
INTRODUCTION

Advanced or metastatic breast cancer affects multiple or-
gans and is a leading cause of cancer death (Jones, 2008; 
Peart, 2017). For example, despite advances in breast cancer 
screening, diagnosis, and treatment, nearly 12% of patients 
diagnosed with breast cancer eventually develop metastatic 
disease or breast cancer that spreads beyond the breast to 
other parts of the body (Peart, 2017). Treatments for metastat-
ic breast cancer are still lacking, thus it generally has a poor 
prognosis, with a 5-year survival rate of 26% (Peart, 2017). 
Common sites of metastasis include the bone, liver, lung, 

brain, lymph nodes, pleura, and skin (Lu and Kang, 2007; 
Kennecke et al., 2010). Interestingly, breast cancer-specific 
subtypes (i.e., luminal A and B, HER2 enriched and basal-like) 
have preferential metastasis sites, with both the tumour cells 
and metastatic microenvironment possibly contributing to this 
organ specificity (Lu and Kang, 2007; Guo and Deng, 2018). 
However, to date, the biology of breast cancer metastasis ac-
cording to the organ site remains largely unknown. 

Epithelial−mesenchymal metastasis (EMT) is a cellular pro-
cess that is known to play a key role in metastasis. In this 
process, epithelial cells experience the loss of cell-cell and 
cell-stromal junctions, adopt a mesenchymal cell shape, and 
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Advanced or metastatic breast cancer affects multiple organs and is a leading cause of cancer-related death. Cancer metastasis 
is associated with epithelial-mesenchymal metastasis (EMT). However, the specific signals that induce and regulate EMT in car-
cinoma cells remain unclear. PRR16/Largen is a cell size regulator that is independent of mTOR and Hippo signalling pathways. 
However, little is known about the role PRR16 plays in the EMT process. We found that the expression of PRR16 was increased 
in mesenchymal breast cancer cell lines. PRR16 overexpression induced EMT in MCF7 breast cancer cells and enhances migra-
tion and invasion. To determine how PRR16 induces EMT, the binding proteins for PRR16 were screened, revealing that PRR16 
binds to Abl interactor 2 (ABI2). We then investigated whether ABI2 is involved in EMT. Gene silencing of ABI2 induces EMT, lead-
ing to enhanced migration and invasion. ABI2 is a gene that codes for a protein that interacts with ABL proto-oncogene 1 (ABL1) 
kinase. Therefore, we investigated whether the change in ABI2 expression affected the activation of ABL1 kinase. The knockdown 
of ABI2 and PRR16 overexpression increased the phosphorylation of Y412 in ABL1 kinase. Our results suggest that PRR16 may 
be involved in EMT by binding to ABI2 and interfering with its inhibition of ABL1 kinase. This indicates that ABL1 kinase inhibitors 
may be potential therapeutic agents for the treatment of PRR16-related breast cancer.
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exhibit dedifferentiation, migration, and invasive behaviour 
(Brabletz et al., 2018; Lee, 2018). In the past few decades, 
activation of the EMT program has been proposed as an im-
portant mechanism for the development of a malignant phe-
notype in epithelial cancer cells. However, the specific signals 
that induce and regulate EMT in carcinoma cells require fur-
ther analysis (Lee, 2019).

PRR16/Largen is a cell size regulator that is indepen-
dent of mTOR and Hippo signalling pathways (Yamamoto 
et al., 2014). It works by stimulating the translation of certain 
mRNAs, including those encoding proteins that affect mito-
chondrial function, leading to an increase mitochondrial mass 
and respiration. It has been reported that the expression of 
PRR16 is higher in liver cancer tissues and carotid paragan-
gliomas (Snezhkina et al., 2019; Bai et al., 2020). However, its 
role in the EMT process remains unclear. 

In this report, we find that PRR16 may be involved in the 
EMT process of breast cancer via the PRR16/Abl interactor 
2 (ABI2)/ABL1 axis. This indicates that ABL1 kinase inhibitors 
could be employed as therapeutic agents for the treatment of 
PRR16-related breast cancer. 

