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Abstract 

Breast cancer (BC) is among the most prevalent types of cancer affecting women. The estrogen 

receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor (HER2) are 

important therapeutic targets in BC. However, triple-negative breast cancer (TNBC) has limited 

treatment options and no specific molecular targets, leading to poor clinical outcomes. Furthermore, 

TNBC is characterized by treatment failure owing to its aggressive nature, lymph node metastasis, and 

relatively high recurrence rate. This necessitates the identification of potential targets to enhance the 

therapeutic effect of TNBC treatment. RNA-binding proteins (RBPs) control messenger ribonucleic 

acid (mRNA) stability, splicing, translation efficiency, and the cellular distribution of proteins, thus 

significantly contributing to the regulation of various cellular functions. The human genome project 

(HGP) has identified more than 1500 structurally and functionally diverse RBPs. RBPs have recently 

demonstrated significant involvement in various human cancers, including BC, by influencing multiple 

oncogenic characteristics. This implies that RBPs are potential molecular targets for BC treatment. 

Genomic data were used in the present study to identify RBPs that exhibit specific expression patterns 

in TNBC. Consequently, RBP NONO, which contains a non-POU domain, was found to exhibit high 

expression levels in TNBC and to be correlated with unfavorable patient outcomes. The gene expression 

profile of NONO-depleted cells showed associations with cellular growth and proliferation, cell cycle 

regulation and cellular movement, and cell death and survival in TNBC cell lines. Surprisingly, the 

study findings indicate that NONO binds to and enhances the mRNA expression of the signal transducer 

and activator of transcription 3 (STAT3) in TNBC. Additionally, NONO directly binds to the STAT3 

protein, resulting in enhanced preservation of its oncogenic function. We comprehensively screened a 

specific food and drug administration-approved candidate drug targeting NONO. The screening results 

demonstrated that auranofin effectively suppresses cell growth in TNBC, making it a potential NONO 

inhibitor. This implies that NONO serves as an upstream regulator of STAT3 at both the RNA and 

protein levels, thus influencing the growth and resistance mechanisms in these cancer cells. Overall, 

NONO exhibited great potential as a therapeutic target for the treatment of TNBC. 

 

 

Keywords: RNA-binding protein; Triple-negative breast cancer; Non-POU domain containing 

octamer binding; Signal transducer and activator of transcription 3; Auranofin   
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Introduction 

Breast cancer  

Breast cancer (BC) is a prevalent cancer type among women [1, 2]. The estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor (HER2) are critical molecular 

markers and therapeutic targets for BC [1, 3]. The ER, which is expressed in most patients with BC, is 

a primary influencing factor and is correlated with prognosis [4]. Estrogen controls the activity of PR, 

the gene targeted by ER [5]. Additionally, the PR is linked to the overall survival (OS) or disease-free 

survival (DFS) of patients with BC [6]. Approximately 25% of patients with BC are HER2 positive and 

have an aggressive phenotype [7]. Endocrine therapy that targets estrogenic action can be used for the 

treatment of BC that grows in a hormone receptor-dependent manner; the expression of related receptors 

influences the response to endocrine therapy [6]. Conversely, the lack of molecular markers and 

therapeutic targets for triple-negative breast cancer (TNBC) tumors, which do not express the 

aforementioned key factors, significantly limits diagnosis and treatment [8]. TNBC is a BC subtype that 

accounts for approximately 24% of all BC cases [9]. Patients with TNBC are often younger than those 

without and exhibit aggressive tumors with relatively frequent lymph node metastases [10]. Moreover, 

compared with hormone receptor-positive BC, TNBC with more aggressive features has a higher rate 

of treatment failure and chemotherapy is its only authorized systemic treatment option [10, 11]. 

According to a previous study, patients with TNBC who responded to initial neoadjuvant treatment have 

a higher recurrence rate within five years than those with other cancer subtypes [12]. 

Treatment of breast cancer 

Treatment for BC, including TNBC, depends on factors such as the patient's medical history, cancer 

type and stage, and the biology of the cancer cells. Several treatment options are available for BC. First, 

hormone therapy is commonly used to treat breast and prostate cancer and employs tamoxifen, 

fulvestrant, and aromatase inhibitors to block hormone production or interfere with hormone action to 

slow down cancer growth [13-15]. Second, chemotherapy utilizes drugs such as alkylating agents, 

antimetabolites, antimitotics, and antibiotics to prevent cancer cells from growing and dividing [16-18]. 

Third, targeted chemotherapy focuses on specific genes and proteins in cancer cells. HER2-targeted 

drugs such as trastuzumab are commonly used for the treatment of HER2-positive BC. Additionally, 

small molecule inhibitors are utilized in the management of TNBC. Poly ADP-ribose polymerase 

(PARP) inhibitors obstruct the activity of PARP, an enzyme that is crucial for DNA repair, resulting in 
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the accumulation of DNA damage and cancer cell death. This treatment is particularly effective for 

TNBC patients with breast cancer gene (BRCA) mutations. Furthermore, there are other available 

options in the form of small-molecule inhibitors, including those that target the mitogen-activated 

protein kinase (MAPK) pathway, such as mitogen-activated protein kinase kinase (MEK) inhibitors. 

Additionally, certain inhibitors impede the phosphoinositide 3-kinase (PI3K)/protein kinase B 

(Akt)/mammalian target of rapamycin (mTOR) (PI3K/Akt/mTOR) pathway, which plays a vital role in 

cellular proliferation and viability. Moreover, histone deacetylase (HDAC) inhibitors are employed to 

regulate gene expression [19-21]. Finally, immunotherapy, a novel approach to TNBC treatment, aims 

to strengthen the patient's immune system for the targeting and attack of cancer cells [22]. 

Limitation of TNBC treatment  

Chemotherapy using anthracycline and taxane is the first-line treatment administered for TNBC 

because standard hormone or HER2-targeting therapies are ineffective in this patient population [23-

25]. Although patients with TNBC exhibit an initial favorable response to chemotherapy, the long-term 

prognosis is unfavorable, with a significant risk of recurrence [26]. Adjuvant therapy has been found to 

be ineffective in the treatment of metastatic TNBC, resulting in a median survival duration of 13.3 

months after the onset of metastasis [26, 27]. If chemotherapy proves unsuccessful, alternative treatment 

modalities, such as surgery and radiation, are considered [28]. Surgery, the primary treatment, is 

followed by radiation therapy to destroy or slow down cancer cell growth and alleviate symptoms 

regardless of the occurrence of metastasis [29]. Recently, immunotherapeutic agents like PD-L1 

inhibitors have exhibited effectiveness in TNBC treatment by stimulating the immune system to target 

and attack cancer cells [30]. Unlike conventional treatments, immunotherapy targets cancer cells that 

are unresponsive to chemotherapy or radiation [31]. The limited treatment options primarily stem from 

drug resistance which can arise from various causes. Cancer cells develop genetic mutations that change 

the structure of proteins targeted by drugs. This prevents the drug from targeting the protein, thus 

reducing its therapeutic effect [32]. Cancer cells also reduce the expression of proteins that are targeted 

by drugs or activate drug elimination mechanisms that release drugs into extracellular pumps. This 

reduces the drug concentration and therapeutic effect [33]. Epidermal growth receptor (EGFR), tumor 

suppressor P53 (TP53), and HER2 genes help cancer cells develop resistance to drugs, and the 

overexpression of these genes causes cancer cells to develop drug resistance [34]. Cancer cells also 

avoid the toxic effects of drugs by altering their apoptotic pathways [35]. Therefore, alternative options 

should be considered to overcome drug resistance in TNBC treatment. They may include novel 
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therapies, promising drug combinations, new targeted therapies, or the integration of immunotherapy 

and chemotherapy in a combined treatment approach. 

RNA-binding proteins 

RNA-binding proteins (RBPs) are pivotal in governing a wide range of biological processes. RBPs 

contribute to various cellular processes by governing messenger ribonucleic acid (mRNA) stability, 

splicing, translation efficiency, and the cellular distribution of proteins [36]. One of the major functions 

of RBP is regulating mRNA stability. RBPs can bind to specific sequences or structures within mRNA 

molecules to determine their fate [37]. Certain RBPs prevent degradation by enhancing mRNA stability, 

while others reduce mRNA levels by promoting degradation. RBPs have substantial impact on the 

regulation of gene expression, as they control the stability of mRNA and influence the levels of specific 

proteins within cells [38]. Additionally, RBPs assume a crucial function in alternative splicing, which 

is responsible for generating multiple protein isoforms from a single gene [38]. Alternative splicing 

considerably enhances protein diversity, allowing cells to produce various protein variants with unique 

functions. RBPs bind to specific RNA sequences positioned at the exon-intron boundary and regulate 

the splicing machinery, thereby influencing the decision to include or exclude specific exons during 

mRNA processing [39]. Dysregulation of alternative splicing, resulting from RBP dysfunction, can lead 

to the production of abnormal protein isoforms associated with various diseases [40]. Translation, the 

conversion of mRNA to protein, is a key area affected by RBPs. RBPs can interact with specific regions 

of mRNA molecules and regulate translation efficiency [41]. They can promote or inhibit the 

recruitment of ribosomes to mRNA, influence the initiation of translation, or affect the movement of 

ribosomes along mRNA molecules [42]. This fine-tuning of translation allows cells to tailor protein 

synthesis to different conditions or stages of development. Apart from their involvement in mRNA 

metabolism, RBPs also play a role in facilitating the intracellular localization of proteins [43]. By 

binding to specific RNA sequences within coding or untranslated regions of mRNA, RBPs can affect 

the transport of mRNA molecules to specific cellular compartments. This localization affects protein 

targeting, stability, and function, thus affecting various cellular processes [44]. The Human Genome 

Project (HGP) has identified more than 1500 RBPs [45]. RBPs exhibit a wide range of structural and 

functional diversity that is crucial for the regulation of various cellular processes [46]. A number of 

RBPs have several specific basic domains, which consist of several repetitive sequences, and commonly 

include RNA recognition motifs (RRM), k homology (KH) domains, asp-glu-ala-asp (DEAD) motifs, 

double-stranded RNA binding motifs (DSRM), and zinc-finger domains. [45]. A previous study has 
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linked the abnormal expression or dysfunction of RBP to various human diseases [47]. For example, 

dysregulated expression or impaired activity of RBPs has been implicated in cancer development and 

progression. RBPs can influence cell proliferation, apoptosis, and metastasis by modulating the 

translation and stability of oncogenes or tumor suppressor genes [48]. 

Implications of RBPs in cancer  

Several studies have indicated that the abnormal expression of RBPs is observed in a broad spectrum 

of human diseases, such as cancer, neurological disorders, and muscular atrophies [47, 49, 50]. By 

conducting comprehensive genome analyses, several RBPs have been identified as pivotal contributors 

to the development and progression of cancers, thus significantly influencing cell growth and 

proliferation [51-54]. Abnormal expression of RBPs is closely linked to the survival rate of individuals 

diagnosed with cancer [51, 55]. For example, in various cancer types, the aberrant expression of specific 

RBPs can result in the dysregulation of their mRNA targets [48, 56]. The human antigen R (HuR), an 

RBP, is commonly upregulated in various cancer types, and this overexpression is correlated with a 

poor prognosis. [57, 58]. Another aspect of RBP involvement in cancer is related to the dysregulation 

of post-transcriptional processes. Alterations in mRNA splicing, stability, or localization due to 

dysregulated RBP have implications for cancer as they can lead to abnormal cellular phenotypes [36]. 

For example, RBPs play a pivotal role in the advancement of cancer by modulating alternative splicing, 

leading to the generation of distinct isoforms of oncogenes and tumor suppressors [59]. RBPs also 

assume a crucial role in modulating oncogenes and tumor suppressors by regulating the stability, 

translation, and splicing of mRNAs encoding these pivotal proteins [60]. It is involved in epigenetic 

regulation that affects gene expression without making any changes to the DNA sequence [39, 61, 62]. 

