
Page 1/34

Non-POU Domain-Containing Octamer-Binding
(NONO) Protein Stability Regulated by PIN1 is
Crucial for Breast Cancer Tumorigenicity Via the
MAPK/β-Catenin Pathway
Bilal Ahmad Lone 

South Asian University
Fouzia Siraj 

National Institute of Pathology
Ira Sharma 

National Institute of Pathology
Faiz Ahmad 

South Asian University
Preeti Nagar 

South Asian University
Yuba Raj Pokharel  (  yrp@sau.ac.in )

South Asian University https://orcid.org/0000-0002-1202-5120

Research Article

Keywords: Breast cancer, NONO, Pin1, MAPK/β-catenin, P53, Apoptosis, Cancer Stem Cells

Posted Date: March 8th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1392189/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1392189/v1
mailto:yrp@sau.ac.in
https://orcid.org/0000-0002-1202-5120
https://doi.org/10.21203/rs.3.rs-1392189/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/34

Abstract
Breast cancer is one of the most common cancers with high mortality, highlighting the vital need to
identify new therapeutic targets. Here we report that Non-POU Domain-Containing Octamer-Binding
Protein (NONO) is overexpressed in breast cancers and validated the interaction between the WW domain
of PIN1 and c-terminal Threonine-Proline (thr-pro) motifs of NONO. Interestingly, the interaction of NONO
with PIN1 is essential for its stability. Functionally, silencing of NONO inhibits the growth, survival,
migration and invasion, epithelial-to-mesenchymal transition (EMT), and stemness of breast cancer cells.
Biochemical analysis indicated NONO as a master regulator of the molecules associated with different
hallmarks of cancer. Mechanistically, depletion of NONO promotes the expression of PDL1 cell surface
protein in breast cancer cells, besides inhibiting the MAPK/β-catenin pathway; and the interaction of
NONO with c-Jun and β-catenin proteins displays its role in regulating the oncogenic behavior of cancer
cells. Taken together, our results demonstrated an essential role of NONO in the tumorigenicity of breast
cancer and could be a potential target for anti-cancerous drugs.

Introduction
Breast cancer is the most common type of cancer diagnosed worldwide, with an estimated 2.3 million
new cases [1]. It has a high recurrence rate and a higher tendency to metastasis [2]. Metastasis, the
transition of cancer cells from epithelial to mesenchymal state, and developing stemness to resist
apoptosis are factors that promote the development and progression of breast cancer [3, 4]. Therapeutic
strategies of breast cancer have signi�cantly improved; however, the patients with distant metastatic
breast cancer are considered incurable. Exploring the mechanism of breast cancer tumorigenesis leads to
a better understanding of the disease and enables the development of effective targeted therapies for
breast cancer patients.

The NONO, also known as 54 kD nuclear RNA- and DNA-binding protein (p54nrb), is a multifunctional
DBHS (Drosophila behavior/human splicing) protein de�ned by N-terminal RNA recognition motifs
(RRMs), protein-protein interaction NONA/paraspeckle domain (NOPS), and a C-terminal coiled-coil
domain [5–7], and binds DNA, RNA, and protein [5]. The NONO protein is primarily found in the nucleus,
especially in paraspeckles [8], and is involved in every step of gene regulation: transcriptional activation
and repression [9], termination of transcription [9], pre-mRNA splicing [9–11], RNA transport [12], nuclear
retention of defective RNA for editing [13–15]. It has been demonstrated that the interaction of NONO
with splicing factor proline and glutamine-rich (SFPQ) regulates DNA repairing [16]. Because NONO plays
important role in multiple processes, it is dysregulated in many cancers. In breast cancer, the expression
of NONO promotes the transcriptional activation of lipogenic genes and lipid production by interacting
with and stabilizing the sterol regulatory element-binding protein 1 (SREBP1) [17]. In hepatocarcinoma,
NONO contributes to carcinogenesis through the oncogenic splicing of BIN1 protein. NONO is strongly
expressed in prostate cancers and promotes castration-resistant prostate cancer development by causing
differential EPHA6 splicing [18, 19]. Furthermore, NONO expression is signi�cantly elevated in



Page 3/34

melanoma[20] gastric cancer cells [21], and Esophageal squamous cell carcinoma [20], and the increased
expression of NONO is associated with the aggressiveness of cancers.

Proline (Pro)-directed serine or threonine (Ser/Thr-Pro) phosphorylation (pSer/Thr-Pro) is a typical
signaling mechanism in cell proliferation and transformation [22]. Peptidyl-prolyl cis-trans isomerase
NIMA-interacting 1 (PIN1) regulates the conformational changes of pSer/Thr-Pro motifs and causes the
change in the structure, function, or stability of numerous proteins [23–25]. PIN1 is commonly
dysregulated in various cancer, and overexpression and/or overactivation is linked to a poor clinical
prognosis [26, 27]. It has been demonstrated that overexpression of PIN1 accelerates genomic instability
and promotes tumorigenesis by disrupting cell cycle coordination [28]. PIN1 overactivation disrupts the
balance between oncogenic and tumor-suppressing proteins, moving it towards oncogenesis; more than
40 oncogenes are activated, and over 20 tumor suppressors are inactivated in numerous cancers [22]. Our
previous study predicted the top ten Pin1 interacting proteins with functional similarity to Pin1 and
considered NONO as a top-ranked protein [29]. The essential role of these proteins in tumor development
is unknown.

NONO harbors multiple Thr-Pro motifs, of which the two c-terminal Thr-Pro motifs were found the
potential substrate for the WW domain of PIN1. This prompted us to explore that PIN1 is essential for the
stability and abundance of NONO. We further revealed the role and molecular mechanism of NONO
through which it contributes to the development and progression of breast cancer. We found that NONO
plays an essential role in breast cancer cell proliferation, migration and invasion, cell survival and
stemness, and contributes to the activation of MAPK/β-catenin pathways.

Materials And Methods
MDA-MB-231 and MCF-7 cells were purchased from NCCS Cell Repository (Pune, India) and maintained
in DMEM medium supplemented with 10% FBS, 100 units/ml penicillin (all from Gibco, ThermoFisher
Scienti�c, USA) at 37°C and 5% CO2. Antibodies against NONO, PIN-1, β-catenin, Bax, Bcl-xl, Caspase-3,
pP38, Cyclin E1, eIF4E, RACK1, NF-kB, and pNF-kB were purchased from Santa Cruz Biotechnology
(Dallas, Texas, USA). The antibodies against PCNA, Vimentin, MMP-2, MMP-9, P53, and E-cadherin were
purchased from Cloud-Clone Corp (Houston, USA). The antibodies against c-Jun and pc-Jun antibodies
were purchased from CellSignaling Technology. The antibodies against β-actin and p-P53and MG132
were purchased from SigmaAldrich. Matrigel was purchased from Corning IncorporatedLifescience
(Tewksbury, MA, USA).

Transfection of siRNAs

Using Lipofectamine RNAiMAX (ThermoFisher Scienti�c), cells were transiently transfected with oligo
siRNAs (FlexiTube siRNA, QIAGEN) following the manufacturer's directions. Table 1 lists the siRNA
sequences used in this study.