MATERIALS AND METHODS

Materials 
High-glucose Dulbecco’s Modified Eagle Medium (DMEM), 

fetal bovine serum (FBS), phosphate-buffered saline (PBS), 
and antibiotics (penicillin and streptomycin; P/S) were pur-
chased from Welgene Inc. (Gyeongsan, Korea). Antibody 
against PRR16 (PA5-61919) was purchased from LSBio (Sea-
tle, WA, USA). Antibodies against vimentin (sc-32322), and 
β-actin (sc-47778) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Antibodies against N-cadherin 
(ab12221), and Snail (ab167609) were purchased from Ab-
cam (Cambridge, UK). Anti-E-cadherin (610181), phycoery-
thrin (PE)-conjugated CD24 (555482), and allophycocyanin 
(APC)-conjugated CD44 antibodies were purchased from BD 
Biosciences (Palo Alto, CA, USA). Anti-mouse-horseradish 
peroxidase (HRP) and anti-rabbit-fluorescein isothiocyanate 
(FITC)-labeled 2nd antibodies were obtained from Santa Cruz 
Biotechnology. Anti-rabbit-HRP and anti-mouse-Alexa594 
conjugated antibodies were bought from GenDEPOT, Inc. 
(Barker, TX, USA) and Thermo Fisher Scientific (Rockford, IL, 
USA), respectively. All of the other chemicals were of reagent 
grade.

Cell culture and stable cell lines generation
All cell lines were obtained from the American Type Culture 

Collection (Bethesda, MD, USA). Human breast cancer cell 
lines, MCF7 and MDA-MB-231, were cultured in high glucose 
DMEM with 10% FBS and 1% P/S in a humidified CO2 in-
cubator (Kang et al., 2017). Human mammary epithelial cell 
line, MCF10A, was maintained in DMEM/F-12 medium sup-
plemented with 5% horse serum, 0.5 µg/mL hydrocortisone, 
10 µg/mL insulin, 20 ng/mL epidermal growth factor, 1% P/S. 
To generate PRR16 knockdown or overexpressing cell lines, 
lentiviruses encoding control or PRR16 short hairpin RNA and 
empty or PRR16 pcDNA3.1 vector were transduced into tar-
get cells. Then, the cells were selected and maintained by pu-
romycin or G418 selection protocol.

siRNA or plasmid DNA transfection 
For gene-knockdown assay, cells were transfected with 

control or PRR16 siRNA (sequence: 5’-GCUGCAUACCCAA-
CAGUAA-3’, ST Pharm, Seoul, Korea) using Lipofectamine™ 
2000 Transfection Reagent (Invitrogen, Waltham, MA, USA), 
following the manufacturer’s protocol. The ratio of siRNA vs li-
pofectamine reagent was 1:1.5. For transient over-expression 
assay, PRR16 cDNA was cloned into pcDNA3.1 vector. 70-
80% confluent cells were transfected using JetPEI (Polyplus 
Transfection, San Marcos, CA, USA), according to the manu-
facturer’s recommendations (DNA:JetPEI=1:2). After 24 h of 
transfection, the cells were used in further experiments.

RNA preparation and polymerase chain reaction (PCR) 
Total RNA was prepared using TRIzol® RNA Isolation Re-