The dysregulation of these RBPs disrupts the normal patterns of gene expression, thereby facilitating 

the initiation and progression of cancer [63]. Non-coding RNAs, such as microRNAs and long non-

coding RNAs, can also interact with RBPs, which significantly contribute to cancer progression. The 

disruption of these interactions may also contribute to cancer [64, 65]. RBP is associated with anticancer 

drug resistance. By regulating genes associated with drug metabolism, drug transport, and the drug 

target, RBPs can modulate the response of cancer cells to therapeutic agents [66]. Given the pleiotropic 

involvement of RBPs in cancer, elucidating their role can unveil novel therapeutic targets and 

biomarkers for cancer diagnosis, prognosis, and treatment. However, the complexity of interactions 

between RNA and proteins and the multifunctionality of RBPs present significant challenges to research 

in this field. 
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RBPs as therapeutic targets in cancer  

Small molecule inhibitors, ≤500 Da in size, can target the functions of RBPs in diverse human 

diseases, including cancer. Small molecule inhibitors are currently undergoing clinical trials and 

showing promising anticancer effects [56]. Eukaryotic translation initiator factor 4F (eIF4F), HuR, 

musashi (MSI) proteins, and lin-28 homolog (LIN28) are some of the RBPs being targeted by these 

small-molecule inhibitors [48]. In multiple cancer types, the overexpression of the eukaryotic 

translation initiation factor 4E (eIF4E), a component of eIF4F has been observed. Compounds such as 

ribavirin, a eukaryotic translation initiation factor 4E nuclear import factor 1 (4Ei-1), eIF4E/ eukaryotic 

translation initiation factor 4 gamma (eIF4G) interaction inhibitor (4EGI-1), and mTOR inhibitors, 

disrupt interactions between eIF4E and other proteins thus obstructing translation initiation through the 

cap-dependent mechanism and inducing apoptosis in cancer cells [67, 68]. Additionally, MnK inhibitors 

have been used to inhibit eIF4E phosphorylation resulting in reduced cell proliferation and metastasis 

in various cancer models [69]. HuR exhibits abnormal expression and localization in different types of 

cancer. Small molecule inhibitors, such as MS-444, target specific regions of HuR, blocking its RNA-

binding activities and reducing HuR-mediated mRNA stabilization of genes involved in cancer 

progression [57]. MS-444 attenuates cytoplasmic HuR in glioblastoma cells, inducing apoptosis and 

decreasing cell invasion [70]. In colorectal cancer cells, MS-444 reduces the expression levels of 

cyclooxygenase 2 (COX2), resulting in growth inhibition and enhanced expression of genes associated 

with apoptosis [71]. High-throughput screenings have identified oleic acid and (−)-gossypol as potential 

inhibitors of MSI proteins [71, 72]. Ro 08-2750 (Ro) effectively inhibits the function of MSI2 by 

binding to its RRM1 domain, thus reducing the expression of target mRNAs involved in 

leukemogenesis [73]. The excessive expression of LIN28 in cancer hampers the normal maturation 

process of let-7, thereby facilitating tumor growth. Inhibitors such as compound 1632 disrupt LIN28 

activity, resulting in the restoration of let-7 levels and inhibition of tumorigenesis [74]. In human 

prostate and liver cancer cells, compound 1632 demonstrated the ability to disrupt the action between 

LIN28 and pre-let-7 [75]. Targeted therapies are more advantageous than existing ones in terms of 

selectivity, efficacy, and tolerability. Small molecule inhibitors that specifically target RBPs have great 

potential [76]. RBPs possess unique RNA-binding domains or motifs that can recognize and interact 

with specific RNAs. Small molecule inhibitors disrupt the interaction between the RBP and its RNA 

target, effectively targeting the domain [77]. These features enable precise targeting of disease-

associated RBPs while minimizing potential off-target effects on other cellular processes [78].  



6 

 

Altered regulation of RBPs has been associated with numerous diseases, including drug resistance 

[79, 80]. The utilization of small molecule inhibitors to target RBPs enables the modulation of several 

facets of RNA metabolism, including mRNA stability, splicing, and translation [81]. For instance, 

heterogeneous nuclear ribonucleoproteins (hnRNP) A1 regulates alternative splicing of pre-mRNAs, 

including genes involved in apoptosis like b-cell lymphoma (Bcl)-x, thus contributing to chemotherapy 

resistance [82]. The overexpression of MSI1 is linked to drug resistance in glioblastoma and colorectal 

cancer, as it binds and regulates target mRNAs, including neurogenic locus notch homolog protein 1 

(Notch1) involved in cell survival [83]. HuR, involved in mRNA stabilization and regulation, 

contributes to drug resistance through permeability glycoprotein (P-glycoprotein) and Bcl-2 mRNA 

[84]. Insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) interaction mRNA of insulin-

like growth factor 2 (IGF2) and Myc proto-oncogene protein (MYC), which are associated with cell 

survival and proliferation, conferring chemotherapy resistance in various cancer types [85, 86].  

RBPs are vital in governing a wide array of cellular processes, encompassing drug efflux, apoptosis, 

DNA repair, and drug metabolism. Specific RBPs have been identified as key factors in the development 

of drug resistance, controlling the expression of target genes associated with mechanisms of drug 

resistance [66]. Certain proteins involved in disease processes were considered "non-therapeutic" owing 

to the absence of enzymatic active sites or accessible binding pockets [87]. However, because RBPs 

interact with RNA, the utilization of small-molecule inhibitors to target these proteins offers a novel 

strategy for modulating the function of previously undruggable targets [88]. Therefore, we propose that 

targeting RBPs with small-molecule inhibitors may effectively influence gene expression, overcome 

drug resistance, and treat diseases with complex etiology.
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 Purpose of the study 

  

Drug-resistant TNBC does not respond favorably to conventional therapies, highlighting the need 

for new therapies. By identifying RBPs associated with drug resistance in TNBC, we aimed to overcome 

drug resistance through the regulation of oncogene expression and development of novel therapeutics. 

The primary objectives of this study were as follows:  

1. To identify specific RBPs associated with drug resistance in the TNBC patient database. 

2. To validate the functional importance of RBPs using in vitro and in vivo models. 

3. To examine interactions between RBPs and target RNAs. 

4. To investigate potential therapeutics by identifying small molecules or compounds that can modulate 

the activity or expression of the target RBP based on RBP and target RNA.  
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Materials and Methods 

Cell lines 

Human cancer cell lines were procured from the American Type Culture Collection (ATCC). The 

cells were maintained in a humidified incubator at 37 °C with 5 % CO2 using either Dulbecco's 

Modified Eagle Medium (DMEM) or Roswell Park Memorial Institute (RPMI) 1640 medium 

(HyClone). The culture media were supplemented with 10% fetal bovine serum (FBS) and 1% 

antibiotic-antimycotic (Gibco) [89, 90]. 

Cell proliferation assay 

The specified cell lines were seeded in triplicate at a density of 3×103 cells per well in 96-well plates. 

Cell viability was assessed using a CCK8 assay (Dojindo) according to the manufacturer protocol. 

Following the addition of the CCK-8 reagent, the cells were incubated at 37 °C for 1 h. Cell viability 

was assessed by measuring the absorbance at a wavelength of 450 nm. 

Colony forming assay 

In total, 3×103 cells per well were seeded in 6-well plates cultured in DMEM or RPMI media for 1 

to 2 weeks. To determine colony formation, the cells were fixed with methanol and stained with a 0.05% 

crystal violet solution for 30 min. 

Cell migration and invasion 

For the cell migration and invasion assay, a cell density of 4×104 cells per well was seeded in the 

upper chamber (Corning) using media devoid of FBS. Matrigel (Corning) was applied as a pre-coat to 

the upper chambers in the invasion assay; however, the cell migration assay did not require a coating 

step. The lower chamber was filled with a medium containing 10 % FBS as a supplement. After 

incubation for 24 h, the cells on the lower side of the chamber were fixed using 4% paraformaldehyde 

and subsequently stained with 0.05% crystal violet. Cotton swabs were used to remove the matrigel as 

well as any non-migrated and non-invaded cells. 

Wound healing assay 

For the wound healing assay, cells were seeded at a density of 5×105 cells per well in 6-well plates 

and incubated at 37 °C for 24 h. Once the cells reached full confluence, a scratch or wound was created 

across the monolayer using sterile 200 μL pipette tips, and then washed. After removing the detached 
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cells by washing with medium, images of the scratch/wound were captured at 0 and 12 h. The 

percentage of wound closure was calculated and analyzed based on these images.  

Flow cytometry cell cycle analysis 

Cells were detached using trypsinization and subsequently collected through centrifugation. 

Afterwards, the cells were washed twice with phosphate buffered saline (PBS) and fixed with cold 

70 % ethyl alcohol at -20 °C for 1 h. After another round of PBS washing, the cells were treated with 

RNase A and stained with propidium iodide at a concentration of 20 µg/mL, followed by incubation 

at 37 °C for 30 min. The cells were analyzed using a CytoFLEX (Beckman) flow cytometer. 

Sphere formation assay 

In total, 5×103 cells per well were seeded in ultra-low attachment 6-well plates and cultured for 10 

days. The spheres were cultured in DMEM/nutrient mixture F-12 (F12) medium supplemented with 

B27 supplement (Gibco), 20 ng/mL epidermal growth factor, and 20 ng/mL basic fibroblast growth 

factor. Subsequently, the spheres were imaged and manually counted. 

Immunoprecipitation and western blotting 

Immunoprecipitation (IP) and western blotting (WB) experiments were conducted following 

established protocols [89-91]. First, cellular lysates were obtained by treating the cells with lysis buffer 

comprising 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, and 1 mM 

ethylenediaminetetraacetic acid (EDTA), and supplemented with protease inhibitors (Roche) and 

phosphatase inhibitors (GenDEPOT). Following centrifugation at 13,500 g for 30 min at 4 °C, the 

supernatants containing the desired components were collected. To prepare for IP, the cell lysates 

underwent a pre-clearing step using protein A/G beads. Subsequently, the lysates were incubated for 4 

h with protein A/G beads conjugated to antibodies specific to non-POU domain-containing octamer-

binding (NONO) and signal transducer and activator of transcription 3 (STAT3). The 

immunocomplexes were washed four times with a cell extraction buffer. Eluted samples or whole-cell 

lysates were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

and the proteins were subsequently detected using specific antibodies. The antibodies employed in this 

study included NONO (Millipore or Bethyl), STAT3 (Cell signaling or Abcam), phospho-STAT3 (Cell 

signaling), β-actin (Cell signaling), FLAG (Cell signaling), and MYC (Cell signaling). 

Immunofluorescence assay  
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Immunofluorescence assays were conducted following established protocols, as described in a 

previous report [91]. The immunofluorescence staining procedure employed anti-NONO (Millipore) 

and anti-STAT3 (Cell signaling) antibodies. 

Short hairpin RNA 

Short hairpin NONO (TRCN0000286628; TRCN0000294049) and short hairpin green fluorescent 

protein (GFP) (SHC005) clones were procured from Sigma. The co-transfection of 293FT cells was 

conducted by employing the Lipofectamine® 2000 Reagent (Invitrogen) and lentiviral packaging 

plasmids psPAX2 and pMD2.G. After a transfection period of 48 h, the viral supernatants were gathered 

and combined. To infect the target cells, the filtered viral supernatant was mixed with a culture medium 

containing 8 μg/mL polybrene as a supplement. After a 24 h incubation period, the infectious 

supernatant was discarded, and the selection of infected cells was initiated 48 h after infection. 

