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Purpose
RIOK1 has been proved to play an important role in cancer cell proliferation and migration 
in various types of cancers—such as colorectal and gastric cancers. However, the expres-
sion of RIOK1 in breast cancer (BC) and the relationship between RIOK1 expression and 
the development of BC are not well characterized. In this study, we assessed the expres-
sion of RIOK1 in BC and evaluated the mechanisms underlying its biological function in this 
disease context. 

Materials and Methods
We used immunohistochemistry, western blot and quantitative real-time polymerase chain 
reaction to evaluate the expression of RIOK1 in BC patients. Then, knockdown or overex-
pression of RIOK1 were used to evaluate the effect on BC cells in vitro and in vivo. Finally, 
we predicted miR-204-5p could be a potential regulator of RIOK1.   

Results
We found that the expression levels of RIOK1 were significantly higher in hormone recep-
tor (HR)–negative BC patients and was associated with tumor grades (p=0.010) and p53 
expression (p=0.008) and survival duration (p=0.011). Kaplan-Meier analysis suggested a 
tendency for the poor prognosis. In vitro, knockdown of RIOK1 could inhibit proliferation, 
invasion, and induced apoptosis in HR-negative BC cells and inhibited tumorigenesis in 
vivo, while overexpression of RIOK1 promoted HR-positive tumor progression. MiR-204-5p 
could regulate RIOK1 expression and be involved in BC progression.  
Conclusion
These findings indicate that RIOK1 expression could be a biomarker of HR-negative BC, 
and it may serve as an effective prognostic indicator and promote BC progression.    
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Introduction

Breast cancer (BC) remains the cancer type with the high-
est morbidity among women, with 1.67 million diagnoses 
and 521,900 deaths in 2012 alone [1]. In recent years the  
average 5-year survival of BC patients has risen significantly  

owing to advances in adjuvant and local therapeutic treat-
ments, but in individuals with metastatic disease, such 
survival rates remain poor even following radical surgical 
treatment [2]. BC is a highly heterogeneous disease, with 
many recent efforts having been made to group BC patients 
according to a number of phenotypic parameters including 
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hormone receptor (HR) expression status and human epi-
dermal growth factor receptor 2 (HER2) expression levels, 
leading to the definition of BC subtypes including luminal A,  
luminal B, HER2, and triple-negative BC [3]. Between 60% 
and 75% of BC cases are found to be HR-positive upon  
diagnosis [4]. The prognosis of BC patients is influenced by 
a range of different parameters, with HR-positive BC being 
known to have a significantly better average prognosis rela-
tive to HR-negative BC [5,6]. BC tumors that are positive for 
estrogen receptor (ER) are dependent upon active estrogen 
levels for growth, and as such patients can be treated with 
estrogen blockers such as tamoxifen or with inhibitors of 
estrogen production, leading to a better patient prognosis. 
Similarly, patients with HER2-positive BC often respond 
well to the monoclonal antibody trastuzumab, leading to sig-
nificantly improved survival outcomes [7]. However, trastu- 
zumab resistance also frequently manifests among these 
patients and is associated with significantly poorer survival 
outcomes. Triple-negative BC, in contrast, lacks any avai- 
lable targeted therapeutics and is thus associated with a 
poorer prognosis than other disease subtypes [8]. These find- 
ings emphasize the importance of identifying prognostic bio-
markers and therapeutic targets which may allow for the bet-
ter management and treatment of HR-negative BC patients. 

Atypical protein kinases of the right open reading frame 
(RIO) family are present in almost all forms of life [9,10], 
with family members including RIOK1, RIOK2, and RIOK3. 
Both RIOK1 and RIOK2 are non-ribosomal proteins that are 
nonetheless essential for regulating ribosomal RNA bioge- 
nesis and cell cycle progression, with the depletion of either  
of these proteins in yeast having been shown to result in 
impaired 20S pre-ribosomal RNA processing. Similarly, 
RIOK2 is essential for 18S pre-rRNA production in human 
cells, whereas 21S pre-rRNA processing requires the activ-
ity of RIOK3 [11]. Proteins that regulate ribosomal biogen-
esis are known to have a profound impact of progression 
through the cell cycle, with RIOK1 depletion having been 
shown to result in S phase and mitotic arrest [12]. RIO  
kinases are also known to be important in the regulation 
of a wide range of disease types [13,14], with their overex-
pression having been previously detected in both non-small 
cell lung cancer (NSCLC) and colorectal cancer (CRC) [15]. 
In these contexts, RIOK1 has been shown to influence the 
proliferative, migratory, and invasive activity of tumor cells,  
although its exact mechanistic role in this context has not 
been fully [16]. Whether RIOK1 is similarly overexpressed 
and/or functionally important in BC remains uncertain, and 
further research is thus warranted to explore its relevance in 
this disease context.