agents (Invitrogen) according to the manufacturer’s instruc-
tions (Rho et al., 2021b). Reverse transcription was performed 
with a First Strand cDNA Synthesis kit (Promega, Madison, 
WI, USA). The reverse transcription PCR reaction was per-
formed in the 96-Well GeneAmp® PCR System 9700 (Ap-
plied Biosystems, Piscataway, NJ, USA) using AccuPower® 
HotStart PCR PreMix (Bioneer, Daejeon, Korea) with the ap-
propriate sense and antisense primers. The primer sequence 
was as follows: N-cadherin (F: 5’-ATCCGGT- CCGATCTG-
CAGCC-3’; R: 5’-GTGGCCCCCAGTCGTT- CAGGTA-3’; 198 
bp), Vimentin (F: 5’-ACCAAGACA CTATTGGCCGCCT-3’; R: 
5’-CCCTCAGGTTCAGGGAGGAAAAGT-3’; 201 bp), E-cad-
herin (F: 5’-TGCCCAGAAAATGAAAAAGG-3’; R: 5’-GTGTAT-
GT- GG CAATGCGTTC-3’; 200 bp), PRR16 (F: 5’-CAGTG-
GTGCTGCCATCAACT -3’; R: 5’- TTTGCTTTTGTCATTAT-3’; 
200 bp), Snail (F: 5’-AGCCTGGGTGCCC- TCAAGATG-3’; 
R: 5’-CTTGGTGCTTGTGGAGCAGGGAC-3’; 274 bp), and 
β-actin (F: 5’-TGAAGCTGAGGG- AGCCACAGC-3’; R: 
5’-GGGTTCTCCCT- GGGCACCAA-3’; 540 bp). The reaction 
products were visualized by electrophoresis on a 1.2% aga-
rose gel (Invitrogen) under UV light illumination after staining 
with SafePinky DNA Gel Staining Solution (GenDEPOT, Inc.).

Western blot analysis 
Cells were washed twice with ice-cold PBS and disrupted 

in RIPA buffer with Xpert Protease Inhibitor Cocktail Solution 
and Xpert Phosphatase Inhibitor Cocktail Solution (GenDE-
POT, Inc.) on ice for 30 min (Rho et al., 2021a). Cell lysates 
were centrifuged at 15,000 rpm for 15 min at 4°C, and the re-
sultant supernatants were subjected to Western blotting. The 
total protein concentration was quantified using the Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific). Proteins 
were separated by electrophoresis on a (8-10)% (SDS-PAGE, 
after which samples were transferred onto a polyvinylidene 
difluoride (PVDF) membrane. The membrane was treated 
with 5% skim milk for 1 h and incubated overnight at 4°C with 
the appropriate primary antibodies. After TBST washing, the 
membrane was incubated with HRP-conjugated secondary 
antibody (1:5,000) for 90 min at RT. The bands were visual-
ized using PowerOpti-ECL detection reagent (Animal Genet-
ics Inc., Suwon, Korea). 

Co-immunoprecipitation 
A total of 1 mg of cell lysate was incubated for 1 h with lgG 

and 10 µg of protein A/G beads. The lysate was incubated 
overnight at 4°C with 2 µg of anti-PRR16 antibodies or anti-
ABI2 antibodies or nonspecific IgGs. Then, lysate was incu-
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bated once more for 2 h at 4°C with 20 µg protein A/G agarose 
beads (50% slurry; Thermo Fisher Scientific). The samples 
were then centrifuged, and the pellets were washed with 1 mL 
of the lysate buffer (10 mM Tris-HCl, pH7.4, 150 mM NaCl, 5 
mM EDTA, 0.1% Triton X-100). The immunoprecipitated pro-
teins were extracted by 10 min boiling with 2 × Laemmli 40 
µL and detected by immunoblot with anti-PRR16 or anti-ABI2 
antibodies. 

Confocal microscopy analysis 
Cells were seeded on coverslips, and incubated with EMT 

conditions. The cells were washed with ice-cold PBS and fixed 
in 4% paraformaldehyde for 10 min at RT. The cells were then 
permeabilized with 0.1% Triton X-100 for 10 min, blocked with 
3% BSA for 30 min, and incubated with primary antibodies 
overnight at 4oC. After PBS washing, the cells were incubated 
with fluorescence conjugated secondary antibodies for 1 h at 
RT. Finally, the samples were mounted onto slide with DAPI 
contained solution and visualized using a Nikon’s C1 plus 
Digital Eclipse Modular Confocal Microscope System (Nikon 
Instruments Inc., Tokyo, Japan).