Cell cycle
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The distribution of the cell population in the different stages of the cell cycle was investigated using
siRNA-scr and siRNA-NONO transfected MDA-MB-231 and MCF-7 cells. Cells were collected and washed
with PBS after a 72-hours transfection. After that, the cells were �xed in 70% cooled ethanol and kept at
4°C overnight. The next day, the cells were centrifuged, the ethanol was removed, and two PBS washes
were performed. After that, the cells were incubated with RNase (10 µg/mL) and Propidium iodide
(25µg/mL) and maintained at 37°C for 30 minutes. FACS verse was used to evaluate the samples. Each
sample had 10,000 events, and the data were analyzed with ModFit LT software.

Colony formation assay

Following transfection with siRNA-scr and siRNA-NONO, MDA-MB-231 and MCF-7 cells were evaluated to
form colonies. 5 X 102 cells from the scramble and NONO knockdown cells were plated in each well after
the cells had been transfected for 24 hrs. The culture was retained for 12 days, and the media was
replaced every 48 hours. Methanol was used to �x the cells, and stained with 0.4 percent crystal violet
was used to stain. Image J was used to count the colonies.

Wound healing assay

In each well of a six-well plate, 4 x105 MDA-MB-231 and MCF-7 cells were seeded and transfected with
siRNA-scr and siRNA-NONO. A scratch was delivered with a 200 ul pipette tip once the monolayer had
formed. Detached cells were removed after washing the cells. Then, images of the wound region were
captured at different times intervals. Analysis was performed using ImageJ; after normalization of the
wound area, the % wound healed area was calculated.

Migration and invasion assay

To test breast cancer cells, migration, and invasion potential, 8 µm pore size Transwell chambers
(Corning) were placed in a 24 well plate. The 24-hour post-transfection cells (4 X104) were plated in 200
µl of serum-free medium for the migration test. At the same time, the bottom chamber was �lled with 700
µl of 10% serum-supplemented media, a source of chemoattractant. The invasion experiment was
performed in the same way, except the upper chamber was evenly covered with 80 µg Matrigel (Corning)
diluted in 100 µl DMEM and incubated at 37°C for 2 hours. The cells were suspended in chambers and
incubated for 48 hours at 37°C with 5% CO2.

RNA isolation and quantitative PCR

TRIzol reagent was used to isolate total RNA from the siRNA-scrand siRNA-NONO transfected MDA-MB-
231 and MCF-7 cells. Following that, using a cDNA synthesis kit (Thermo), the cDNA was prepared from
2µg of total RNA according to the manufacturer's instructions. Table 2 lists the primers used against the
genes under investigation. The PCR cycling schedule was 10 minutes at 95°C, followed by 40 cycles of
15 seconds at 95°C, 30 seconds at 60°C, and a melt curve with a single reaction cycle at 95°C for 15
seconds, 60°C for 1 minute, and dissociation at 95°C for 15 seconds. The resulting Ct values were then
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normalized to the housekeeping gene GAPDH. The relative expression of genes was determined using the
2-ΔΔCt method.

Crystal violet assay

Crystal violet assay was used to determine the viability of NONO-depleted cells. MDA-MB-231 and MCF-7
cells were transfected with a scramble and NONO siRNAs in a six-well plate and incubated for 24 hours.
The cells were then harvested and counted. Each sample contained about 5X103 cells, which were
planted into each well of a 96-well plate and cultured for 48 hours. After that, the medium was removed,
and the cells were stained for 30 minutes with 0.4 percent crystal violet (prepared in 50 percent
methanol). The wells were then cleansed with water to remove any remaining discoloration and air-dried
for 12 hours. The next day, the dye was dissolved in 100 µL of methanol, and the absorbance of the
dissolved dye was measured at 570 nm. The viability of siRNA NONO w.r.t. siRNA scramble was
determined as fold change absorbance value.

JC1 staining and �ow cytometry

The impact of the silence of NONO on mitochondrial membrane potential was assessed utilizing the
�uorescent JC-1 dye with a �ow cytometer. MDA-MB-231 and MCF-7 scrambled, and siRNA-NONO
transfected cells were incubated at 37˚C, 5% CO2 for 48 hours. Following that, the cells were harvested
and stained with JC-1 dye for 30 minutes in the dark. Cells were then collected, washed with PBS, and
�uorescence was analyzed by �ow cytometry (FACS Verse, BD).

Flow cytometry-based detection of the intracellular ROS

Following the knockdown of NONO, we examined intracellular reactive oxygen species (ROS) in MDA-MB-
231 and MCF-7 cells. After 48 hours of transfection, the cells were trypsinized and resuspended in PBS
with MitoSOXTM Red (Thermo Scienti�c) at a �nal concentration of 5 µM. The levels of intracellular ROS
were measured using Flow cytometry.

Preparation of total cell lysate and western blot analysis

The preparation of total cell lysates and the analysis of western blots were carried out as described
previously[30]. Electrophoresis of an equivalent amount of cell lysate (30 µg) on 6~15% percent SDS-
PAGE gels was performed, followed by electrotransfer to a PVDF membrane. As directed by the
manufacturer, individual proteins were detected with an ECL Western Blotting Kit (Bio-Rad). ImageJ
software was used for densitometry, and the density of the protein of interest was normalized to that of β-
actin using arbitrary densitometric units.

Flow cytometric analysis of apoptosis

Annexin V-FITC and Propidium iodide staining assay and FACS verse analysis (BD) were used to
investigate the effect of NONO silencing on apoptosis. The cells were transfected withthe scramble and
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NONO siRNAs and incubated for 72 hours at 37˚C, 5% CO2. The cells were then harvested and incubated
for 30 minutes with a 1X binding buffer containing Annexin V and Propidium iodide. Following this, the
samples were collected for FACS analysis (BD).

Lentiviral CRISPR construct generation

The guide sequences targeting two distinct regions of the human NONO gene were designed as described
previously[31]. The guide sequence oligonucleotides containing the BsmBI restriction site overhangs were
annealed and cloned into BsmBI linearized LentiCRISPRv2 vector for the current study following
previously published protocol[32]. Correct insertion of gRNAs was con�rmed using sanger sequencing.
The oligo sequences for sgRNA cloning are listed in Table 3.

Lentivirus production and infection.

Lentivirus particles were generated by co-transfection of 2 µg transfer plasmid LentiCRISPRv2 (Addgene
#52961) or pLJM1-EGFP (Addgene #19319) as a positive control with 1.5 µg packaging plasmid psPAX.2
(Addgene #12260) and 0.5 µg envelop plasmid pCMV-VSV-G (Addgene #8454) in OptiMEM (Life
Technologies) in a single well of a six-well plate of 80% con�uent HEK-293T cells using 12 µl of
Effeteness transfection reagent (QIAGEN). After 12 hours of transfection, the media was changed to
complete DMEM. After 48 hours of transfection, the virus-containing culture media was harvested and
centrifuged at 3,000 rpm at 4˚C for 10 minutes. The collected supernatant was �ltered with a 0.45 µm
�lter membrane and used immediately.

Lentivirus infection was performed by mixing the 1 ml cell suspension of 4x105 cells and 1 ml polybrene
(10 µg)/virus solution at a multiplicity of infection <1. The plate was centrifuged at 931 g for 45 minutes
at 30˚C. After spinning, the cells were incubated at 37˚C overnight in a tissue culture incubator. The
following day, cells were re-seeded in 10cm dishes at a density of 100-500 cells/plate. For antibiotic
selection, the MDA-MB-231 and MCF-7 cells were treated with 2 µg/ml and 0.5 µg/ml of puromycin,
respectively, after 48 hours of incubation. Cells were cultured in puromycin media for 4-5 days until the
death of all the control cells. The cells were further grown until single colonies were visible. The colonies
were then picked up manually for single clone expansion. Some surviving colonies in both cell lines are
negative for NONO expression. Knockout of the NONO gene was then veri�ed by western blotting.