Plasmids and luciferase assay 

The construction of STAT3 complementary DNA (cDNA), STAT3-reporter, and NONO cDNA have 

previously been documented [92, 93]. To produce the reporter plasmids containing the 3' untranslated 

regions (UTRs) of STAT3, custom-designed oligonucleotides were utilized to target the putative NONO 

binding site, following the procedure depicted in Figures 1–13A-B. The oligonucleotides included wild-

type sequences for M1-1, M1-2, M2, M3, and M4 with the following designs: M1-1 wild-type forward: 

5'- AAACTAGCGGCCGCTAGTCTGTCTCCAGGCAGGAGGACTT-3', reverse: 5'-

CTAGAAGTCCTCCTGCCTGGAGACAGACTAGCGGCCGCTAGTTT-3'; M1-2 wild-type forward: 

5'-AAACTAGCGGCCGCTAGTCTACCTTCAGGCAGGTCCTACT-3', reverse: 5'-

CTAGAGTAGGACCTGCCTGAAGGTAGACTAGCGGCCGCTAGTTT-3'; M2 wild-type forward: 

5'-AAACTAGCGGCCGCTAGTCTCTGCTCCTGGAACACACCTT-3'; reverse: 5'-CTAGA 

AGGTGTGTTCCAGGAGCAGAG ACTA GCGGCCGCTAGTTT-3'; M3 wild-type forward: 5'-

AAACTAGCGGCCGCTAGTGAACCTGGGAGGCGGAGGTTGT-3', reverse: 5'-

CTAGACAACCTCCGCCTCCCAGGTTCACTA GCGGCCGCTAGTTT-3'; and M4 wild-type 

forward: 5'-AAACTAGCGGCCGCTAGTGTAATCCCAGCACTGTGGGAGT-3', reverse: 5'-CTAGA 

CTCCCACAGTGCTGGGATTACACTAGCGGCCGCTAGTTT-3'. The oligonucleotides containing 

PmeI and XbaI restriction sites were annealed and then inserted into pmirGLO dual-luciferase 

expression vectors (Promega) through cloning. To create mutations in the seed region of the NONO 

binding site, mutant oligos were inserted into pmirGLO vectors, as depicted in Figures 1–13A–B. The 

sequences were confirmed using an automated sequencer. To conduct luciferase-based reporter assays, 
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the cells were transfected with reporter genes and plasmids using the Dual-Glo® Luciferase Assay 

System (Promega). Dual-Luciferase® Reporter Assay System (Promega) was utilized according to the 

manufacturer's instructions. After 48 h, the cells were collected to assess luciferase activity, which was 

then normalized to Renilla activity (n=3). 

Microarray analysis 

Microarray analysis was conducted following the established methodology outlined in previous 

studies [89-91]. Summarily, the specified cell lines were subjected to total RNA extraction using a 

mirVana RNA Isolation labeling kit (Ambion). In total, 500 ng RNA was utilized for labeling and 

hybridization, according to the manufacturer’s protocols (Illumina). The bead chips were scanned using 

an Illumina BeadArray Reader (Illumina) for data acquisition. The obtained microarray data were 

normalized using the quantile normalization method available in the LIMMA package, a tool within the 

R language environment for the analysis of microarray data. To simplify the analysis, the expression 

levels of each gene were logarithmically transformed (log2) prior to further analysis. The resulting data 

have been deposited in the Gene Expression Omnibus (GEO) database under accession number 

GSE117927. 

Quantitative real time polymerase chain reaction 

RNA extraction was performed using the Trizol extraction method according to the manufacturer's 

instructions (Invitrogen). Gene-specific TaqMan primers were utilized for quantitative real-time 

polymerase chain reaction (qPCR) analysis on an ABI Prism StepOneTM real-time PCR system. Gene 

expression analysis was conducted using the SensiFAST™ Probe Hi-ROX One-Step Kit (Bioline). The 

expression of each gene was normalized to the expression of the human peptidylprolyl isomerase A 

(PPIA) gene. The following primers were utilized in this study: PPIA (ABI), NONO (IDT), STAT3 

(IDT), cyclin B1 (CCNB1) (ABI), cyclin D1 (CCND1) (ABI), nanog homeobox (NANOG) (ABI), and 

Octamer 4 (OCT4) (ABI). 

Data processing 

The gene expression dataset was acquired from the Gene Expression Omnibus (GEO) database 

(GSE76275; GSE21653; GSE65216; GSE31519; GSE58812; GSE22226; GSE16446;) and TCGA 

portal (https://www.cbioportal.org/). Prior to analysis, all the data were normalized using the quantile 

normalization method implemented in the R programming language. 
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Statistical analysis 

The quantitative data were expressed as the mean ± standard deviation (SD) obtained from three 

independent experiments. A two-tailed Student's t-test was employed to assess the statistical 

significance of differences between two groups. To compare three or more groups, we conducted one-

way analysis of variance (ANOVA) followed by Tukey's post hoc analysis, which facilitated the 

assessment of the statistical differences between the groups. Statistical significance was set at p < 0.05. 

To assess the correlation between two continuous variables, we employed the Pearson correlation 

coefficient. Receiver operating characteristic (ROC) curve analysis was conducted to assess the 

correlation between gene expression levels. The area under the curve (AUC) was calculated using the 

concordance index as a measure of predictive accuracy. The corresponding p-values were calculated 

using a one-sided Wilcoxon's rank test to assess statistical significance. The class comparison method 

of the BRB-array tools package was utilized to identify genes that exhibited differential expression 

between two array groups. Gene expression differences in the profile data were deemed statistically 

significant if the p-value was below 0.001. Clustering analysis was conducted using the clustering 

algorithm and the results were visualized using treeview. Kaplan-Meier survival plots were employed 

to assess the correlation with patient survival and analyzed using log-rank test. The optimal cutoff value 

for gene expression in survival analysis was determined using the R package [94]. 

Hierarchical clustering  

Hierarchical clustering analysis was performed using complete linkage and Euclidean distance as a 

similarity measure to visualize the expression patterns of differentially expressed transcripts. The 

criteria used to identify differentially expressed genes included a minimum fold change of 1.5 and a 

raw p-value below 0.05, based on the independent t-test. Data analysis and visualization of the 

differentially expressed genes were carried out utilizing R version 3.5.3. 

Chromatin immunoprecipitation assay   

Chromatin immunoprecipitation (ChIP) assays were performed using a Magnetic ChIP assay kit 

(Pierce) according to the manufacturer's instructions. MDA-MB-231 cells were treated with 1% 

formaldehyde for 10 min to crosslink the proteins and DNA, and then quenched with glycine. Following 

a cold PBS wash, the cells were exposed to 1.5 µL micrococcal nuclease at 37 °C for 15 min. The 

chromatin containing crosslinked proteins was subjected to immunoprecipitation using the designated 

antibodies, and the isolated DNA fragments were subsequently analyzed using qPCR. The following 
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primers were used to amplify the promoter region of CCND1: forward primer 5'- 

CGAACACCTATCGATTTTGCTAA-3' and reverse primer 5'-TTGACCAGTCGGTCCTTGCGG-3'. 

Short interfering RNA 

The short interfering RNAs (siRNAs) targeting NONO and the non-specific siRNA had the 

following target sequences: siNONO-1: 5′-CUCAGUAUGUGUCCAACGA-3′, siNONO-2: 5′-

CAAACGUCGCCGAUACUAA-3′, siNONO-3: 5′-GAUGGAAGCUGCACGCCAU-3′, and siCon: 5' 

UUCUCCGAACGUGUCACGU-3'. The cells were transfected with 100 pmol of siRNA (Sigma) using 

Lipofectamine® RNAiMAX reagent (Invitrogen) according to the manufacturer's instructions and 

incubated for 48 h. 

RNA-immunoprecipitation 

Cells were grown in 15-cm plates until they reached approximately 80–90% confluency. After the 

incubation period, the cells were washed with PBS. RNA-immunoprecipitation (IP) was carried out 

using a magnetic chromatin immunoprecipitation kit obtained from Active Motif according to the 

manufacturer's instructions. Immunoprecipitation was performed using anti-rabbit-NONO antibodies 

and anti-rabbit-IgG antibodies as controls. The RNA obtained from the immunoprecipitated complexes 

was purified using EZBlue (Sigma) and treated with DNase1 to remove any contaminating DNA. The 

immunoprecipitated RNA was then quantified using a qPCR kit with a STAT3 probe provided by IDT. 

Preparation of the chitosan-nanoparticle 

Chitosan (CH) used in this study, characterized by a low molecular weight and a deacetylation 

degree of 75–85%, was purchased from Sigma. Sodium tripolyphosphate (TPP) and acetic acid were 

also purchased from Sigma. The preparation of siRNA-incorporated chitosan-nanoparticles (CH-NP) 

involved the electrostatic interaction between positively charged chitosan (CH), negatively charged 

sodium tripolyphosphate (TPP), and siRNA. To form the CH-NP/siRNA complex, a CH solution (2 

mg/mL, 1% acetic acid) was mixed with predetermined concentrations of TPP (0.25% w/v) and siRNA 

(1 μg/μL). The mixture was stirred continuously at 25°C, resulting in the spontaneous formation of CH-

NP/siRNA. Following incubation for 30 min at 4°C, the CH-NP/siRNA complex was collected by 

centrifugation at 13,000 rpm for 50 min at 4°C. The size and surface charge of the CH-NP were 

determined using a dynamic light scattering photometer (HORIBA). The encapsulation efficiency of 

siRNA was assessed by measuring the absorbance at 260 nm using spectrophotometry and the 
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supernatant obtained from centrifugation of the CH-NP. 

Antitumor effectiveness of CH-NP-NONO siRNA. 

Female BALB/c nude mice weighing 20 g and aged 7 weeks were obtained from OrientBio. All 

animal procedures and maintenance conditions were approved by the Konkuk University Institutional 

Animal Care and Use Committee (Approval #: KU17188). Tumor growth was induced by 

subcutaneously injecting 1 × 106 MDA-MB-231 cells in 50 µL HBSS into each mouse (n=5 mice per 

group). A 5 μg dose of CH-NP-control siRNA (5'-UUCUCCGAACGUGUCACGU[dT][dT]-3') or CH-

NP-NONO siRNA (5'-GAUGGAAGCUGCACGCCAU[dT][dT]-3') was intravenously administered to 

each mouse twice a week. The treatment regimen was continued until the control group showed 

moribund signs, which typically occurred at approximately 4 to 5 weeks. At this point, all mice were 

euthanized. The lengths and widths of the tumors were measured using calipers, and their volumes 

calculated as follows: tumor volume (mm3) = length × (width)2/2. The weights of the tumors were also 

documented. 

Protein structural homology modeling 

SWISS-MODEL web server (http://swissmodel.expasy.org) [95] was utilized for homology-based 

structural modeling of NONO (accession ID: NP_001138880.1) and STAT3 (accession ID: 

NP_001356441). The templates selected for modeling were human splicing factor proline and 

glutamine-rich (SFPQ) (PDB ID: 4WIJ) for NONO and mouse STAT3 (PDB ID: 1BG1) for STAT3, 

with sequence similarities of 73.6% and 99.8%, respectively. The SWISS-MODEL yielded QMEAN4 

Z-scores of 1.61 and -2.41 for NONO and STAT3, respectively. ClusPro 2.0, utilizing the hydrophobic-

favored scoring scheme [96], was employed for computational docking simulations. AutoDock Vina 

(ver. 1.1.2), a widely used protein-ligand docking method, was employed for molecular docking 

analyses. The file format was prepared using AutoDock Tools (ver. 1.5.6) obtained from the Scripps 

Research Institute, CA, USA. The binding affinities for the compounds were assessed based on negative 

Gibbs free energy (ΔG) scores (kcal/mol) [97]. The docking structures were visualized using PyMOL 

software from DeLano Scientific. 