Migration and invasion assay 
Cell migration assay were performed using ChemoTx mi-

cro plate 96-well (Neuro Probe, Inc., Gaithersburg, MD, USA) 
(Nam et al., 2022). The bottom side of the ChemoTx mem-
brane was pre-coated with fibronectin (10 µg/mL). Then the 
lower chamber was filled by 10% serum media and the cells in 
serum-free media were placed directly into the upper side of 
membrane. After incubation, the migrated cells were stained 
with Diff Quick® Stain reagents (Sysmex, Kobe, Japan). For 
the transwell invasion assay, the upper chamber was pre-
coated with Matrigel (1 mg/mL). Then the cells in 0.2 mL me-
dium without serum were placed in the upper chamber, and 
the lower chamber was filled with 0.6 mL of medium with 10% 
serum. Following an incubation period, the cells opposite the 
upper chamber were fixed, and stained with hematoxylin and 
eosin stain solution. Cells in four different fields of view were 
counted. 

Statistical analysis
Student’s t-test was used to determine the statistical signifi-

cance of the differences between the experimental and con-
trol group values. The data presented represent the mean ± 
standard deviation. 

RESULTS

Expression of PRR16 in Breast Cancer Cells
Initially we explored whether PRR16 expression was in-

volved in the progression of breast cancer. To investigate the 
prognostic significance of PRR16 mRNA expression in breast 
cancer, survival analysis was conducted using an online Ka-
plan Meier-plotter. Breast cancer patients were divided into 
two subgroups, PRR16-high and PRR16-low, on the basis of 
their quartile expression levels. There was a significant dif-
ference in the probability of overall survival in the patients 
group with a positive lymph node status (p value=0.0, HR 
(95% CI)=2.21 (1.57-3.11), n=1067) (Fig. 1A, left) and in the 
patients group with a basal subtype and no systematic treat-
ment (p value=0.00, HR (95% CI)=5.28 (2.49-11.22), n=71) 

(Fig. 1A, right). 
The expression of PRR16 in breast cancer cell lines was 

positively correlated with the expression of PRR16 and in-
versely correlated with the expression of CDH1 (Fig. 1B). The 
expression of PRR16 in the microarray data sets (GSE10890) 
was also found to be higher in the basal-type breast cancer 
cell line (Fig. 1C). The expression of PRR16 in the epithelial 
and mesenchymal breast cancer cell lines was investigated 
using the GSE66527 microarray data set. PRR16 was higher 
in the mesenchymal cell lines with the expression of mesen-
chymal markers including vimentin, ZEB1 and ZEB2. In con-
trats, the expression of PRR16 was lower in the epithelial cell 
lines (Fig. 1D). 

To gain further insight from the microarray data, we con-
ducted gene set enrich analysis (GSEA) using the whole mi-
croarray gene list (high PRR16 expression vs low PRR16 ex-
pression in basal-type of breast cancer tissues; GSE21653). 
GSEA can be employed to determine whether an a priori 
defined set of genes exhibits a statistically significant differ-
ence between high and low PRR16 expression. The results 
showed that the ‘HALLMARK_EPITHELIAL_MESENCHY-
MAL_TRANSITION’ gene set was positively enriched in high 
PRR16 expression tissue (Fig. 1E). 