Yeast two-hybrid (Y2H) assays

The yeast two-hybrid assays were performed using the procedures as described previously[30]. Brie�y, the
full-length humanNONO cDNA was cloned into pGADT7 plasmid and transformed into a Y187 yeast
strain, while the full-length HumaPIN1 cDNA, the WW domain (amino acid, 1-138) of PIN1, or the PPIase
domains (amino acid, 118-492) segments were cloned into pGBKT7 plasmids and transformed into Y2H
Gold yeast strain. The yeast strains containing the desired plasmids were mated together to produce
diploid cells. The diploid cells were �rst selected on synthetically de�ned (SD) media dropped out for
leucine and tryptophan (SD/-Leu/-Trp) followed by selection on quadra-dropout media with the
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restrictiveness of Leucine (L), Tryptophan (W), Histidine (H), and Adenine (A) (SD/-Leu/-Trp/-His/-Ade) for
positive interaction.

Generation of silent mutationsand rescue of the knockdown effect

The three silent mutations were introduced into the siRNA target region of wild-type human NONO
expression plasmid using the procedure described previously[30]. Brie�y, the full-length NONO cDNA was
cloned into pCDNA3.1 (+) plasmid (Invitrogen), followed by the insertion of three silent mutations into the
siRNA targeted region (Δ3) of wild-type NONO expression plasmid to rescue the siRNA-induced
phenotype. Silent mutations were veri�ed by DNA sequencing analysis.

NONO

Wt : G GCC AGC AGC CAA AAT GAA GGC TTG ACT ATT GACCTG AAG AAT TTT AGA AAA C

Δ3: G GCC AGC AGC CAA AAT GAA GGC TTG ACT ATA GAT TTG AAG AAT TTT AGA AAA C

A S S Q N E G L T I D L K N F R K

The MDA-MB-231 cells were transfected with siRNA for the knockdown-rescue experiment. The siRNA
resistant NONO overexpression plasmid was transfected using Lipofectamine LTX (Thermo) after 24
hours of siRNA transfection, as directed by the manufacturer. The serum-free media was replaced with
full media 6 hours after transfection, and the cells were cultured for 48 hours to assess the NONO
knockdown rescue using western blotting, cell cycle, and apoptosis.

FRET imaging

To determine the interaction of PIN1 or PIN1-WW domain with NONO, FRET analysis was performed. First,
the NONO sequence was ampli�ed using Q5 polymerase (NEB) from pCDNA 3.1(+)-NONO (containing the
full-length human NONO sequence, codon 1 to 471) and fused into a mVenus-C1 plasmid (#27794
Addgene) using Infusion HD cloning kit, the same procedures were performed for cloning the full-length
human PIN1 sequence (codon 1 to 163) or PIN1-WW domain (codon 1 to 46) and PIN1-PPIase domain
(codon 40 to 163) into the pmTurquoise C1 (#60558 Addgene). The constructs prepared were veri�ed by
Sanger sequencing.

FRET experiments were performed using PFA-�xed HEK293T cells mounted onto a 24 well plate 20 mm
round coverslips, transfected with dual expression plasmids: (i) mVenusC1-NONO and pmTurquoiseC1-
PIN1, (ii) mVenusC1-NONO and pmTurquoiseC1-PIN1-WW domain, (iii) mVenusC1-NONO and
pmTurquoiseC1-PIN1-PPIase domain, (iv) two plasmids mVenusC1/pmTurquoiseC1 expressing unfused
mVenus (yellow) and Turquoise (cyan) proteins. Initially, �uorescence intensities of mVenus and
mTurquoise were observed. After that, the FRET assay was performed between the �uorophores
(mTurquoise and mVenus) after de�ning the region of interests (ROIs) using laser scanning NIKON
inverted confocal microscopy with NIS Elements software and objective lens and �lters for CFP
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(excitation 405 nm and emission 477nm/ 27nm bandwidth) and YFP (excitation 515nm and emission
527/48nm bandwidth). Direct interaction between PIN1/PIN1-WW domain and NONO was measured by
detecting the energy transfer between the donor CFP and acceptor YFP. For FRET analysis, the e�ciency
was computed as the increase in CFP intensity after photobleaching of YFP.

Immunoprecipitation

Magnetic dynabeads protein G (Thermo) were washed and blocked with PBS supplemented with 5% BSA.
The beads were resuspended in 200 µl PBS/BSA, and relevant antibodies (mouse IgG control and NONO)
were added, followed by rotation at room temperature for 2 hours. The bead-antibody complex was
washed three times with PBS/BSA solution using the magnetic tube holder, and the supernatant was
removed. Cells were lysed with non-denaturing lysis buffer (50 mM HEPES, 150 mM NaCl, 1% NP-40, 2
mM EDTA, 0.2 mM PMSF, 1 mM DTT, 5% glycerol) at 4 ˚C for 10 minutes with gentle rolling. Cells were
sonicated 3 times for 5-second pulse each and centrifuged at 10000 g for 20 minutes at 4˚C. The
concentration of protein was determined using a BCA kit (Thermo). 40µl of lysate was collected for input,
and 700 ug (300 µl) lysate was added to the bead-IgG and bead-primary antibody complex and incubated
overnight at 4 ˚C with gentle rotation. On the next day, the bead-antibody with precipitated protein was
washed 5 times with lysis buffer with one-minute rotation at 4˚C for each wash. The bead-antibody
complexes were resuspended in 2XSDS lysis buffer and boiled at 100˚C for 5 minutes, along with the
input. The supernatant was transferred into fresh tubes for immunoblotting analysis using a magnetic
separation rack. 

IHC analysis

After depara�nization, hydration, and washing, the tissue sections were immersed in Tris-EDTA buffer
(pH 9) at boiling temperature for 15 minutes for antigen retrieval. The slides were immersed in 3%H2O2
for 20 minutes to block endogenous peroxidase reaction. The slides were washed with TBST buffer and
blocked with 3% BSA for 20 minutes and then incubated with anti-NONO and anti-PIN1 primary
antibodies diluted in blocking buffer at 4˚C overnight. According to the manufacturer's instructions, the
slides were processed using EnVision+ Dual Link System-HRP kit (DAKO) and counterstained using
hematoxylin. All IHC data were evaluated and scored from 1 to 3 based on the intensity of expression.
The quick score method was used to perform pathological scoring[33]. The score of expression intensity
was multiplied by the percentage of stained cells (denoted as 3 if the percentage of stained cell >50%, 2 if
the percentage of the stained cell is 25-50 %, and 1 if the percentage of the stained cell is < 25%) and
de�ned as high or low expression.

Bioinformatic analysis

OMICS data of breast tumors and normal tissues were analyzedusing the Tumor Immune Estimation
Resource TIMER (https://cistrome.shinyapps.io/timer/), UALCAN (http://ualcan.path.uab.edu/),
andTNMplot(https://tnmplot.com/) web tools.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA) and
Microsoft Excel; datawerepresented as mean ± SD. The unpaired two-tailed t-test or ANOVA test was used
to compare various groups. The correlation between PIN1 and NONO was determined using Spearman's
rank correlation. The Mann-Whitney test was used to comparequick scores between paired breast cancer
and adjacent tissues. A P-value of less than 0.05 was considered statistically signi�cant.