High throughput drug screening 

After infecting MDA-MB-231 cells with the pCDH-GFP-NONO viral vector, they were seeded 

at a density of 1.0×103 cells per well in 96-well plates After incubation for 24 h, the cells were 

treated with compounds from the drug library (Enzo) at a final concentration of 5 µM in 0.5% 

http://swissmodel.expasy.org/
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dimethyl sulfoxide (DMSO) (v/v) (Sigma). After a 24-h incubation period, the cells were fixed using 

4% paraformaldehyde (Sigma) and subsequently rinsed with PBS (Welgene) for 10 min. The 

fluorescence intensity of GFP was assessed using the Operetta High Content Screening System 

(Perkin Elmer), and subsequent data analysis was performed utilizing Harmony 3.5.1 high-content 

imaging and analysis software (Perkin Elmer). 

Chemicals 

Auranofin, digoxin, colchicine, and podophyllotoxin were obtained from Sigma. 

Caspase 3/7 activity assay 

The specified cell lines were plated in white 96-well plates at a density of 4×103 cells/well. Caspase 

3/7 activity was measured in the cells using the Caspase-Glo® 3/7 activity assay (Promega) according 

to the manufacturer’s instructions. Upon the addition of the assay reagent and incubation for 30 min at 

room temperature, the luminescence intensity of the cells was assessed using an Alpha PLUS (Multi-

Label) Plate Reader (Pekin Elmer). 

Tissue microarray and immunohistochemistry 

TMA and IHC were conducted following the established protocols [98, 99] and using tissue samples 

obtained from patients who had undergone primary breast cancer surgery between 1993 and 1998 at 

Asan Medical Center in Seoul, Korea. The TMA was stained with an anti-NONO antibody (Bethyl) for 

analysis.  
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Results 

Identification of NONO as an oncogenic RBP in TNBC 

Previous studies report that RBPs are promising targets for therapeutic interventions in TNBC 

treatment owing to their implicated oncogenic roles [100]. Therefore, we screened genomic data to 

identify TNBC-specific RBPs using approaches previously tested for elucidating unexplored functions 

of oncogenes [89, 90]. We aimed to identify differentially expressed RBPs between TNBC and non-

TNBC subtypes, leveraging the well-established Netherlands Cancer Institute (NKI) [101] and 

University of North Carolina (UNC) [102] cohorts, considering the relatively poor prognosis associated 

with TNBC. Class comparison analysis was performed for the two subtypes of breast cancer (TNBC vs 

non-TNBC) [103]. In total, 23 RBPs were identified as potential candidates associated with TNBC, as 

depicted in Figure 1A. The findings were validated using the Cancer Genome Atlas Breast Invasive 

Carcinoma (TCGA-BRCA) dataset, as illustrated in Figure 1B, of these RBPs, while 18 RBPs were 

highly expressed in TNBC and 5 RBPs in non-TNBC, suggesting that individual RBPs have specificity 

depending on BC subtypes. Using ROC curves [104], we identified RBPs that exhibited significant 

association with chemotherapy responsiveness, a crucial factor affecting the survival of patients with 

TNBC. Among the identified RBPs, 10 were linked to chemotherapy responsiveness. NONO exhibited 

the lowest p-value and was selected for further investigation (Figures 2A–B). 

NONO, a non-POU domain-containing octamer-binding protein has been implicated in various 

molecular functions across different types of cancer, including gastric [105], prostate [106], and lung 

cancer [107]. However, its clear mechanisms in cancer have not been clearly identified. Furthermore, 

NONO function in TNBC is not comprehensively understood. Therefore, we focused on the elucidation 

of NONO function in TNBC (Figure 1-3A), analysis of independent BC datasets demonstrated a 

significant increase in NONO mRNA expression in TNBC compared to non-TNBC. This finding was 

confirmed by the results obtained from TMA analysis (Figures 3B–C). 

Subsequently, we investigated the potential association between NONO expression and survival of 

patients with BC, specifically in the context of TNBC. Decreased levels of NONO were correlated with 

enhanced OS throughout the patient cohort, as depicted in Figure 4A [108]. This could be attributed to 

the unfavorable survival outcomes observed among patients with TNBC, who exhibit high expression 

of NONO. Notably, within the TNBC subgroup, a decreased level of NONO was consistently associated 

with more optimized prognosis across multiple TNBC datasets, as shown in Figure 4B. Furthermore, 
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TCGA data analysis revealed that the prognostic significance of NONO expression was particularly 

pronounced in patients with TNBC compared to those without, as depicted in Figure 4C. 

These findings indicate a robust association between NONO expression and prognosis, indicating 

that NONO could be a promising indicator of clinical outcomes in TNBC. 
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Figure 1. NONO as TNBC-specific RBP. 

(A) Venn diagram illustrates the genes that exhibit significant differential expression between TNBC 

and non-TNBC in two separate BC patient cohorts. A univariate test was conducted using class 

comparison analysis in the BRB array tool, and it was supplemented with a multivariate permutation 

test involving 10,000 random permutations. A significance threshold of p < 0.001 was used to identify 

genes with significantly different expression levels between the two groups of tissues analyzed in each 

comparison. (B) The TCGA-BRCA cohort revealed a consistent upregulation or downregulation of 23 

RBP genes. The heatmap displays samples, with colored bars indicating the expression levels of the 

respective RBPs.  
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Figure 2. NONO is associated with drug response in TNBC. 

(A-B) ROC curve analysis was conducted to assess the predictive probability of RBPs expression for 

chemotherapy responsiveness in the BC cohorts. The correlation between RBPs gene expression levels 

and chemo-response was evaluated using ROC curve analysis. The area under the curve (AUC) was 

calculated as a measure of predictive accuracy, and the concordance index was used for estimation. The 

significance of the results was assessed using a one-sided Wilcoxon's rank test, and corresponding p-

values were obtained.  
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Figure 3. NONO expression in TNBC. 

(A) mRNA expression levels of NONO (log2) were TNBC compared to non-TNBC. Error bar displays 

SD value. Two-tailed Student's t-test was performed to calculate the p-values. (B) Quantitative analysis 

of the TMA data was conducted to determine the relative expression of NONO in breast tissues. The 

relative expression was calculated by multiplying the stained intensity. Error bar displays SD value. 

Two-tailed Student's t-test was performed to calculate the p-values. (C) Immunohistochemical analysis 

were performed for TNBC and Non-TNBC. Scale bar = 10 µm. 
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Figure 4. NONO expression is linked to patient survival in TNBC. 

(A) Patients in the specified BC cohorts, including TNBC cohorts or TNBC-specific cohorts (B-C), 

were stratified into two groups based on their relative NONO expression levels: a group with relatively 

high NONO expression and a group with relatively low NONO expression. These groups were then 

used for plotting and further analysis. Significant differences between these groups were observed and 

assessed using the log-rank test. RFS, recurrence-free survival. 
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NONO influences TNBC cell growth 

To explore the potential oncogenic function of NONO, its impact on cancer cell growth was assessed. 

Hs 578T and MDA-MB-231 cell lines were infected with lentivirus vectors carrying shNONO to 

achieve stable knockdown of NONO expression (Figure 5A). Silencing NONO in all tested cell lines 

notably suppressed cancer cell growth and colony formation, as observed in Figures 5B–C. Cells for 

which NONO was silenced exhibited a significant alteration in cell cycle distribution, characterized by 

an increase in the sub-G1 fraction and a reduction in the number of cells in the S-phase (Figure 6A); 

NONO-silenced cells exhibited an increase in caspase3/7 activity compared to parental cells (Figure 

6B), suggesting that NONO is involved in modulating apoptotic activity and affects the growth of 

cancer cells. Oncogenic potential is not limited to effects on cell cycle distribution and apoptosis but 

also on cancer features such as cancer cell migration and invasion. We conducted multiple migration 

assays, including a conventional migration assay that measures cell passage through a non-matrigel-

coated chamber. The results demonstrated significant inhibition of cell migration upon the silencing of 

NONO. Additionally, both the migration assay and wound healing scratched assay yielded consistent 

findings, supporting the inhibitory effect of NONO on cell migration (Figures 7A–B). Furthermore, a 

cell invasion assay was conducted on a matrigel-coated surface, and the results revealed a significant 

decrease in the invasion of TNBC cells upon the knockdown of NONO (Figure 8A). Subsequently, the 

influence of NONO on tumor growth was investigated in a mouse model. In vivo knockdown of NONO 

was achieved using siRNA nanoparticles (CH-NP; chitosan nanoparticles), leading to a significant 

inhibition of tumor growth (Figure 9A) and suppression of cell proliferation marker Ki-67 expression 

(Figure 9B). Summarily, the comprehensive findings from this study strongly validate the oncogenic 

function of NONO in TNBC. The results demonstrate its significant impact on cell growth, migration, 

and invasion, highlighting its crucial involvement in cancer progression and survival within the context 

of TNBC. Therefore, the targeting of NONO, an important RBP, is a promising therapeutic approach 

toward effectively suppressing cancer cell growth in this aggressive subtype of BC.  
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Figure 5. NONO regulates cell growth in TNBC cells.  

(A) The specified Hs 578T and MDA-MB-231 cells were transfected with shNONO or control shRNA 

(shGFP), and subsequent analysis was performed using WB with a NONO AB. (B) The cells that were 

infected were subjected to a proliferation assay using the CCK8 assay. Data presented are the mean ± 

SD of three independent experiments. Statistical analysis was performed using one-way ANOVA with 

Tukey's post hoc analysis, (**p < 0.01, ***p < 0.005, and ****p < 0.001 vs shGFP). (C) The colony 

formation assay was used to quantify the clonogenic survival of the infected cells. Data presented are 

the mean ± SD of three independent experiments. Statistical analysis was performed using one-way 

ANOVA with Tukey's post hoc analysis, (****p < 0.001 vs shGFP).  
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Figure 6. NONO modulates cell cycle and caspase3/7 activity in TNBC cells. 

(A) The lentivirus-infected Hs578T and MDA-MB-231 cells were subjected to fluorescence-activated 

cell sorting (FACS) analysis to examine the cell cycle distribution. (B) Caspase 3/7 activity was 

measured in Hs578T and MDA-MB-231 cells after infection with either shNONO or shGFP. All data 

presented are the mean ± SD of three independent experiments. Statistical analysis was performed using 

one-way ANOVA with Tukey's post hoc analysis, (*p < 0.05, ***p < 0.005, and ****p < 0.001 vs shGFP).  
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Figure 7. Depletions of NONO and its effect on migration. 

(A) Cell migration assays were performed using Boyden chambers on the infected cells. The assays 

were conducted for 24 hours without extracellular matrix, and the migratory capacity of the cells was 

assessed by counting the number of stained cells. Data presented are the mean ± SD of three independent 

experiments. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc analysis, 

(***p < 0.005, and ****p < 0.001 vs shGFP). (B) The migration of infected cells was assessed using a 

wound healing assay, which involved measuring the areas devoid of cells at 0 and 12 hours to quantify 

the extent of migration. Data presented are the mean ± SD of three independent experiments. Statistical 

analysis was performed using one-way ANOVA with Tukey's post hoc analysis, (***p < 0.005, and ****p 

< 0.001 vs shGFP). Scale bar = 100 µm.  
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Figure 8. Depletions of NONO and its effect on invasion. 

Cell invasion was evaluated using Boyden chambers, where the chambers were coated with matrigel to 

simulate the extracellular matrix. The cells in the invasion assay were incubation at a temperature of 

37°C for a duration of 24 hours. Subsequently, the cells were stained with crystal violet and quantified 

to determine the extent of invasion. Data presented are the mean ± SD of three independent experiments. 

Statistical analysis was performed using one-way ANOVA with Tukey's post hoc analysis, (****p < 

0.001 vs shGFP).  
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Figure 9. Depletions of NONO and its effect on BC tumorigenesis. 

(A) BALB/c nude mice were injected with MDA-MB-231 cells, and subsequently, the mice were 

administered the specified siRNA. The tumor volumes and weights were measured, with a total of 5 

mice included in the study. Error bar displays SD value. Two-tailed Student's t-test was performed to 

calculate the p-values, (*p < 0.05). (B) Representative IHC analysis of mouse samples were performed. 