PRR16 induces the epithelial-mesenchymal transition in 
breast cancer cells

 The overexpression of PRR16 in MCF7 and SK-BR-3 cells 
led to a decrease in cell adhesion in MCF7 cells (Fig. 2A), 
while the gene silencing of PRR16 in MDA-MB-231 cells in-
creased cell adhesion (Fig. 2A). Changes in EMT markers 
were observed in PRR16- overexpressed MCF7 and SK-BR-3 
cells with a decrease in E-cadherin expression and an in-
crease in both N-cadherin and vimentin expression (Fig. 2B). 
Conversely, the higher expression of E-cadherin and lower 
expression of N-cadherin and vimentin were observed in the 
PRR16 siRNA treated MDA-MB-231 cells (Fig. 2B). In addi-
tion, the expression of ZEB1, ZEB2, SNAIL, and SLUG, which 
are transcription factors for EMT, increased with the overex-
pression of PRR16 and decreased in MDA-MB-231 cells af-
ter the silencing of PRR16 (Fig. 2C). Changes in these EMT 
markers were also confirmed using confocal microscopy (Fig. 
2D). The overexpression of PRR16 increased migration and 
invasion in the MCF7 and SK-BR-3 cells, while lower PRR16 
expression reduced migration and invasion in MDA-MB-231 
cells (Fig. 2E).

PRR16 regulates the expression of ABI2 via binding  
In order to elucidate the mechanism underlying the effect of 

PRR16 on EMT, ABI2, while is the binding partner of PRR16, 
was selected for further analysis from the bioinformatics site 
(Rolland et al., 2014). It was confirmed by coimmunoprecipi-
tation that ABI2 binds to PRR16 (Fig. 3A). Interestingly, the 
overexpression of PRR16 inhibited the expression of ABI2 
(Fig. 3B), a relationship that was also observed via confocal 
microscopy (Fig. 3B). The decrease in ABI2 expression due 
to PRR16 overexpression in MCF7 cells was also confirmed 
using confocal microscopy (Fig. 3C). It was observed that the 
expression of ABI2 was higher when PRR16 was knocked 
down in MDA-MB-231 cells (Fig. 3C).

Biomol  Ther 30(4), 340-347 (2022) 
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Loss of ABI2 induces EMT and promotes the 
phosphorylation of tyrosine 412 of ABL1 kinase

Because PRR16 induces EMT, we investigated whether 
its binding protein ABI2 was involved in EMT. The si-RNA of 

ABI2 led to a decrease in E-cadherin expression and an in-
crease in N-cadherin and vimentin expression (Fig. 4A). In 
addition, lower expression of ABI2 increased the migration 
and invasion of MCF7 and SK-BR-3 breast cancer cells (Fig. 
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4B). ABI2 codes for a protein that interacts with ABL1 kinase. 
Therefore, we investigated whether the change in ABI2 ex-
pression affects the activation of ABL1 kinase. As a result of 
the knockdown of ABI2, it was observed that the phosphory-
lation of Y412 of ABL1 increased (Fig. 4C). Based on these 
results, we concluded that PRR16, which interacts with ABI2 
and suppresses its expression, also regulates the activity of 
ABL1 kinase. The effect of ABI2 on the phosphorylation of 
Y412 in ABL1 was investigated using Western blot analysis. 
An increase in the expression of PRR16 increased the phos-
phorylation of Y412 in ABL2 (Fig. 4D). Conversely, reducing 
the expression of PRR16 led to a reduction in the phosphory-
lation of ABL1 kinase (Fig. 4D). 

DISCUSSION

PRR16 is a gene that has rarely been studied in relation 
to cancer. However, it is one of the 21 genes with altered ex-
pression levels involved in the development of carotid para-
gangliomas and related to the characteristics of liver cancer 
stem cell (Snezhkina et al., 2019; Bai et al., 2020). We found 
that the expression of PRR16 was high in mesnechymal cell 
lines, and the fluctuations were high with EMT-related genes 
in tissues with high PRR16 expression levels (Fig. 1E). These 
results suggest that PRR16 may be important in EMT. As ex-
pected, PRR16 promoted EMT in breast cancer cell lines (Fig. 
2). Therefore, in breast cancer patients with high expression 
of PRR16, PPR16 promotes EMT and thus metastasis, pos-
sibly worsening their prognosis, and KMPLOT data supports 
this (Fig. 1A-1D).