Results
Breast cancers have the elevated expression of NONO.

To investigate the differential expression of NONO between tumor and normal tissues, the TCGA data
expression analysis was performed using the TIMER web tool. It was found that NONO expression is
signi�cantly upregulated in multiple cancers, including breast cancer (Fig. 1a). Consistently, the data
retrieved from TCGA using UALCAN showed higher mRNA expression in breast cancer tissues than in
normal breast tissues (Fig. 1b). Mining of gene chip data from Gene Expression Omnibus (GEO) or RNA-
seq data from TCGA, Therapeutically Applicable Research to Generate Effective Treatments (TARGET),
and the Genotype-Tissue Expression (GTEx) databases using TNMplotdemonstrated a signi�cant
upregulation of NONO in primary and metastatic carcinoma than in normal tissue
(Fig.1c).Immunohistochemical analysis of NONO protein expression further con�rmed asigni�cant
increase in the expression of NONO in breast cancer tissues compared to their adjacent normal
tissues(Fig. 1d, e). These results indicated that NONO expression is upregulated in breast cancer and
could play an important role in breast cancer progression.

Next, the expression of NONO among patients based on different clinical parameters was investigated
using the UALCAN online database. Based on individual cancer stages, statistical analysis indicated a
signi�cant increase in NONO expression in stage1 2, 3, and 4 of breast cancer tissues compared to
normal (Fig. 1f ). In addition, TCGA data from UALCAN further revealed a signi�cantly increased
expression of NONO in different subclasses (Luminal, HER2 positive, and TNBC) of breast cancer tissue
compared to normal tissues (Fig. 1g).Moreover, datasetsretrieved from Clinical Proteomic Tumor Analysis
Consortium (CPTAC) using the UALCANS tool revealed a higher expression of NONO protein in breast
cancer tissues, as well as in different stages and subtypes of breast cancer as compared to
normal(supplementary Fig. S1a-c)demonstrating concordance with TCGA datasets. These results
indicate that NONO expression and tumor progression are closely correlated.

NONO interacts speci�cally with PIN1, and this interaction is dependent on the N-terminal (WW) domain
of PIN1.

In the previous work[29], NONO is ranked among the top proteins with similar functions to peptidylprolyl
cis/trans isomerase (PIN1). PIN1 is an oncoprotein commonly implicated in cancers, and the function of
PIN1 is de�ned by its two domains: WW domain and PPIase domain. It has been demonstrated that the
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WW domain has a stronger a�nity for its substrate than the PPIase domain[34] and the binding of the
WW domain with the substrate enables PIN1 to perform molecular function via the PPIase
domain[35].Earlier,the interaction between PIN and NONO was revealed in vitro[36]. Using an independent
yeast-two-hybrid assay, we con�rmed the interaction between human NONO and PIN1 and identi�ed the
functional WW domain (1-138) of PIN1 essential for direct interaction with NONO (Fig. 2a)

The interaction of NONO with PIN1 and the WW domain of PIN1 was further con�rmed using the acceptor
photobleaching FRET technique. During acceptor photobleaching, the intensities of cyan �uorescence
protein (CFP) and yellow �uorescence protein (YFP) were monitored, and the images were taken before
and after photobleaching of YFP with a region of interest (ROI). It was observed that for the FRET pair
NONO-YFP/PIN1-CFP, and NONO-YFP/ PIN1-WW-CFP, the CFP intensities increased after acceptor
photobleaching at several time points while no increase in the intensity of CFP was observed in NONO-
YFP/PIN1-PPIase pair after acceptor photobleaching (Fig.2b), that demonstrates that NONO physically
interacts with the WW domain of PIN1 with high a�nity.

Since human NONO ORF (CCDS14410.1) has four threonine-proline (thr-pro) sites(Fig. 2c), we sought to
identify the thr-pro binding site(s) critical for interaction with the PIN1-WW domain. Four threonine
residues at positions 15, 410, 428, and 450 of NONO were substituted with glycine individually, and the
yeast-two hybrid was performed. Our results demonstrated that a single mutation did not abolish the
interaction of NONO with the PIN1-WW domain. However, reduced growth in response to protein-protein
interaction was observed in yeast diploids containing substitution mutation T428A. Next,
substitutingthreonineresidueswith glycine in all the four thr-pro sites resulted in the complete abrogation
of NONO interaction with the PIN1-WW domain. Further, we analyzedthr-pro motifs important for the
interaction of NONO with the PIN1-WW domain. No interaction was observed between NONO containing
T410A, T428A, and T450A mutations and the PIN1-WW domain. Substitution mutations T410A and T15A
generated the mutant NONO protein still able to interact with the PIN1-WW domain. However, the
substitution of T428A and T450A completely abrogates the interaction of NONO with the PIN1-WW
domain, indicating that two thr-pro binding sites at the C-terminal side are essential for the interacting of
NONO with the PIN1-WW domain (Fig.2d).

The stability of NONO is regulated by PIN1.

To determine the effect of PIN1 inhibition on NONO, we used the PIN1 inhibitor Juglone[37]. Because
NONO binds to PIN1 directly, we then asked whether the protein-protein interaction between NONO and
PIN1 promotes NONO stability. For this, we treated the MDA-MB-231 cells with Juglone and examined the
effect of MG-132 in Juglone-treated cells. Our results revealed that Juglone increased the loss of NONO
protein, and the treatment of MG132 completed blocked the Juglone-induced loss of NONO (Fig.3a),
indicating that PIN1 promotes stability of NONO by preventing the proteasomal degradation.

Since the expression of NONO protein was upregulated in human breast cancer tissues, PIN1 binding to
NONO enhances its stability. Next, we performed the IHC to examine the expression of PIN1 protein in the
same groups of human breast cancer sections. We observed a signi�cant increase in the expression of
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PIN1 protein in breast cancer tissues (14 out of 20, 70%) compared to normal adjacent tissues (Fig. 3b,
c). Statistical analyses further revealed a signi�cant correlation (Pearson correlation coe�cient = 0.464, P
= 0.01) between PIN1 and NONO (Fig. 3d), indicating that binding of PIN1 to NONO is involved in the
oncogenic behavior of breast cancer cells.

The silencing of NONO gene expression decreases the cell viability and colony-formingability of breast
cancer cells.

To gain essential insight into the function of the NONO gene, we �rst evaluated the knockdown e�ciency
of siRNA-NONO at the transcription level of the target gene and the corresponding protein level using RT-
PCR and western blotting, respectively. It was demonstrated that siRNA-NONO e�ciently reduced the
mRNA and protein levels of the NONO gene in both MDA-MB-231 and MCF-7 cells (Fig. 4a, b).Next,the
rescue experiment was performed to determine the speci�city of siRNA, NONO human cDNA was cloned
into pcDNA3.1(+), and the three silent mutations were introduced into NONO ORF to make the construct
resistant to siRNA, and the silent substitution mutations were con�rmed in their entirety using
Sangersequencing (supplementary Fig. S2a, b). The Transfection of exogenous mutant NONO constructs
rescued the expression of NONO and PCNA when cotransfected with the corresponding siRNA-NONO
(Supplementary Fig. S2c), indicating that the siRNA is highly selective and speci�c for the endogenous
NONO gene.