Scale bar = 50 µm. 
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NONO regulates STAT3 expression in TNBC 

To elucidate the role of NONO in cancer cell growth and gain insights into the underlying 

mechanisms, gene expression profiles were generated in Hs 578T and BT-20 cells following the 

silencing of NONO. An analysis of gene expression profiles revealed a set of 138 mRNA transcripts 

that exhibited consistent differential expression upon the silencing of NONO in both TNBC cell lines 

(Figure 10A). This profile exhibits oncogenic factors such as polo-like kinase 4 (PLK4), SRY-box 

transcription factor 4 (SOX4), STAT3, and TIMP metallopeptidase inhibitor 1 (TIMP1). Moreover, 

multiple genes are differentially regulated by NONO (Figure 10B). To validate these findings, the 

observed changes in gene expression identified through profiling analysis were validated by performing 

qPCR (Figure 10C). Pathway analysis was conducted using ingenuity pathway analysis (IPA) with the 

set of 138 genes that were identified as being regulated by NONO. The results from IPA indicate that 

the 138 genes regulated by NONO are functionally associated with various biological processes relevant 

to cancer progression, including cell growth and proliferation, cell cycle regulation, and cell movement 

and migration. These findings are consistent with those illustrated in Figures 1-5, 1-6, 1-7, 1-8, and 1-

9 (Figure 10C). Out of those oncogenic factors, given the well-established role of STAT3 as an 

oncogenic transcription factor (TF) in TNBC, we prioritized investigating its potential relationship with 

NONO as a downstream target [109, 110]. The inhibition of STAT3 signaling has been identified as a 

promising therapeutic strategy in cancer, including TNBC. It is currently under extensive investigation 

as a potential target for cancer therapy [111, 112]. Subsequently, we investigated the role of NONO in 

modulating the activity of the STAT3 signaling pathway. WB and qPCR were conducted to confirm 

the gene expression profiling results. The analysis confirmed that the expression of STAT3 and its 

downstream targets, including CCNB1 and CCND1, was significantly reduced in Hs 578T and MDA-

MB-231 cells after infection with shNONO (Figures 11A–B). Furthermore, in vivo experiments 

demonstrated that the knockdown of NONO resulted in a reduction in STAT3 expression (Figures 11C–

D). 

We aimed to determine whether the oncogenic properties of NONO were dependent on STAT3 

activation. While cell growth, invasion, and migration were suppressed upon NONO silencing, 

reintroduction of the STAT3 gene enhanced cell growth in TNBC cells with NONO silencing (Figures 

12A–E). This suggests that the growth-promoting effects mediated by NONO are dependent on STAT3 

expression. Collectively, the study results indicate that NONO has a positive regulatory role on STAT3 

signaling, and this activation of STAT3 contributes to the cancer-promoting properties of NONO.  
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Figure 10. NONO regulates the cellular growth and movement associated genes in TNBC.      

(A) Gene expression profiles associated with the knockdown of NONO expression using shNONO in 

TNBC cell lines revealed distinct gene expression signatures. Genes within the Venn diagram were 

chosen through class comparison analysis using the BRB array tool, applying a significance threshold 

of p < 0.001. (B) Gene expression profiling is displayed in a matrix format, where the colors represent 

the relative expression levels of the genes. Red color represents relatively high expression, whereas blue 

color represents relatively low expression. The scale bar provided indicates the log2-transformed scale 

used for expression values. (C) expression levels of oncogenic factor genes were analyzed using qPCR 

in MDA-MB-231 cells following NONO silencing. Data presented are the mean ± SD of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey's post 

hoc analysis, (***p < 0.005 vs shGFP). (D) IPA was performed to analyze the differentially expressed 

genes following NONO inhibition.  
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Figure 11. NONO regulates STAT3 expression in TNBC.        

(A) WB analysis was conducted to examine the expression of STAT3-associated genes in Hs 578T and 

MDA-MB-231 cells following NONO silencing. (B) TNBC cells were infected with the specified 

lentivirus, and the expression of NONO was analyzed using qPCR. Data presented are the mean ± SD 

of three independent experiments. Statistical analysis was performed using one-way ANOVA with 

Tukey's post hoc analysis, (*p < 0.05, and ****p < 0.001 vs shGFP). (C-D) Representative IHC image 

Scale bar = 50 µm. (C) and qPCR (D) Analysis was performed after knockdown NONO in a xenograft 

model. Data presented are the mean ± SD of three independent experiments. Two-tailed Student's t-test 

was performed to calculate the p-values, (****p < 0.001 vs siCon).  
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Figure 12. NONO regulates STAT3 gene expression and thereby governs TNBC cell growth. 

(A-E) Rescue experiments, MDA-MB-231 cells were initially infected with either shGFP or shNONO, 

and subsequently, the transfection of the Flag-STAT3 plasmid into these cells. (A) Following the 

transfection and infection, the cells were subjected to various analyses. WB analysis was conducted to 

assess the levels of protein expression. (B) Cell viability and growth were assessed using the CCK8 

assay (C) Clonogenic survival was measured using the colony formation assay (D) Cell migration was 

evaluated using Boyden chamber assays (E) and cell invasion was assessed using Boyden chambers 

coated with matrigel as an extracellular matrix. (B-E) Data presented are the mean ± SD of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey's post 

hoc analysis, (*p < 0.05, ***p < 0.005, and ****p < 0.001).  
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Mechanism of STAT3 regulation by NONO in TNBC 

To further comprehend the mechanism through which NONO modulates STAT3 gene expression 

and sustains its oncogenic functions in TNBC, we investigated the interaction between NONO and the 

STAT3 RNA. Usually, RBPs directly bind to the 3' UTR region of their target gene RNA. Previous 

research has indicated that NONO can bind to specific response elements within the 3' UTR region 

[113]. Based on a defined sequence, we examined the binding sites of NONO within the STAT3 locus 

and ranked the NONO binding sites on the locus (Figure 13A). We identified five putative NONO 

binding sites on STAT3 locus (Figure 13B). Furthermore, we performed RNA-IP experiments to 

validate the interaction between NONO and STAT3 RNA, and demonstrated the interaction between 

NONO and STAT3 RNA in MDA-MB-231 cells (Figure 13C). To investigate the functional 

significance of the NONO-STAT3 RNA interaction, we created reporter constructs that included the 

NONO-binding sites identified within the STAT3 locus. Both wild-type and mutant reporter constructs 

were generated and subsequently co-transfected with NONO cDNA into the cells for further 

investigation. NONO significantly enhanced the activity of the wild-type reporter construct. Among the 

tested mutations in the NONO-binding sites, the mutant M4 site (CAGCACUG) showed the lowest 

reporter activity, indicating that this specific binding site plays a crucial role in the interaction between 

NONO and STAT3 RNA (Figure 14A). 

STAT3 functions as a TF and engages in interactions with various proteins to maintain its biological 

functions in cancer cells [114]. Furthermore, to determine its role in RNA-level regulation of STAT3 

gene expression, we investigated whether NONO influences STAT3 function through direct protein-

protein interactions. Interestingly, through co-immunoprecipitate experiments, we observed a physical 

interaction between endogenous and exogenous STAT3 and NONO proteins (Figure 15A), suggesting 

a direct association between the two proteins. To further assess this interaction, we employed 

fluorescence cross-correlation spectroscopy (FCCS) analysis in live cells where GFP-STAT3 and red 

fluorescent protein (RFP)-NONO were co-expressed. The relative cross-correlation amplitude in this 

experiment indicates the strength of interaction. Significantly higher cross-correlation amplitudes were 

observed between GFP-STAT3 and RFP-NONO, indicating a stronger interaction than the cross-

correlation amplitudes observed between GFP and RFP-NONO monomers (Figure 16A). To assess the 

structural characteristics of the NONO/STAT3 complex, we conducted a protein-protein docking 

simulation utilizing ClusPro, a widely-used docking algorithm [96]. The docking model generated 

exhibited favorable binding characteristics, as indicated by the ClusPro scores for the center and the 
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lowest energy regions were -908.5 and -1006.3, respectively (Figure 16B). This suggests that NONO 

and STAT3 can potentially form a stable and specific docking conformation, supporting their 

interaction at the protein level. 

Immunofluorescence staining demonstrated the co-localization of NONO and STAT3 in the nucleus 

(Figure 16C), indicating their functional interaction. Furthermore, the binding of NONO protein to the 

promoter region of the CCND1 gene, a recognized target of STAT3, was observed (Figure 17A). 

Ectopically and endogenously expressed NONO directly interacts with STAT3 and the reporter assay 

with a STAT3 promoter revealed that NONO activates STAT3 transcriptional activity (Figure 17B). In 

addition, suppressed promoter activity by NONO silencing was rescued by the reintroduction of STAT3, 

indicating that the transcriptional activity of STAT3 is regulated by NONO (Figure 17C). Because 

NONO modulates STAT3 transcriptional activity by direct interaction, we hypothesized that NONO 

might also influence the stability of STAT3, given that RBPs impact the stability of RNA and proteins 

to uphold cellular functions [115]. Following treatment of the protein synthesis inhibitor, cycloheximide 

(CHX), the protein levels of STAT3 were assessed in NONO-silenced cells. Interestingly, as depicted 

in Figure 18A, STAT3 exhibited accelerated degradation in cells with suppressed NONO expression 

upon CHX treatment. Actinomycin D (Act D) yielded similar results (Figures 18B–C), demonstrating 

that NONO modulates STAT3 stability. Therefore, the data obtained suggest that NONO contributes to 

STAT3 regulation through direct interaction and influences STAT3 stability, thereby contributing to its 

oncogenic function as a transcriptional regulator.  
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Figure 13. NONO binding sites in the STAT3 RNA. 

(A) Based on RNA immunoprecipitation-sequencing, the identified NONO-binding sequences on the 

STAT3 locus exhibit an abundance of enriched RNA motifs. (B) The sequence of the STAT3 locus was 

aligned. (C) RNA-IP was carried out using either anti-Myc antibodies or endogenous NONO AB in 

MDA-MB-231 cells overexpressing Myc-NONO or in regular MDA-MB-231 cells. Following RNA-

IP, the cells were subjected to qPCR using the specified probes for analysis. Data presented are the 

mean ± SD of three independent experiments. Two-tailed Student's t-test was performed to calculate 

the p-values, (*p < 0.05 vs IgG).  
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Figure 14. NONO binding sites affect STAT3 luciferase activity. 

(A) A dual-luciferase assay was performed in HEK293T cells using a luciferase reporter vector 

containing either the wild-type or mutant-type sequence of the STAT3 locus. The luciferase activities 

were assessed following the transfection of the specified constructs. Data presented are the mean ± SD 

of three independent experiments. Statistical analysis was performed using one-way ANOVA with 

Tukey's post hoc analysis, (*p < 0.05, and ****p < 0.001).  



47 

 

A                  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 15. NONO physically interacts with STAT3. 

(A) Flag-STAT3 or Myc-NONO constructs were individually or co-transfected into HEK293T cells. 

Subsequently, the cells were lysed, and co-immunoprecipitation was conducted using Myc antibodies. 

WB was then performed using Myc and Flag AB (upper panel). Cell lysates from MDA-MB-231 cells 

were subjected to immunoprecipitation using IgG AB, NONO AB (lower panel), and STAT3 AB (right 

panel). WB was then conducted using AB against STAT3 and NONO.  
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Figure 16. NONO colocalizes with STAT3 in TNBC cells. 

(A) The amplitudes of protein interactions were determined by analyzing the correlation functions 

obtained from cells expressing both GFP and RFP. Data presented are the mean ± SD of three 

independent experiments. Two-tailed Student's t-test was performed to calculate the p-values. (B) Using 

ClusPro, a computational docking model of human NONO (cyan) and STAT3 (olive) was generated. 

(C) Cellular co-localization of NONO and STAT3 was examined in MDA-MB-231 cells. 