To elucidate the mechanism involved in the promotion of 
EMT by PRR16, ABI2 was chosen by exploring the interaction 
partners of PRR16 in the Biogrid (Luck et al., 2020). It was 
confirmed that ABI2 really interacts with PRR16 (Fig. 3). ABI2 
has been reported to be a tumour suppressor gene because 
it is involved in the positive regulation of cell component or-

ganization and the regulation of zonula adherens assembly 
and acts as an inhibitor by binding to ABL kinase (Dai and 
Pendergast, 1995). Our results show that PRR16 provoked a 
decrease in the expression of ABI2 through its interaction with 
ABI2. Therefore, it can be inferred that a decrease in ABI2 ex-
pression due to PRR16 leads to the activation of ABL1 kinase, 
and our results confirmed this (Fig. 4C, 4D). This PRR16-me-
diated decrease in the expression of ABI2 subsequently led 
to EMT (Fig. 4A). This is consistent with report of EMT being 
induced in nasopharyngeal carcinoma cells through the up-
regulation of c-JUN/SLUG signal following the downregulation 
of ABI2 expression by EBV-miR-BART13-3p (Huang et al., 
2020). 

The lower expression of ABI2 resulted in the activation of 
ABL1 kinase, which appears to be involved in inducing EMT. 
The involvement of ABL1 kinase in EMT has been previously 
reported in many previous studies. For example, it has been 
reported that ABLl kinase is involved in epithelial morphol-
ogy and cadherin swiching in breast cancer cells (Bryce et 
al., 2013). In addition, active ABL kinases promote changes 
in actin dynamics and promote the remodeling of the adhe-
sion junctions required for EMT (Zandy et al., 2007; Zandy 
and Pendergast, 2008). In addition, ABL kinase activates and 
promotes the nuclear accumulation of TAZ transcriptional co-
activators, which have been shown to promote EMT in breast 
and lung cancer cells (Lei et al., 2008; Gu et al., 2016; Wang 
et al., 2016). ABL kinase has also been shown to regulate the 
expression of the EMT transcription factors ZEB1, TWIST1, 
SNAIL1, and/or SLUG depending on the cellular context (Al-
lington et al., 2009; Suh et al., 2013; Jain et al., 2017).

The phosphorylation of ABL1-dependent OTULIN (OTU 
deubiquitinase with linear linkage specificity) induces 
β-catenin activation following damage to the DNA, promoting 
drug resistance in triple-negative breast cancer (Wang et al., 
2020). WNT activation by ABL1 kinase can thus be the main 
mechanism of action for EMT (Xu et al., 2020). 

The elusive question that remains is how PRR16 can regu-
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Fig. 3. PRR16 binds to and inhibits ABI2. (A) Confirmation of the interaction between PRR16 and ABI2. (B, C) Effect of PRR16 expression 
on ABI2 expression. In MCF7 cells, an HA-tagged control (CTR) or PRR16 was overexpressed, and the interaction between PRR16 and 
ABI2 was verified by immunoprecipitation with HA-specific antibody. MCF7 and SK-BR-3 cells were transfected with plasmid DNA to over-
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β-actin were validated using Western blot. Confocal microscopic analysis validated the protein levels of ABI2. 
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late the activity of ABL1 kinase by inducing a decrease in the 
expression of ABI2. It could be that PRR16 simply competes 
with ABL1 and binds to ABI2, thus interfering with the ABL1 
inhibitory activity of ABI2 or more actively binding with ABI2, 
leading to degradation (Fig. 4E). It is worth noting that it has 
been reported in Biogrid that PRR16 binds to E3 ligases such 
as NEDD4 and NEDD4L (Persaud et al., 2009). Research is 
currently underway to address this question.

In conclusion, in this report, we revealed for the first time 
that PRR16 can induce EMT via the activation of ABL1 kinase 
by binding to ABI2. These results are thought to be helpful 
in suggesting new targets and therapeutic strategies for the 

control of ABL1-involved cancers.
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