalled replication forks and promote replication fork 
recovery. EMBO J 29: 3156‑3169, 2010. 

69.	 Zhao Y, Dhani S, Gogvadze V and Zhivotovsky B: The crosstalk 
between SND1 and PDCD4 is associated with chemoresistance 
of non‑small cell lung carcinoma cells. Cell Death Discov 11: 34, 
2025. 

70.	Yin L, Duan JJ, Bian XW and Yu SC: Triple‑negative breast 
cancer molecular subtyping and treatment progress. Breast 
Cancer Res 22: 61, 2020. 

71.	 Prat A, Pineda E, Adamo B, Galván P, Fernández A, Gaba L, 
Díez M, Viladot M, Arance A and Muñoz M: Clinical impli‑
cations of the intrinsic molecular subtypes of breast cancer. 
Breast 24 (Suppl 2): S26‑S35, 2015. 

72.	Morris GJ, Naidu S, Topham AK, Guiles F, Xu Y, McCue P, 
Schwartz  GF, Park  PK, Rosenberg  AL, Brill  K and 
Mitchell EP: Differences in breast carcinoma characteristics 
in newly diagnosed African‑American and Caucasian patients: 
A single‑institution compilation compared with the National 
Cancer Institute's Surveillance, epidemiology, and end results 
database. Cancer 110: 876‑884, 2007. 

73.	 Dent  R, Trudeau  M, Pritchard  KI, Hanna  WM, Kahn  HK, 
Sawka  CA, Lickley  LA, Rawlinson  E, Sun  P and Narod  S: 
Triple‑negative breast cancer: Clinical features and patterns of 
recurrence. Clin Cancer Res 13: 4429‑4434, 2007. 

74.	 Lin NU, Claus E, Sohl J, Razzak AR, Arnaout A and Winer EP: 
Sites of distant recurrence and clinical outcomes in patients 
with metastatic triple‑negative breast cancer: High incidence of 
central nervous system metastases. Cancer 113: 2638‑2645, 2008. 

75.	 Gu X, Xue J, Ai L, Sun L, Zhu X, Wang Y and Liu C: SND1 
expression in breast cancer tumors is associated with poor prog‑
nosis. Ann N Y Acad Sci 1433: 53‑60, 2018. 

76.	Cappellari M, Bielli P, Paronetto MP, Ciccosanti F, Fimia GM, 
Saarikettu J, Silvennoinen O and Sette C: The transcriptional 
co‑activator SND1 is a novel regulator of alternative splicing in 
prostate cancer cells. Oncogene 33: 3794‑3802, 2014. 

77.	 Wang N, Du X, Zang L, Song N, Yang T, Dong R, Wu T, He X 
and Lu J: Prognostic impact of Metadherin‑SND1 interaction in 
colon cancer. Mol Biol Rep 39: 10497‑10504, 2012. 

78.	Hossain MJ, Korde R, Singh S, Mohmmed A, Dasaradhi PV, 
Chauhan VS and Malhotra P: Tudor domain proteins in proto‑
zoan parasites and characterization of Plasmodium falciparum 
tudor staphylococcal nuclease. Int J Parasitol 38: 513‑526, 2008. 

79.	 Yoo BK, Santhekadur PK, Gredler R, Chen D, Emdad L, Bhutia S, 
Pannell L, Fisher PB and Sarkar D: Increased RNA‑induced 
silencing complex (RISC) activity contributes to hepatocellular 
carcinoma. Hepatol 53: 1538‑1548, 2011. 

80.	Blanco MA, Alečković M, Hua Y, Li T, Wei Y, Xu Z, Cristea IM 
and Kang  Y: Identification of staphylococcal nuclease 
domain‑containing 1 (SND1) as a Metadherin‑interacting 
protein with metastasis‑promoting functions. J Biol Chem 286: 
19982‑19992, 2011. 

81.	 Pang P, Liu S, Hao X, Tian Y, Gong S, Miao D and Zhang Y: 
Exploring binding modes of the selected inhibitors to SND1 
by all‑atom molecular dynamics simulations. J Biomol Struct 
Dyn 42: 5536‑5550, 2024. 