Immunostaining was performed on the cells using the specified AB and the resulting images were 

captured using microscopy. Scale bar = 25 µm. 
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Figure 17. The direct interaction between NONO and STAT3 enables STAT3 to function as a 

transcription factor.  

(A) A diagram illustrating the CCND1 promoter region was created. ChIP assays were conducted in 

MDA-MB-231 cells using AB specific to STAT3 or NONO. Analysis of the recruitment of NONO to 

the CCDN1 promoter through STAT3 was performed using primers designed specifically for this region. 

IgG was utilized as an internal control in the analysis. Data presented are the mean ± SD of three 

independent experiments. Two-tailed Student's t-test was performed to calculate the p-values, (*p < 0.05, 

and ***p < 0.005 vs IgG). (B) A dual-luciferase reporter gene assay was performed in HEK293T cells 

to assess the activity level of STAT3 after transfecting NONO, STAT3, and a STAT3-reporter construct. 

Data presented are the mean ± SD of three independent experiments. Statistical analysis was performed 

using two-tailed Student's t-test or one-way ANOVA with Tukey's post hoc analysis, (*p < 0.05, and 

****p < 0.001). (C) The STAT3-reporter construct was introduced into MDA-MB-231 cells infected 

with shNONO or shGFP and the and the impact of this infection was counteracted by reintroducing 

STAT3. Subsequently, luciferase activity was measured in the cells. Data presented are the mean ± SD 

of three independent experiments. Statistical analysis was performed using two-tailed Student's t-test 

or one-way ANOVA with Tukey's post hoc analysis, (*p < 0.05, **p < 0.01, and ***p < 0.005).   
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Figure 18. NONO directly mediates the function of STAT3 in TNBC cells. 

(A-C) Stable cell lines were established by transfecting MDA-MB-231 cells with either shNONO or 

shGFP. Following transfection, the cells were treated with DMSO, CHX (50 μg/ml), or Act D (1 μM) 

and then harvested at specified time intervals. (A and B) Protein extraction was performed on the 

designated cells, and WB analysis was conducted using the specified AB. The graphs represent the 

relative quantities of STAT3 protein normalized to the levels of ß-actin in the WB. The protein 

expression levels were analyzed using ImageJ software. The protein half-life was determined based on 

the relative level of STAT3 protein. (C) Total RNA was extracted from the specified cells and qPCR 

was performed for analysis. The RNA half-life was determined based on the relative level of STAT3 

RNA. Data presented are the mean ± SD of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey's post hoc analysis, (*p < 0.05, ***p < 0.005, and ***p < 

0.005 vs shGFP).  
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Clinical significance of the NONO-STAT3 interaction in TNBC 

Considering the association of NONO with clinical outcomes and its potential direct regulation of 

STAT3, the clinical significance of STAT3 was investigated using samples obtained from patients with 

BC. As anticipated, the expression of STAT3 was significantly elevated in TNBC tissues compared to 

non-TNBC tissues (Figure 19A) and there was a positive correlation between STAT3 mRNA and 

NONO mRNA expression (Figure 19B). Kaplan-Meier analysis of dichotomized STAT3 gene 

expression indicated a correlation between elevated STAT3 expression and poor clinical outcomes in 

TNBC patients (Figure 20A). Elevated levels of both NONO and STAT3 were strongly related to poor 

patient survival (Figure 20B). NONO and STAT3, acting as transcriptional regulators, exert oncogenic 

properties by influencing downstream gene expression. The investigation aimed to explore the shared 

gene networks between NONO and STAT3 by analyzing the gene expression profiles obtained from 

silencing both factors in MDA-MB-231 cells [116] (GSE85579). A Venn diagram was depicted, 

illustrating a significant number of genes identified as downstream targets of both NONO and STAT3 

factors (Figure 21A), indicating potential dependency of NONO biological activity on STAT3. To gain 

further insight into the common gene network feature of NONO and STAT3, we analyzed 272 gene 

signatures using IPA (Figure 21B). The analysis indicated that the shared gene signatures between 

NONO and STAT3 were strongly associated with cancer cell growth, proliferation, cell cycle regulation, 

cell death, cellular movement, and migration. These findings are consistent with the observations 

presented in Figure 10C. Subsequently, the clinical significance of these shared gene signatures was 

assessed using a previously established prediction approach that integrates multiple algorithms [91, 117] 

(Figure 22A). As anticipated, the shared gene expression signatures demonstrated a significant 

association with patient survival and disease recurrence in patients with BC, as determined by the 

predicted outcomes derived from different classifiers [117]. Patients who exhibited knockdown 

signatures (KS) yielded a relatively favorable prognosis, while those with the opposite patterns yielded 

relatively poor outcomes (Figure 22B). Collectively, these findings indicate a functional association 

between NONO and STAT3 and highlight its potential impact on clinical outcomes in TNBC.  
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Figure 19. STAT3 expression was linked to a bad prognosis and correlated with NONO expression 

in TNBC. 

(A) expression of STAT3 in patients with both TNBC and non-TNBC patients in the BC cohort. Error 

bar displays SD value. Two-tailed Student's t-test was performed to calculate the p-values. (B) 

correlation between NONO and STAT3 gene expression was assessed in the specified population of BC, 

which included cohorts of TNBC patients. Scatter plots depict the relationship between NONO and 

STAT3 expression levels in the cohorts of TNBC patients.  
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Figure 20. The clinical association between NONO and STAT3 in TNBC. 

(A-B) Based on the relative expression levels of NONO and STAT3, patient cohorts were classified into 

two or four groups. The differences between the groups were found to be statistically significant (log-

rank test). MFS, metastasis-free survival; RFS, recurrence-free survival. 
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Figure 21. NONO-STAT3 regulates the cellular growth and movement associated gene in TNBC.  

(A) The gene expression profile specific to the depletion of NONO or STAT3 expression using shRNA 

or siRNA, respectively, was examined in MDA-MB-231 cells. Genes present in the Venn diagram were 

chosen by applying a two-sample Student's t-test (P < 0.001) and considering those with a fold change 

greater than 1.5. The orange and pink circles in the diagram represent genes with expression patterns 

that are significantly correlated with the depletion of NONO or STAT3, respectively. (B) IPA was 

performed to analyze the differentially expressed genes following the silencing of NONO and STAT3.  
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Figure 22. Patient prognosis was predicted based on the expression of NONO-STAT3 using a 

prediction model. 

(A) A schematic diagram illustrating the generation of a prediction model and the evaluation of 

predicted outcomes were developed based on the shared gene expression signature of NONO and 

STAT3 in MDA-MB-231 cells. A shared gene expression signature was employed to construct a set of 

classifiers, which assessed the extent to which the expression pattern of BC patients resembled the 

shared signature. This comparison involved distinguishing between the control signature (CS) and 

knockdown signature (KS). (B) Kaplan-Meier plots predicting OS or MFS in BC patients from the 

specified cohorts were generated using the gene expression signature as a classifier. The differences 

between the groups were found to be statistically significant (log-rank test). MFS, metastasis-free 

survival; LOOCV, Leave-One-Out Cross-Validation; CCP, compound covariate predictor; LDA, linear 

discriminator analysis; 1NN, one nearest neighbor; 3NN, three nearest neighbors; NC, nearest centroid; 

SVM, support vector machines.   
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Silencing of NONO enhances the sensitivity of TNBC cells to chemotherapy 

The responsiveness to chemotherapy and radiation therapy is considered an indicator of clinical 

outcomes in patients with TNBC [11, 118]. Because genomic analysis revealed a correlation between 

elevated NONO expression and poor prognosis in patients with TNBC and as shown in Figures 4A–B, 

NONO was found to be strongly related to responsiveness to chemotherapy. Further in-depth analysis 

was performed to examine the potential association between NONO expression and response to 

treatment. Epirubicin, a commonly utilized anthracycline drug, is extensively employed in the treatment 

of TNBC. Based on genomic data obtained from epirubicin-treated ER-negative patients, high 

expression of NONO translated to poor prognoses. Additionally, survival analysis was performed 

among chemotherapy and radiation-treated patients with TNBC. As expected, high NONO expression 

was associated to poor prognosis (Figure 23A). Additionally, a significant increase in NONO 

expression was observed in non-responders compared to responders (Figure 23B). Moreover, high 

levels of NONO were linked to poor prognosis among patients with TNBC or basal-like tumors who 

had received chemotherapy or radiation therapy. Additionally, the expression of both NONO and 

STAT3 was identified as a contributing factor in the progression of drug resistance (Figure 24A). These 

findings suggest that NONO influences the sensitivity of TNBC to drug treatments. 

Previous studies have indicated that drug resistance in cancer cells exhibits characteristics of cancer 

stem-like cells (CSCs), and STAT3 has been identified as a key component contributing to the 

proliferation of CSCs [119]. Given the involvement of NONO in the regulation of STAT3 and its 

association with drug resistance, we investigated whether NONO affects the proliferation of CSC 

through the regulation of STAT3. As expected, the sphere formation assay revealed a significant 

decrease in the proliferation of CSCs in NONO. As expected, the sphere formation assay revealed a 

significant reduction in the proliferation of CSCs in NONO-knockdown cancer cells (Figure 25A); the 

decreased proliferation of CSCs was restored by reintroducing STAT3 (Figure 25B), which rescued the 

reduction in CSC marker expression caused by NONO silencing (Figure 25C). Additionally, NONO 

and CSC markers NANOG and POU5F1/Oct4 in TNBC patients were found to be correlated (Figure 

25D). These findings clearly indicate that NONO plays a regulatory role in CSC proliferation through 

STAT3. Moreover, NONO contributes to drug resistance by influencing CSC proliferation. 

Subsequently, we examined the relationship between NONO expression and response to 

chemotherapy or radiation using TNBC cell lines with silenced NONO expression. Cell viability assays 

were conducted in MDA-MB-231 cells using chemotherapy agents commonly employed for TNBC 
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treatment. Interestingly, silencing NONO expression in MDA-MB-231 cells rendered them sensitive to 

doxorubicin (Dox), a commonly used therapy for patients with TNBC (Figure 26A), indicating that 

NONO could potentially be involved in conferring resistance of TNBC cells to Dox treatment. 

Moreover, response to radiation and cisplatin chemotherapy was enhanced in MDA-MB-231 cells with 

silenced NONO expression (Figures 26B–C) and the drug’s half maximal inhibitory concentration 

(IC50) was lower in cells with silenced NONO expression than in the parental cells (Figure 27A). 

Furthermore, the experiment on recovery showed that resistance to chemotherapeutic drugs was 

dependent on the presence of STAT3 expression (Figure 27B-C). These findings suggest that the 

inhibition of NONO enhances the effectiveness of chemotherapy and radiation in TNBC models.  
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Figure 23. Survival rate analysis of BC patients according to NONO expression levels. 

(A) Kaplan-Meier survival plots illustrating OS, RFS, or DMFS outcomes in patients from the specified 

cohorts. The differences between the groups were found to be statistically significant (log-rank test). 

RFS, recurrence-free survival; DMFS, distant metastasis-free survival. (B) Expression levels of NONO 

in the mentioned patient groups. Error bar displays SD value. Two-tailed Student's t-test was performed 

to calculate the p-values.  
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Figure 24. Clinical relevance of NONO and STAT3 in BC.  

(A) Kaplan-Meier survival plots showing OS or DMFS outcomes in patients from the specified cohorts. 

The differences between the groups were found to be statistically significant (log-rank test). DMFS, 

distant metastasis-free survival.  
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Figure 25. Correlation of NONO and cancer stem cell (CSC) marker in BC. 

(A-C) Representative images Scale bar = 100 µm, quantification of sphere formation and mRNA 

expression levels was performed using qPCR in MDA-MB-231 cells. (C) MDA-MB-231 cells were 

subjected to infection with specific shRNAs and transfection with STAT3 cDNA. All data presented are 

the mean ± SD of three independent experiments. Statistical analysis was performed using one-way 

ANOVA with Tukey's post hoc analysis, (**p < 0.01, ***p < 0.005, and ****p < 0.001). (D) correlation 

between NONO and POU5F1 or NANOG gene expression was analyzed in the specified TNBC patient 

cohorts. Scatter plots depict the relationship between NONO and correlated genes in the cohorts of 

TNBC patients.  
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Figure 26. Inhibition of NONO expression enhances the responsiveness of TNBC cells to 

chemotherapy and radiation. 