To explore whether silencing of NONO gene expression affects the oncogenic behaviorof breast cancer
cells, the crystal violet and colony formation assays were performed. Crystal violet assay revealed a
signi�cant decrease in the viability of siRNA-NONO transfected MDA-MB-231 and MCF-7 cells compared
to siRNA-scrafter 72 hours of transfection (Fig.4c). Next, we examined the colony-forming ability of NONO
silenced breast cancer cells. Compared to siRNA-scr transfected breast cancer cells, NONO knockdown
MDA-MB-231 and MCF-7 showed the reduced colony-forming ability as demonstrated by colony-forming
assay (Fig. 4d). These results suggest the involvement of NONO in regulating the tumorigenic properties
of breast cancer cells.

Silencing of NONO induces the S-phase cell cycle arrest in breast cancer cells.

To investigate the effect of NONO knockdown on cell cycle progression, �ow cytometry was used to
analyze the phase distribution of cell cycle in siRNA transfected breast cancer cells. Compared to siRNA-
scr transfected cells, the knockdown of NONO in MDA-MB-231 and MCF-7 cells signi�cantly arrests the
cell at the S-phase of the cycle, with a concomitant decrease in the percentage of cells in the G2/M phase
in the case of MDA-MB-231 and,G0/G1 and G2/M phase in MCF-7 cells (Fig. 5a).

In accordance with the cell-cycle distribution analysis, we examined the effect of the silencing of NONO
on the expression of markers related to the cell cycle. Real-time PCR analysis demonstrated that silencing
of NONO signi�cantly elevated the mRNA expression levels of cyclin E and CDKN1A (p21) (Fig. 5b). p21,
which has the unique ability to inhibit cyclin-dependent kinase blocks PCNA dependent DNA replication
and causes the arrest in the S phase of the cell cycle[38]. Our results showed that at the protein level, the
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expression of PCNA was decreased in both MDA-MB-231 and MCF-7 NONO knockdown cells (Fig. 5c).
Taken together, the above results suggest that the accumulation of NONO silenced cells in the S phase
can be due to the induction of p21 and the inhibition of PCNA.

Silencing of NONO induces apoptosis and promotes changes in mitochondrial membrane potential.

Toanalyze the impact of silencing of NONO on cell death by apoptosis, a �ow cytometry analysis using
annexin-V/propidium-iodide assay was performed. In both MDA-MB-231 and MCF-7 cells line, a
signi�cant increase in the apoptotic index was observed with the knockdown of NONO compared to
siRNA-scr transfected cells (Fig. 6a). After 72 hours of transfection, a fraction of apoptotic cells reached
22.61 ± 1.8 percent and 46.1 ± 1.19 percent in MDA-MB-231 and MCF-7 cells, respectively, compared to
control with 7.49 ± 1.9 percent in MDA-MB-231 and 26.8 ± 1.4 percent in MCF-7 cell. Furthermore, we
investigated the effect of NONO knockdown on the expression of apoptosis-regulating molecules;
western blotting analysis revealed that NONO gene silencing effectively increased the level of pro-
apoptotic Bax in MDA-MB-231 and MCF-7 cells as well as cleaved caspase 3 inMCF-7 cells while
reducing the levels of anti-apoptotic Bcl-2 proteins in both MDA-MB-231 and MCF-7 cell after 72 hours of
transfection (Fig. 6b, c).Next, we determined the effect of the silencing of NONO on the expression of p53
in MCF-7 cells. It was observed that the silencing of NONO increased the expression of p53 and p-p53
proteins.Further, treatment of MCF-7 cells with p53 inhibitor pi�thrin-α does not affect NONO expression.
In contrast, the treatment of MCF-7 cells with H2O2 at a 50 µM concentration for 6 hours induces the
expression of NONO (Fig. 6d). This indicates that NONO can be a new drug target for selectively
promoting p53 mediated cell cycle arrest and apoptosis.

Further, we used �ow cytometry to investigate the effect of NONO depletion on the change of
mitochondrial membrane potential of MDA-MB-231 and MCF-7 cells using JC-1 dye. It was demonstrated
that silencing of NONO in MDA-MB-231 and MCF-7 caused a reduction in mitochondrial membrane
potential compared to scramble, as seen by a rise in the green-to-red (monomer/aggregate) ratio.
Following the downregulation of NONO in MDA-MB-231, the JC-1 green/red ratio was signi�cantly
increased to 0.344 ± 0.01 from 0.07± 0.05 in a scrambled group. Similarly, on downregulation of NONO in
MCF-7 cells, the JC-1 green/red ratio was increased to 0.20 ± 0.02 from 0.03 ± 0.01 in the scrambled
group. These results suggest that silencing NONO causes mitochondrial dysfunction via modifying the
mitochondrial membrane potential (MMP) (Fig. 6e). Since the loss of mitochondrial membrane potential
(ΔΨm) during the redox stress is associated with ROS-induced apoptosis. We investigated the effect of
silencing of NONO on ROS generationusing MitoSOX red �uorescent dye by �ow cytometry. It was
observed that depletion of NONO signi�cantly increased the ROS strength in MDA-MB-231 cells
compared to scramble (Supplementary Fig. S3),indicating NONO prevents apoptosis by inhibiting ROS
generation.

Silencing of NONO reduces the migratory and invasive potentials of breast cancer cells.
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To demonstrate the effect of silencing of NONO on the migratory potential of breast cancer cells. First,
the wound healing assay was performed. As shown in Fig.7a, b; depletion of NONO in MDA-MB-231 and
MCF-7 resulted in reduced recovery of arti�cial wound area compared to siRNA-scr transfected cells when
examined at the same time point after 12, 24, and 48 hours.

Next, transwell inserts coated with/without matrigel were used to investigate the invasive and migratory
potential of siRNA NONO knockdown MDA-MB-231 and MCF-7 cells. It was found that NONO knockdown
signi�cantly reduced the ability of breast cancer cells to migrate and invade (Fig. 7c). Furthermore,
western blot analysis was performed to examine the expression levels of migration-related proteins. It
was revealed that silencing of NONO alters the protein expression levels of matrix metalloproteinases
(MMPs) and epithelial-mesenchymal transition (EMT)-related molecules in breast cancer cells. The
expression of MMP-2,and MMP-9 was inhibited, while the expression of epithelial marker protein E-
cadherin was increased, and the expression of mesenchymal marker vimentin was decreased upon the
silencing of the NONO gene (Fig. 7d). Collectively, these results suggest that NONO is a positive regulator
in cell migration and invasion and induces the EMT of breast cancer cells.

NONO promotes the population of cancer stem cells in breast cancer.

Cancer stem cells have been demonstrated to promote tumor initiation and development, metastasis,
relapse and resistance to treatment. To determine the role of NONO in the stemness of breast cancer
cells, we generated NONO knockout MDA-MB-231 and MCF-cells using the CRISPR-Cas9 system. The
successful knockout of the NONO gene in MDA-MB-231 and MCF-7 cell lines was con�rmed by western
blotting(Supplementary Fig. S4).Breast cancer cells that express the phenotypic CD24  /CD44  markers
on their surface have stem cell-like characteristics, including the ability to self-renew and initiate
tumours[39]. Flow cytometry analysis revealed that knockout of NONO gene signi�cantly reduced the
population of CD24  /CD44 cells in MDA-MB-231 and MCF-7 cells (Fig. 8a).Additionally, silencing of
NONO reduced the mRNA levels of several core pluripotency stem cell regulators (OCT4, SOX2, Slug,and
Twist) in MDA-MB-231 and MCF-7 cells (Fig. 8b, c). Since the PIN1 is highly expressed in most cancers,
especially in cancer stem cells[40, 41]. We investigated the effect of the silencing of NONO on the
expression of PIN1. RT-qPCR and western blot analysis revealed that silencing of NONO signi�cantly
reduced the mRNA and protein levels of PIN1, indicating that NONO promotes CSC-like properties in
breast cancer cells via the upregulation of PIN1(Fig. 8d, e, and f ).