82.	Shen H, Ding J, Ji J, Hu L, Min W, Hou Y, Wang D, Chen Y, 
Wang L, Zhu Y, et al: Discovery of novel small‑molecule inhibi‑
tors disrupting the MTDH‑SND1 protein‑protein interaction. 
J Med Chem 68: 1844‑1862, 2025. 

83.	 Li P, He Y, Chen T, Choy KY, Chow TS, Wong ILK, Yang X, 
Sun  W, Su  X, Chan  TH and Chow  LMC: Disruption of 
SND1‑MTDH interaction by a high affinity peptide results in 
SND1 degradation and cytotoxicity to breast cancer cells in vitro 
and in vivo. Mol Cancer Ther 20: 76‑84, 2021. 

84.	Chen H, Zhan M, Zhang Y, Liu J, Wang R, An Y, Gao Z, Jiang L, 
Xing Y, Kang Y, et al: Intracellular delivery of stabilized peptide 
blocking MTDH‑SND1 interaction for breast cancer suppres‑
sion. JACS Au 4: 139‑149, 2023. 

85.	 Navarro‑Imaz  H, Ochoa  B, García‑Arcos  I, Martínez  MJ, 
Chico  Y, Fresnedo  O and Rueda  Y: Molecular and cellular 
insights into the role of SND1 in lipid metabolism. Biochim 
Biophys Acta Mol Cell Biol Lipids 1865: 158589, 2020. 

86.	Shen H, Ding J, Ji J, Jiang B, Wang X and Yang P: Overcoming 
MTDH and MTDH‑SND1 complex: Driver and potential thera‑
peutic target of cancer. Cancer Insight 3: 55‑82, 2023.

87.	 Duo L, Liu Y, Ren J, Tang B and Hirst JD: Artificial intelligence 
for small molecule anticancer drug discovery. Expert Opin Drug 
Discov 19: 933‑948, 2024.

88.	Adon  T, Shanmugarajan  D, Ather  H, Ansari  SMA, Hani  U, 
Madhunapantula SV and Honnavalli YK: Virtual screening for 
identification of dual inhibitors against CDK4/6 and aromatase 
enzyme. Molecules 28: 2490, 2023.

89.	 Zhu J, Li K, Xu L, Cai Y, Chen Y, Zhao X, Li H, Huang G and Jin J: 
Discovery of novel selective PI3Kγ inhibitors through combining 
machine learning‑based virtual screening with multiple protein 
structures and bio‑evaluation. J Adv Res 36: 1‑13, 2021.

90.	Wang Y and Zhang P: Prediction of histone deacetylase inhibi‑
tion by triazole compounds based on artificial intelligence. Front 
Pharmacol 14: 1260349, 2023.

91.	 Nayarisseri A, Abdalla M, Joshi I, Yadav M, Bhrdwaj A, Chopra I, 
Khan A, Saxena A, Sharma K, Panicker A, et al: Potential inhibi‑
tors of VEGFR1, VEGFR2, and VEGFR3 developed through 
deep learning for the treatment of cervical cancer. Sci Rep 14: 
13251, 2024.

92.	Di Stefano M, Galati S, Ortore G, Caligiuri I, Rizzolio F, Ceni C, 
Bertini S, Bononi G, Granchi C, Macchia M, et al: Machine 
learning‑based virtual screening for the identification of Cdk5 
inhibitors. Int J Mol Sci 23: 10653, 2022.

93.	Liu Z, Hu M, Yang Y, Du C, Zhou H, Liu C, Chen Y, Fan L, Ma H, 
Gong Y and Xie Y: An overview of PROTACs: A promising drug 
discovery paradigm. Mol Biomed 3: 46, 2022.

94.	Han X and Sun Y: Strategies for the discovery of oral PROTAC 
degraders aimed at cancer therapy. Cell Rep Phys Sci 3: 101062, 
2022.

Copyright © 2025 Rai et al. This work is licensed 
u nder  a  Cre at ive  C om mon s At t r ibut ion-
NonCommercial-NoDerivatives 4.0 International  
(CC BY-NC-ND 4.0) License.

https://www.spandidos-publications.com/10.3892/mco.2025.2881