(A) MDA-MB-231 cells were transduced with shNONO or shGFP and subsequently exposed to Dox 

treatment for the specified durations. The cells were later subjected to CCK8 assay for analysis. (B-C) 

clonogenic survival was assessed and measured using a colony formation assay. silenced NONO cells 

were treatment with Dox (upper panel) cisplatin (lower panel) or (C) IR and stained cells were counted. 

All data presented are the mean ± SD of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey's post hoc analysis, (*p < 0.05, **p < 0.01, ***p < 0.005, 

and ****p < 0.001).   
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Figure 27. NONO induces drug resistance in TNBC cells through the regulation of the STAT3 

gene. 

(A) MDA-MB-231 cells were transfected with shNONO or shGFP to achieve stable knockdown of 

NONO expression. Subsequently, the cells were treated with the specified drugs. The cells were then 

analyzed for IC50 calculation. Error bar displays SD value. (B-C) and after a duration of 14 days, the 

cells were utilized for a colony formation assay. Cells with silenced NONO expression were subjected 

to treatment with Dox, and the cells were stained and counted to confirm the reintroduction of STAT3. 

Data presented are the mean ± SD of three independent experiments. Statistical analysis was performed 

using one-way ANOVA with Tukey's post hoc analysis, (*p < 0.05, and ***p < 0.005).   
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Drug screening for inhibitors targeting NONO in TNBC 

Given the association of NONO with TNBC cell growth and its impact on clinical outcomes, we 

investigated whether directly targeting NONO could effectively inhibit cellular proliferation in TNBC. 

To discover potential drugs that could target NONO, we conducted high-throughput screening of a 

compound library comprising 770 compounds (Screen-Well ®  FDA approved drug library V2) that are 

approved by the food and drug administration (FDA). These compounds have been extensively utilized 

for their safety profile, biological activity, and functional properties. MDA-MB-231 cells were 

transduced with GFP-NONO and treated with puromycin for selection. Subsequently, the cells were 

treated in the drug library, and the fluorescence intensity of GFP was quantified (Figure 28A). Initial 

screening revealed 12 compounds in the library that exhibited inhibition of GFP-NONO signal intensity. 

Upon further validation, 11 of these compounds consistently demonstrated the suppression of the GFP-

NONO signal (Figure 28B). To further test the effects of 4 of the selected compounds, auranofin, 

digoxin, colchicine, and podophyllotoxin, we examined their ability to suppress NONO expression and 

downstream STAT3 gene expression. Auranofin demonstrated significant suppression of NONO 

expression, as well as the mRNA and protein levels of STAT3 in MDA-MB-231 cells (Figures 29A–

C). Furthermore, treatment with auranofin resulted in decreased NONO expression in murine 4T1.2 

syngeneic model, which reflects TNBC phenotypes [120] and the xenograft model utilizing MDA-MB-

231 cells (Figure 29D). To confirm the dependency of NONO gene expression on cell growth inhibition, 

a rescue experiment was conducted. The re-introduction of NONO partially restored the suppressive 

effects of auranofin on TNBC cell growth (Figures 29E and F), indicating that auranofin growth 

inhibitory effects are mediated through the targeting of NONO expression.  

Finally, we performed computational analysis using protein structure models and an in silico 

molecular docking technique (Figures 30A and B). NONO/STAT3 complex modeling indicated greater 

binding affinity (ΔG) of auranofin and digoxin (-7.7 kcal/mol and -7.8 kcal/mol) than either 

podophyllotoxin or colchicine (-5.7 and -6.2 kcal/mol). This analysis suggested, however, that all four 

compounds rank highly in their interaction with NONO or the NONO/STAT3 complex. The in vitro, 

in vivo, and in silico assays indicate that auranofin is a particularly strong candidate as an anti-cancer 

therapeutic.  
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Figure 28. FDA-approved drug screening for NONO inhibitors in TNBC.  

(A) Overview of the drug screening process. (B) Drug screening results showing the relative 

fluorescence intensity of GFP-NONO compared to control samples.  
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Figure 29. NONO inhibitory effect of Auranofin in TNBC. 

(A-B) MDA-MB-231 cells were treated with the specified drugs, and subsequent analysis was 

performed using qPCR with the designated primers. Data presented are the mean ± SD of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey's post 

hoc analysis, (*p < 0.05, ***p < 0.005, and ****p < 0.001 vs Con). (C) WB analysis was conducted to 

examine the expression of STAT3-associated genes in MDA-MB-231 cells treated with the indicated 

drug. (D) WB analysis was performed on the specified tumor tissues [120]. (E and F) MDA-MB-231 

cells were subjected to auranofin treatment, followed by transfection with NONO cDNA, and 

subsequently evaluated using a CCK8 assay (E). Data presented are the mean ± SD of three independent 

experiments. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc analysis, 

(*p < 0.05, and ****p < 0.001). (F) and colony formation assay. Data presented are the mean ± SD of 

three independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey's 

post hoc analysis, (***p < 0.005, and ****p < 0.001).  
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Figure 30. Modeling of the structure prediction of drug-target interaction.  

(A and B) A computational docking model for human NONO and auranofin (A) and a NONO, STAT3, 

and auranofin complex (B) which were predicted using ClusPro and Autodock Vina.  
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Discussion 

Identification of the molecular function of NONO in TNBC 

Current TNBC treatments include chemotherapy targeting both cancer cells and normal cells. 

However, chemotherapy has limited effectiveness and can cause serious side effects [10]. Because 

TNBC lacks ER, PR, and HER2 receptors, it exhibits resistance to established hormone therapies for 

BC such as tamoxifen or aromatase inhibitors, as well as HER2-targeted therapies like trastuzumab 

[121]. TNBC treatments therefore involve the use of anticancer agents that target specific proteins that 

contribute to the cancer cell survival, growth, and resistance to drugs [122]. Targeted anticancer drugs 

that target proteins can reduce side effects and improve tolerability to chemotherapy. Understanding the 

molecular mechanisms of oncogenic property genes is essential to the discovery of molecular targets 

and therapeutic approaches for various cancer types. The emerging functions of the RBPs in cancer are 

now identified as factors that can directly drive tumorigenesis. Moreover, the aberrant expression or 

dysfunction of RBPs are commonly observed in diverse cancer types and these molecules can contribute 

to the initiation, progression, and metastasis of cancer, acting as either oncoproteins or tumor 

suppressors [100]. 

In the current study, we uncovered that novel functions of NONO are pivotal RBPs that play a 

critical role in regulating the growth of TNBC cells. In addition, we found that a NONO-STAT3 axis is 

clearly involved in cancer cell proliferation and enhancing drug sensitivity in TNBC (Figures 1–30). 

While upstream regulators of NONO such as ets proto-oncogene 1 (Ets-1) [105] and CREB-regulated 

transcription coactivator (CRTC)/long intergenic non-protein coding RNA 473 (LINC00473) [123] 

mediating cancer cell growth have been defined, a downstream target of NONO driving tumorigenesis 

has not been adequately  characterized. Our genomic analysis demonstrates that STAT3 is directly 

targeted by NONO (Figures 10-18). We observed that the bind between NONO and STAT3 plays a 

significant role in regulating cancer cell growth and drug sensitivity in TNBC. NONO exerts its function 

by interacting with both STAT3 RNA and protein. Previous research has demonstrated that STAT3 plays 

a role in promoting cancer cell growth, invasion, and migration [110].  

STAT3 directly regulates the expression of several oncogenes including COX2 and the DNA binding 

1 (ID1) inhibitor, CCND1, vascular endothelial growth factor (VEGF), matrix metalloproteinase (MMP), 

and interleukins (ILs) families. These downstream targets are involved in driving the processes of 

carcinogenesis, including cell proliferation, angiogenesis, and extracellular matrix remodeling [124]. 
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Therefore, STAT3 targeting is a promising strategy for treating various malignant tumors [125]. The 

data strongly indicate that the oncogenic potential of NONO relies heavily on the expression of STAT3 

(Figures 10–27). To fulfill its typical role as an RBP, it directly interacts with specific RNA sequences 

that individual RBPs preferentially recognize and RBPs are involved in various processes including 

transcription, translation, RNA stability, subcellular localization, and degradation. [100]. We found that 

NONO directly bound to the putative binding site on the STAT3 3’ UTR region (Figures 13A–B and 

14A). Interestingly, apart from its known function in stabilizing STAT3 RNA, NONO directly binds to 

the STAT3 protein, which enhances its stability and activity. Through multiple cooperative mechanisms, 

NONO can modulate the function of STAT3 as illustrated in Figures 13–18. 

A comprehensive analysis of genomic data revealed differential expression of various RBPs between 

TNBC and non-TNBC samples as shown in Figure 1B. However, recent genomic analysis with 

transcriptome reveals that the expression of RBPs is significantly higher in tumor tissues than in normal 

tissues [54]. The identification of differentially expressed RBPs across specific cancer subtypes has 

been limited. We found that 10 RBPs exhibited significant upregulation in TNBC and were strongly 

correlated with chemotherapy responsiveness although the p-value was not significant depending on 

chemotherapy types. The expression of NONO is correlated with the response to anticancer drugs, as 

demonstrated by the ROC curve analysis (Figures 3B and 26A). Although the current study focused on 

NONO function, other RBPs are worth investigating further because they may play crucial roles in 

maintaining the oncogenic properties in cancer. Recent studies evidence the interplay between RBPs 

and ER-positive BC. For instance, the RBP MSI2 is involved in the regulation of the estrogen receptor 

1 (ESR1) gene [98]. Meanwhile, RNA-binding region-containing protein 1 (RNPC1) RBP has been 

identified as a modulator of ESR1 stabilization [126]. While a previous study suggested that RBPs play 

a role in TNBC [127], the mechanisms underlying their involvement and their clinical relevance were 

not comprehensively understood and the clinical relevance was unclear. However, our study findings 

clearly illustrate that NONO expression is significantly increased in TNBC and exhibits a functional 

association between RBP and cell proliferation. We utilized MDA-MB-231 and Hs 578T cells. However, 

drug resistant TNBC cell lines were excluded in our experiments. To enhance the clinical relevance of 

our findings, additional experiments using drug resistant TNBC cell lines, such as those resistant to 

DOX or cisplatin, should be performed. By incorporating a drug resistance model, we can 

comprehensively assess the impact of NONO RBPs and other RBPs on drug resistance. Although 

further validation is required before the application of NONO as a molecular marker, the facilitation of 

NONO as a therapeutic target in TNBC warrants further research. Because NONO has an oncogenic 
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function, suppressing NONO function using molecular inhibitors is therapeutically essential in cancer 

management. The disruption of NONO-target RNA is now common because the target RNA and 

function of NONO have not been comprehensively elucidated. The development of effective targeting 

systems may be advanced. 

Previous studies demonstrated that STAT3 activated by interleukin-6 (IL-6) and janus kinase (JAK) 

is frequently associated with drug resistance in various cancers [128, 129]. These findings suggest that 

the NONO-STAT3 axis plays a critical role in determining drug responsiveness and clinical outcomes 

for patients with cancer. Therefore, the inhibition of NONO in TNBC cells downregulated the 

expression of the STAT3 gene, resulting in increased sensitivity to chemotherapeutic drugs (Figures 23–

27). To improve drug-sensitization in TNBC, targeting NONO might be a very effective way of 

inhibiting the oncogenic properties of STAT3. While STAT3 participates in gene regulation of TF, thus 

contributing to gene transcription and expression, the association of STAT3 with RBP to coordinate 

oncogenic function is unclear. NONO targeting using neutralizing antibodies is ineffective owing to the 

cellular localization of RBP. As shown in Figure 9A, the use of siNONO-targeting NONO would be a 

suitable way of enhancing drug sensitization in TNBC. Downregulation of NONO using antisense RNA 

or proteolysis-targeting chimeras is a promising therapeutic strategy that is currently being explored in 

diverse clinical settings for the treatment of TNBC. Proof-of-concept experiments have demonstrated 

the potential of small-molecule inhibitors or oligonucleotides to disrupt RBP-RNA interactions [74]. 