Silencing of NONO increases PD-L1 expression at the surface of breast cancer cells.

Programmed cell death protein 1 ligand (PD-L1) is an inhibitory molecule expressed by tumor cells to
induce anergy on tumor-reactive cells[42, 43]. The increased expression of PD-L1 in cancer cells using
multiple approaches augments immune checkpoint block therapy response in experimental models[44,
45].To determine the effect of the silencing of NONO on the expression of PD-L1, a �ow cytometry
analysis was performed using an anti-PD-L1 APC antibody. It was demonstrated that the silencing of
NONO signi�cantly increased the expression of PD-L1 both in MDA-MB-231 and MCF-7 cells (Fig. 9).
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Silencing of NONO suppresses the activation of the MAPK/β-catenin signaling pathway.

To explore the relation between NONO and MAPK signalingpathway, western blotting assay was
performed to detect the protein expression of PTEN, p-Akt, p-p38, p-Erk, eIF4E, NF-kB, p-NF-kB, and RACK-
1. It was revealed that compared to siRNA-scr transfected breast cancer cells, the silencing of NONO
promotes the protein expression of PTEN while reducing expression levels of p-Akt, p-Erk, p-P38, NF-kB, p-
NF-kB, eIF4E, and RACK-1 both in MDA-MB-231 and MCF-7 cells (Fig.10a). Moreover, we characterized the
interaction of NONO with c-Jun with yeast two-hybrid, the interaction was further validated by NONO
immunoprecipitation/western blot analysis using MCF-7 lysate (Fig.10b, c). Furthermore, IP/Western
blotting analysis con�rmed the interaction of endogenous NONO with β-catenin in MCF-7 cells
suggesting that NONO forming a complex with β-catenin might be involved in the tumor progression of
breast cancer cells by affecting the β-catenin pathway (Fig.10d). Since β-catenin signaling is considered
to be a major regulator of cancer stem-cell (CSC) self-renewal. We hypothesized that silencing of NONO
may inactivate β-catenin signaling and thus inhibit the stem cell-like properties and tumorigenicity in
breast cancer cells. To test this hypothesis, we examined that the silencing of NONO inhibits the
expression of β-catenin. Consistently, the expression of well-known downstream targets of β-catenin,
such as c-myc, and CCND1 have consistently downregulated in NONO silenced MDA-MB-231 and MCF-7
cells (Fig. 10e). Taken together these results suggest that NONO promotes the tumorigenicity of breast
cancer cells via the activation of the MAPK/β-catenin pathway.

Discussion
NONO has been found to promote the development of breast cancer[17], prostate cancer[19], and
hepatic[46] cancer. We examined the expression of NONO breast cancer using database mining and
investigated the effect of silencing of NONO on viability, cell proliferation, cell cycle, migration and
invasion, apoptosis, and stemness of breast cancer cells. We predicted the contribution of NONO to
breast cancer progression and demonstrated a basis for considering NONO as a breast cancer
therapeutic candidate.

To better understand the role of NONO in the development of breast cancer, siRNA technology was used
to knock down the NONO gene in MDA-MB-231 and MCF-7 breast cancer cell lines. One of the most
signi�cant drawbacks of using siRNAs in experimentation is the likelihood of off-target effects. Ectopic
expression of siRNA resistant construct is considered a gold standard stringent approach to con�rm the
speci�city of siRNA[47, 48]. Hence to con�rm the speci�city of siRNA used in the study, we performed the
rescue experiment, employing the expression construct containing three silent point mutations within the
respective regions targeted by siRNA. Following the transfection of siRNAs, NONO expression was
signi�cantly downregulated at both the mRNA and protein levels, as con�rmed by qRT-PCR and western
blot in both MDA-MB-231 and MCF-7 cells lines.

Modulation of the cell cycle is frequently linked to changes in cell proliferation[49]. In this study, we
observed a signi�cant increase in S phases MDA-MB-231 and MCF-7 cells after transfection with siRNA-
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NONO as compared to cells transfected with siRNA-scr. These results suggest that NONO plays an
essential role in cell cycle progression, and the anti-proliferative effect of NONO knockdown in breast
cancer cells was most likely due to arrest in the S phase. We hypothesized that NONO silencing would
alter the expression of cell cycle-related genes. We investigated by qRT-PCR analysis that p21 (CDKN1A),
a major regulator of S-phase progression, was highly expressed in NONO knockdown cells. p21 has a
peculiar ability to interact with PCNA and inhibits its activity[38]. p21 negatively regulates DNA replication
by binding the proliferating cell nuclear antigen (PCNA) and altering its interaction with alternative DNA
polymerases, in addition to its role as a CDK inhibitor[38, 50]. PCNA de�ciency blocks DNA synthesis and
causes cells to enter the S phase of the cell cycle[51]. Cyclin D is highly expressed in the mid-to-late G1
phase and exhibits an up-regulated kinase activity when bound to cdk4 (predominantly cyclin D1/cdk4
complex) in cancer cells[52]. The maximal level of cyclin D during the G1 phase is required for the cell to
initiate DNA synthesis but must be repressed at a low level during the S phase for effective DNA
synthesis[53]. It was demonstrated that silencing of NONO resulted in a marked decrease of cyclin D1
after 72 hours of transfection both in MDA-MB-231 and MCF-7 cells, which indicates an arrest in the S-
phase cell cycle. The growth suppressor p53 is a tightly controlled transcription factor that, depending on
its expression levels, can cause cell cycle arrest or apoptosis[54]. We analyzed the expression level of
p53, a potent inducer of p21, in MCF-7 and found that silencing of NONO promotes the up-regulation of
p53 and p-p53 proteins. Since the p53 is functional in MCF-7 cells but mutated in MDA-MB-231. Based on
this �nding, we can suggest that silencing of NONO induces S-phase arrest independent of p53, and the
arrest might be mainly due to p21 overexpression. In breast cancers with functional p53, targeting NONO
can be a novel strategy for promoting p53 mediated cell cycle arrest and apoptosis.

Tumor cells can develop the ability to migrate and invade beyond their normal boundaries and seed new
tumors at distant sites[55]. Silencing of NONO gene expression in MDA-MB-231 and MCF-7 reduced the
migratory and invasive capabilities compared to control. We also investigated the NONO knockdown cells
had increased E-cadherin and a reduced MMP-2, MMP-9, and Vimentin protein levels, demonstrating that
NONO regulates the metastatic activities in breast cancer. In high-grade tumors, MMPs are overexpressed
and secreted extracellularly in the form of zymogens. Activated MMPs destroy the extracellular matrixes,
thereby causing the loss of cell-cell adhesion, subsequently migration and invasion. MMP-2 and MMP-9
have been directly linked to the metastatic process of breast cancer[56]. We examined that silencing of
NONO inhibited the expression levels of MMP-2 and MMP-9 proteins, indicating that NONO is likely to
regulate the migratory and invasive capabilities of breast cancer cells.