Crystal structure analysis revealed that NONO forms a heterodimer with SFPQ [130]. However, the 

functional implications of this heterodimerization in cancer development and the assembly of the 

NONO-STAT3-SFPQ triple complex are unclear. Whether disrupting either the heterodimer or the 

complex would effectively suppress the functions of NONO is currently unknown. 

NONO as therapeutic targets for TNBC 

Based on the study results, we investigated the potential of the use of NONO inhibitors in TNBC. A 

drug screening experiment identified auranofin as one of the potential inhibitors targeting NONO in 

TNBC (Figures 28–30). Auranofin, an oral gold compound, is FDA-approved for the treatment of 

rheumatoid arthritis. it primarily functions by inhibiting the enzyme thioredoxin reductase (TrxR), thus 

increasing oxidative stress and impairing cellular adaptive responses, and consequently reducing pain 

and inflammation [131]. TrxR is an important protein involved in the regulation of cellular redox 

responses, and inhibition of TrxR disrupts the balance of cellular redox homeostasis [132]. Recent 

studies utilizing the concept of drug repurposing have indicated that auranofin exhibits antiproliferative 
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effects in cancer cells [120, 133]. In addition, auranofin can inhibit cancer cell growth and impede 

cancer progression by suppressing the activation of STAT3, a TF that plays an important role in diverse 

cellular processes [134, 135]. Therefore, the inhibition of the NONO-STAT3 axis by auranofin in TNBC 

suggests a mechanism of action that differs from previously known effects of auranofin. For TNBC, 

experimental results provided insight into the effects of auranofin on cancer cells (Figure 29). Inhibition 

of the NONO-STAT3 axis by auranofin was confirmed in TNBC (Figure 29), confirming that 

auranofin's mechanism of action is consistent across cancer types. Although the present results suggest 

that auranofin may modulate NONO activity, further research is required to comprehensively elucidate 

the molecular interactions and subsequent effects resulting from the inhibition of the NONO-STAT3 

axis by auranofin. 

NONO inhibition yields anticancer effects through the modulation of the STAT3 signaling pathway 

in TNBC (Figure 29). Alternative or complementary treatment options can be offered to patients who 

do not respond favorably to chemotherapy or who relapse. TNBC is resistant to chemotherapy, whose 

effectiveness is limited over time. Therefore, NONO inhibition may help overcome drug resistance by 

interfering with pathways that support the survival and proliferation of cancer cells. NONO inhibition 

can be combined with chemotherapy or other targeted therapies to enhance the overall efficiency of 

treatment [136]. These methods may have a synergistic effect on increased therapeutic efficacy and 

overcome drug resistance, particularly in TNBC. If NONO is used as a therapeutic target, the inhibition 

of NONO can also be used for TNBC diagnosis and treatment monitoring, allowing for more optimized 

prediction of the treatment outcome and allowing for tailored treatment. Summarily, inhibiting NONO 

presents an approach toward TNBC treatment that addresses the limitations of existing therapies, such 

as lack of target specificity and drug resistance. However, additional research is required to 

comprehensively elucidate the potential benefits, safety, and efficacy of NONO inhibition in TNBC 

compared to conventional treatments. 

Assessing the expression level of NONO can help identify a patient subgroup that is likely to exhibit 

a positive response to anticancer drug treatment. Moreover, the activation of STAT3, an oncogenic TF, 

through NONO expression provides an opportunity to target STAT3 activity using auranofin, an 

inhibitor of NONO expression. By inhibiting NONO expression, auranofin can achieve a similar effect 

to directly inhibiting STAT3 activity using established STAT3 inhibitors. This suggests that targeting 

NONO could potentially inhibit the oncogenic function induced by STAT3 activation. In addition, by 

targeting NONO, a highly expressed in TNBC and among the various genes that regulate STAT3, and 
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suppressing STAT3 activity, precise and effective treatment outcomes can be achieved for TNBC 

compared to other anticancer drugs that do not target NONO. This underscores the potential of NONO 

as a targeted therapeutic option specifically for TNBC. Notably, while this information is based on 

available research findings, further studies and clinical trials are needed to comprehensively elucidate 

the therapeutic potential and clinical implications of targeting NONO in TNBC.  

Small molecule inhibitors are compounds used to block the activity of a target protein [137]. Cancer 

progression can be effectively slowed down by targeting proteins that significantly contribute to the 

initiation and advancement of cancer [138]. However, this can be particularly problematic when 

proteins essential for functioning in normal cells or tissues are inhibited. These side effects can lead to 

drug toxicity and damage to vital organs such as the kidneys, liver, and heart. NONO is involved in 

various cellular processes, thus exerting significant functional roles [139] including transcription, RNA 

splicing, mRNA stability, and maintenance of cellular homeostasis [140, 141]. Inhibiting NONO can 

disrupt these processes, leading to abnormal cellular function and apoptosis. It can also affect other 

proteins owing to off-target effects, causing unpredictable side effects [137]. Therefore, pre-evaluating 

the potential effects of NONO inhibition using animal or cell models is crucial. 

The inhibition of NONO exerts distinct anti-cancer effects through different mechanisms in two 

cancer types. Specifically, it targets STAT3 in TNBC and nicotinamide phosphoribosyltransferase 

(NAMPT) in lung cancer [142]. While STAT3 and NAMPT mechanisms regulated by NONO may not 

be directly related, separate pathways may be involved in promoting cancer cell survival, proliferation, 

and therapy resistance [143, 144]. RBPs, including NONO, eIF4E, HuR, MSI, and LIN28, can regulate 

gene expression at multiple levels, such as transcription, splicing, translation, and RNA decay [66]. 

Consequently, the target molecules and downstream pathways influenced by NONO can vary based on 

the cell type and the context of the cancer being studied. 

For instance, the RBP HuR has been extensively studied in breast, lung, liver, and colorectal cancers 

[58]. In breast cancer, HuR promotes tumor growth and progression by stabilizing and increasing the 

expression of several oncogenes, including Cyclin D1 and VEGF [145, 146]. In lung cancer, HuR 

contributes to tumorigenesis and drug resistance by regulating specific target genes including Bcl-2 and 

COX2 [147-149]. In liver cancer, HuR has been implicated in tumor progression, invasion, and 

metastasis through the regulation of target genes including MMP9 and VEGF [150]. Finally, in 

colorectal cancer, HuR is involved in the development and progression of tumors by controlling the 

expression of specific target genes including COX2 and VEGF [71]. The specific targets and 



84 

 

mechanisms may differ across different cancer contexts, underscoring the complexity and diversity of 

the role of RBPs in cancer biology. 

The context-dependent functions and diverse roles of RBPs in cancer highlight the significance of 

developing therapeutic strategies tailored to the specific molecular landscape of each cancer type. 

Additional research is needed to elucidate the intricate interactions between proteins and their target 

pathways in various cancer contexts.  
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This study identifies a novel function for the NONO RBP in TNBC. We novelly illustrate that 

NONO is a TNBC-specific RBP that regulates oncogenic signaling pathways. Although RBPs are 

potential cancer therapeutic targets, the mechanisms underlying their role in specific cancer lineages 

need to be elucidated to fulfill this therapeutic promise.  

To identify lineage specific RBPs, we analyzed TNBC gene expression data and found that NONO 

expression is linked to clinical outcomes in TNBC. Importantly, NONO increases the transcription and 

stability of STAT3, thereby increasing STAT3 activity. A knockdown of NONO with nanoparticle- 

encapsulated siRNA markedly suppressed the growth of TNBC. Drug screening to determine the 

chemical inhibitor targeting NONO reveals that auranofin is a potent NONO inhibitor. Finally, the study 

demonstrates that NONO-STAT3 axis is crucial for maintaining the oncogenic property.  

The current study thus provides new molecular insights into the regulation of TNBC cell growth 

induced by RBPs and supports NONO as a viable therapeutic target in these cancers. The study findings 

significantly elucidate TNBC development at the molecular and therapeutic levels and will be of 

significant general interest to the biomedical research community.  
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국문요약 

유방암은 여성에서 가장 발병율이 높은 암의 하나로, 에스트로겐 수용체, 

프로게스테론 수용체와 표피 성장 인자 수용체 (HER2)는 대표적인 유방암 치료 표적으로 

알려져 있다. 그런데, 이들 3종의 수용체를 발현하지 않는 삼중음성 유방암의 경우 전체 

유방암 한자의 10~15% 정도를 차지하고 있으며, 삼중음성 유방암 환자는 임상에서 적용 

가능한 치료제가 극히 제한적이며, 림프절 전이율이 높은 반면, 치료제에 대한 

약제내성이 강하고, 반응이 좋지 않아 평균 5년 생존율이 65%이며, 종양이 전이된 경우 

11%로 매우 낮다. 최근 연구에 따르면, 현재 최신 치료제의 옵션은 제한적인 부분에만 

사용되고 있으며, 특정군에서만 치료효과를 보이기 때문에 치료제가 많이 부족하다고 

보고되고 있다. 따라서, 삼중음성 유방암의 치료효과를 높이기 위해서는 새로운 치료 

표적을 발굴하는 것이 반드시 필요하다. 

RNA 결합 단백질(RBP)은 mRNA 안정성, RNA 이어맞추기, 번역 효율 및 단백질 세포 

내 위치를 제어하여 다양한 세포 기능을 조절하는데 필수적이다. 인간 게놈 프로젝트를 

통해 구조적, 기능적 다양성을 가진 1500개 이상의 RBP가 확인되었다. 최근, RNA 결합 

단백질이 유전자의 발현을 조절하는 기능이 알려지면서 유방암을 포함한 다른 암에서도 

발암유전자 발현조절에 RNA 결합 단백질이 관여하는 것으로 보고되고 있다. 이것은 

RNA 결합 단백질이 항암 치료의 잠재적인 분자적 표적이 될 수 있음을 제시하고 있다. 

본 연구에서는 유전자 분석을 통해 삼중음성 유방암 환자에서 RNA 결합 단백질인 

NONO가 특이적으로 발현됨을 확인하였다. 삼중음성 유방암에서 NONO의 발현과 

환자의 생존율간 음의 상관성을 가지는 것을 확인하였다. NONO 결핍 세포주를 
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확립하고, 유전자 발현 프로파일 분석을 통해 NONO가 삼중음성 유방암에서 세포 사멸, 

세포 증식, 세포 주기 및 세포 이동과 연관성이 있음을 확인하였다. 특히, 삼중음성 

유방암에서 NONO가 STAT3 mRNA에 결합하여 발현을 증가시키고 STAT3 단백질과 

직접적인 상호 작용을 통해 안정성을 높여 발암 기능을 유지한다는 것을 발견하였다. 본 

연구에서는 FDA 승인 라이브러리를 이용한 NONO 표적 항암제에 대한 고효율 

스크리닝을 통해 오라노핀이 잠재적인 NONO 억제제이고, 삼중음성 유방암에서 세포 

증식을 억제하는 것을 규명하였다. 본 연구의 결과를 종합하면, 삼중음성 유방암에서 

NONO가 RNA와 단백질 수준에서 STAT3의 상위에서 발현 및 기능을 조절하여 전이 및 

치료제 내성에 관여할 것으로 추측할 수 있다. 결론적으로 본 연구는 약제 내성 

삼중음성 유방암에서 NONO가 새로운 치료 표적이 될 수 있음을 제시하고 있다.  
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