In addition, we examined the expression of E-cadherin and vimentin. Vimentin is a type III intermediate
�lament protein that plays an important role in breast cancer cell migration and invasion and promotes
the epithelial-mesenchymal transition[57, 58]. The migration of cancer cells and E-cadherin levels are
inversely correlated[59]. The loss of the intercellular adhesion protein E-cadherin is thought to trigger
invasion to adjacent tissues and metastasis[60]. Our study demonstrated that silencing of NONO
decreased the vimentin and increased the E-cadherin protein levels thereby inhibiting the metastasis and
EMT of breast cancer cells.
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Studies have revealed that cancer cells that have presumably undergone EMT may also have a CSC
phenotype. CSCs, a small number of self-renewing cells found inside tumors, have been shown to drive
tumordevelopment, relapse, and distant metastasis, according to extensive studies conducted over many
years[39, 61]. SinceCD24  /CD44  phenotype is commonly used to characterize CSCs[39], our results
suggest that knockout of NONO signi�cantly reduced the CD24  /CD44 , revealing that NONO is a
positive regulator of breast cancer stem cell-like properties. Most cancers have a high level of PIN1
expression that induces stem cell-like traits. We demonstrated that the silencing of NONO inhibits the
PIN1 expression thereby inhibitingthe CSC formation in breast cancer. The underlying mechanism of how
NONO promotes the tumorigenicity of breast cancer cell survival, proliferation, migration, invasion, and
stemness remains unknown. The MAPK and β-catenin pathways have been reported to be involved in
breast cancer cell survival, proliferation, migration and invasion, and stemness. We have investigated that
silencing of NONO altered p-Erk, p-Akt, p-P38, eIF4E, RACK-1, and PTEN levels, indicating that NONO
directly affects the MAPK signaling pathway that regulates cell proliferation, and migration and invasion
of breast cancer cells. Since β-catenin signaling is considered a critical regulator of stemness of breast
cancer cells, our results demonstrated that knockdown of NONO reduced the β-catenin protein level.
Consistently, the downstream targets of Wnt/β-catenin: c-myc, CCND1, CD44 were also down-regulated.
Further, Immunoprecipitation analysis has revealed the NONO as a β-catenin and c-Jun interacting
partner, indicating the direct involvement of NONO in β-catenin and MAPK pathways. In addition, we
demonstrated that silencing of NONO promotes the expression of PD-L1 at the surface of breast cancer
cells, which is consistent with the recent �nding that inhibition of PIN1 elevated the expression of PD-
L1[45] in human cancers that could potentiate immune checkpoint blockade.

In conclusion, this study provides insights that NONO regulates the expression/activation of proteins
involved in cell proliferation, cell survival, migration and invasion, EMT, and stem cell formation. These
are the critical processes in cancer progression, thus targeting NONO in breast cancer could be a novel
therapeutic approach, and could show better antitumor e�ciency in combination with immunotherapy.
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Tables
Table 1 Sequence of siRNAs

siRNA Scramble (scr)  NONO

Target (5'-3') AATTCTCCGAACGTGTCACGT  AGGCTTGACTATTGACCTGAA

sense (5'-3')   UUCUCCGAACGUGUCACGUdTdT GCUUGACUAUUGACCUGAATT

Antisense( 5'-3')    ACGUGAGACACGUUCGGAGAAdTdT UUCAGGUCAAUAGUCAAGCCT

Table 2. List of primers used for Real-Time PCR

GENE FORWARD PRIMER SEQUENCE REVERSE PRIMER SEQUENCE

NONO 5'- GGAGCCCATGGACCAGTTAG-3' 5'- AAATCTGGGTGGCTGCTCTC-3'

PIN1 5'- TTTGAAGACGCCTCGTTTGC-3' 5'-GTGCGGAGGATGATGTGGAT-3'

p21 5'-CTGCCCAAGCTCTACCTTCC-3' 5'-CGAGGCACAAAGGGTACAAGA-3'

GAPDH 5'-GTCAAGGCTGAGAACGGGAA-3' 5'-AGTGGCTCCATTCACCGC-3'

OCT4 5'-GAGAACCGAGTGAGAGGCAAC-3' 5'- CTGATCTGCTGCAGTGTGGGT-3’

SOX2 5'-TTTGTCGGAGACGGAGAAGC-3' 5'-TAACTGTCCATGCGCTGGTT -3'

Slug 5'-ACTCACTCGCCCCAAAGATG-3' 5'-TCTCTCCTCTTCCTTCCTCCAT-3'

Twist 5'-CTCGGACAAGCTGAGCAAGA-3' 5'-GCTCTGGAGGACCTGGTAGA-3'

Cyclin E1 5'-ATACTTGCTGCTTCGGCCTT-3' 5'- TCAGTTTTGAGCTCCCCGTC-3'

Table 3. The oligo sequencing for sgRNA cloning used in the study

gRNA oligonucleotides

 sgRNAs gRNA oligos Sequence (5'-3')

NONO gRNA1 F CACCGCAATCCGTTCGACGACGACG

R AAACCGTCGTCGTCGAACGGATTGC

NONO gRNA2 F CACCGCCTAGCGGAGATTGCCAAAG

R AAACCTTTGGCAATCTCCGCTAGGC

Scramble gRNA F CACCGAAACGGCGGATTGACCGTAA

R AAACTTACGGTCAATCCGCCGTTTC
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Figures

Figure 1

NONO is signi�cantly expressed in breast cancer.a Expression levels of NONO in various cancers and
their respective normal tissues according to data retrieved from the TIMER database. b TCGA data from
UALCAN suggested that NONO expression was signi�cantly higher in breast cancer than normal breast
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tissues. c NONO gene expression pro�le in normal breast tissues, breast tumor, and metastatic breast
tissues. Using TNMplot web platform. d Representative IHC image of NONO protein expression in breast
cancer tissue and adjacent normal tissue. Scale bar, 50 µm. eQuickscore distribution of NONO in breast
cancer tissues (n = 20) versus normal tissue (n = 20). f, g According to TCGA data from UALCAN, NONO is
signi�cantly overexpressed in different stages and subclasses of breast cancer. *p<0.05, ***p<0.001.4

Figure 2
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C-terminal thr-pro motifs in NONO speci�cally interact with the WW domain of PIN1.a Yeast two-hybrid
analysis shows the protein-protein interactions of NONO with PIN1 and PIN1-WW domain. The yeast
strains containing bait and prey plasmids were mated. The diploids were selected ondouble-dropout
media –LT (SD-Leu/-Trp) and quadra-dropout media –LTHA (SD/-Leu/-Trp/-Ade/-His) for yeast two-
hybrid screening. P53-BD/T antigen-AD and Lam-BD/T antigen-AD were used as positive and negative
controls. b Detection of FRET by acceptor photobleaching. HEK293T cells were cotransfected with PIN1-
CFP/NONO-YFP, PIN-WW-CFP/NONO-YFP, PIN1-PPIase-CFP/NONO-YFP. After 48 hours of transfection, the
cells were �xed, the images of CFP and YFP were taken using CFP and YFP channels, and the intensities
were measured before and after acceptor photobleaching. c Presence of four the-pro motifs in NONO
ORF(CCDS14410.1). Source: The National Centre for Biotechnology Information
(https://www.ncbi.nlm.nih.gov/). d Site-directed mutagenesis identi�es the thr-pro motifs essential for the
interaction of NONO with the PIN1-WW domain. The effect of substitutingthreonine with glycine at thr-pro
motifs within NONO ORF was analyzed by yeast-two hybrid screening. The two thr-pro motifs at the C-
terminal of NONO are critical for the interaction of NONO with the PIN1-WW domain. 

Figure 3

The stability of NONO protein is enhanced by PIN1.aMDA-MB-231 cells were treated with Juglone or
DMSO. About 48hours later, cells were further treated with MG132 for 8hours. Western blotting analysis
revealed the involvement of PIN1 in the abundance and regulation of NONO protein via the proteasomal

https://www.ncbi.nlm.nih.gov/
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inhibition pathway. β-actin was used as an internal control and ImageJ software for densitometry
analysis.b Representative IHC image of PIN1 protein expression in breast tumor and normal tissues.
Scale bar, 50 µm. c Distribution of PIN1 IHC signals in breast versus normal tissues was analyzed by
quick score method. Unpaired Mann Whitney test was used to compare IHC quick scores in tumor versus
normal tissues. d Signi�cant association (Pearson’s rank correlation coe�cient = 0.464, p = 0.01, n = 20)
between NONO and PIN1 proteins was observed in breast cancers. p*<0.05, ***p<0.001.

Figure 4

Silencing of NONO inhibits the tumorigenesis and colony formation ability of MDA-MD-231 and MCF-7
breast cancer cells.a, bsiRNA-NONO is e�cient in knocking down the NONO gene at the transcription level
and the corresponding protein level as demonstrated by RT-PCR and western blotting, respectively. c
crystal violet assay demonstrated the proliferation ability of breast cancer cells transfected with siRNA-
NONO and siRNA-scr.dThe clonogenicity of NONO silenced breast cancer cells was determined by colony
formation assay. Bars show the mean ± SD of at least triplicates. **p<0.01, ***p<0.001.
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Figure 5

Silencing of NONO gene expression induces cell cycle arrest in MDA-MB-231 and MCF-7 breast cancer
cells. a silencing of NONO induced the accumulation of cells in the S phase, as revealed by �ow
cytometry. b Quanti�cation of cell cycle regulatory genes using qRT-PCR in MDA-MB-231 and MCF-7 cells.
NONO silencing affects the expression of cell cycle-related genes. CCE1 (cyclinE) was signi�cantly
downregulated whereas CDKN1A (P21) was highly upregulated in MDA-MB-231 and MCF-7 breast cancer
cells. a, b data represented as mean ± SD of three independent experiments. p*<0.05, **p<0.01,
***p<0.001. c Western blot analysis of PCNA in control and NONO silenced MDA-MB-231 and MCF-7
cells. The expression of PCNA was inhibited in both the cell lines.β-actinhas been used as an internal
control ImageJ software for densitometry analysis.
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Figure 6

Silencing of NONO induces apoptosis in MDA-MB-231 and MCF-7 cells. a PI and annexin V staining of
NONO depleted MDA-MB-231, and MCF-7 cells were determined by �ow cytometry after 72 hours of
transfection. The percentage of apoptotic cells was plotted for MDA-MB-231 and MCF-7 cells. **p<0.01.
b, c The expression of Bcl-2 and Bax in MDA-MB-231 and MCF-7, and procaspase-3 and cleaved caspase
3 in MCF-7 was analyzed by Western blot analysis. d Expression of apoptotic proteins p53 and p-p53 in
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NONO depleted MCF 7 cells. Treatment of H2O2 with 50 µM for 6 hours promotes expression of NONO,
while the treatment of p53 inhibitor PIF-α for 24 hours does not affect NONO expression. eThe effect of
NONO silencing on the change of mitochondrial membrane potential (MMP) by JC-1. a, eData
represented as mean ± SD of three independent experiments. **p<0.01. b,c,dRepresentative blots are
shown from at least two independent experiments. β-actin was used as an internal control.

Figure 7
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NONO knockdown inhibits the migration and invasion potential of MDA-MB-231 and MCF-7 breast cancer
cells.a, bThe migratory capacity of siRNA-scr and siRNA-SUPT5H transfected breast cancer cells was
investigated using a wound-healing assay. ImageJ 64 was used to measure wound area. Magni�cation,
10X. cThetranswell migration and invasion assay determined the migration and invasion capacities of
MDA-MB-231 and MCF-7 breast cancer cells transfected with siRNA-scr and siRNA-NONO. Scale bar, 100
µm and magni�cation, 20X. a-c, the data is the representation of three independent experiments. *p<0.05,
**p<0.01, p***<0.001.d Western blot analysis of the expression of E-cadherin, Vimentin, MMP-2, and
MMP-9 proteins in the siRNA-scr and siRNA-NONO transfected breast cancer cells. β-actin served as a
protein loading control. The epithelial markerE-cadherin was upregulated, and mesenchymal marker
vimentin was downregulated in NONO knockdown cells. MMP-2 and MMP-9 expression levels were
decreased by NONO knockdown. Representative blots are shown from at least two independent
experiments. β-actin was used as an internal control.
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Figure 8

NONO depletion inhibits the cancer stem cell formation in breast cancer cells. a FACS measured the
subpopulation of the cells with CD24  /CD44  phenotype in MDA-MB-231 and MCF-7 cells. The bar graph
depicts the quanti�cation of CD24  /CD44  cells. b, cqRT-PCR expression analysis of stemness
associated markers, including SLUG, OCT4, SOX2, Twist in MDA-MB-231 and MCF-7 cells. Data
represented as mean ± SD of three independent experiments. d, e Quanti�cation of expression of NONO
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and PIN1 in NONO depleted MDA-MB-231, and MCF-7 cells wereanalyzed by qPCR Western blotting
(representative blots are shown from at least two independent experiments). fWestern blotting analysis of
NONO and PIN1 protein in NONO and PIN1 depleted MDA-MB-231 and MCf-7 ells.β-actin was used as a
control for equal loading and ImageJ software for densitometry analysis.a-eData represented as mean ±
SD of three independent experiments. ***p< 0.001, p**< 0.01, *p<0.05.

Figure 9

NONO inhibits the expression of PD-L1 in breast cancer cells. Silencing of NONO promotes the expression
of PD-L1 protein at the surface of MDA-MB-231 and MCF-7 breast cancer cells. Bar plots represented as
mean ± SD of three independent experiments. ***p< 0.001, *p<0.05
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Figure 10

NONO activates MAPK/β-catenin signaling pathway in breast cancer cells. a Total cellular protein (50 µg)
from siRNA transfected MDA-MB-231 and MCF-7 cells were analyzed by western blotting with MAPK
antibodies against the proteins as speci�ed. b, c The interaction of NONO and c-Jun was investigated by
yeast two-hybrid and immunoprecipitation/western blotting. dThe NONO immunoprecipitated complex of
MDA-MB-231 cell lysates with anti-NONO or anti-β-catenin antibody analyzed by western blotting (IB). e
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Silencing of NONO in MDA-MB-231 and MCF-7 cells suppresses β-catenin and the related downstream
molecules such as c-myc and cyclin D1.a, eRepresentative blots are shown from two independent
experiments. β-actin was used as a control for equal loading and ImageJ software for densitometry
analysis.
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