Given that the biological function of RIOK1 in BC remains 
unclear, in the present study, we first evaluated the expres-
sion of RIOK1 in BC and then investigated the correlation 
between the RIOK1 expression and patient clinicopatho-

logical characteristics. We also evaluated the biological roles 
of RIOK1 by modulating its expression in BC cell lines. 
We found that knocking down RIOK1 was able to inhibit  
invasion, proliferation, G2/M cell cycle progression, and  
angiogenesis, while promoting cellular apoptosis via the pho- 
sphoinositide 3-kinase (PI3K)/AKT and mitogen-activated 
protein kinase (MAPK)/ERK pathway. Overexpression of 
RIOK1, in contrast, yielded the opposite phenotype. Bioin-
formatics analyses revealed that miR-204-5p was able to reg-
ulate the expression of RIOK1. Collectively, we found that 
RIOK1 plays an oncogenic role in BC and may represent a 
potential treatment target for BC patients. 

Materials and Methods

1. Patient sample collection
Sixty BC patient tissue samples were collected from pati-

ents undergoing surgical resection for quantitative real-time 
polymerase chain reaction (qRT-PCR) and western blot in 
the general surgery department of the Affiliated Hospital 
of Nantong University between 2018 and 2019. Following 
collection, tissues were snap-frozen prior to use. In addi-
tion, 166 paraffin-embedded BC patient tissue blocks were 
collected in the department of pathology between 2010 
and 2013 and were used for the retrospective study. All BC  
patient tumor samples had been independently evaluated by 
two pathologists, with differentiation, p53 expression levels, 
and HR/HER2 status being determined in light of the World 
Health Organization classification criteria. Patients that had 
undergone pre-surgical chemotherapy or radiotherapy were 
excluded from this analysis.

2. Immunohistochemistry and scoring
The expression of RIOK1 was assessed immunohistochem-

ically in the 166 paraffin-embedded tumor tissue samples  
(5-µm-thick sections) discussed above using a tissue micro- 
array approach, with each tissue sample having a core dia-
meter of 2 mm. Sections were first treated with dimethyl 
benzene to achieve deparaffinization, after which an ethanol 
gradient was used to dehydrate samples. Antigen retrieval 
was conducted by heating samples at 100°C for 4 minutes 
and then at 95°C for 10 minutes in sodium citrate buffer (10 
mM sodium-citrate mono-hydrate, pH 6.0), after which sam-
ples were allowed to cool to room temperature over 20 min-
utes prior to being washed with phosphate buffered saline 
(PBS). A 0.3% H2O2 solution was then applied to all samples 
for an additional 20 minutes in order to inhibit endogenous 
peroxidase activity, after which samples were probed over-
night using anti-RIOK1 (1:100, Immunoway Group, Plano, 
TX) at 4°C. A two-step reagent kit (horseradish peroxidase 
[HRP] anti-mouse/rabbit IgG, Dako, Santa Clara, CA) was 
then used to detect this primary antibody, with diaminoben-
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zidine (Dako) and hematoxylin counterstaining (Dako) being  
used to evaluate RIOK1 expression levels in these tissue 
samples. Two pathologists that had been blinded to patient 
outcomes next independently assessed RIOK1 staining in 
each tissue samples, scoring tissues according to staining 
intensity (with scores of 0, 1, 2, and 3 corresponding to no, 
weak, moderate, and strong staining, respectively) and the 
percentage of RIOK1-positive cells (with scores of 0, 1, 2, and 
3 corresponding to 0%-30%, 31%-60%, 61%-80%, and 81%-
100% RIOK1-positive, respectively). The product of these 
scores was then used to assess RIOK1 staining intensity, with 
an overall score of 0-3 being considered “low” and a score of 
3 or higher being considered “high.”  

3. qRT-PCR
TRIzol (Thermo Fisher Scientific, Waltham, MA) was 

used to isolate total RNA from 60 BC patient tissue samples  
after which a spectrophotometer (NanoPhotometer, IMP-
LEN, Munich, Germany) was used to quantify the RNA 
contents in individual samples. Next, the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was 
used to prepare cDNA from 10 µL of each RNA sample using 
the following thermocycler settings: 42°C for 60 minutes and 
70°C for 5 minutes. A Roche LightCycler 480 (Roche, Basel, 
Switzerland) was used to conduct qRT-PCR analyses of three 
replicate 2 µL cDNA samples, with individual reactions also 
containing 10 µL SYBR Green I Mix (Roche), 0.5 µL each of 
forward and reverse primers, and 7 µL nuclease-free H2O. 
Thermocycler settings were as follows: 95°C for 5 minutes; 45 
cycles of 95°C for 15 seconds, 60°C for 30 seconds, and 72°C 
for 30 seconds. Primers used in this study were as follows: 
RIOK1 (F, 5′-CCTTGGATTCTGATAACTGGAC-3′; R, 5′-AG-
GAAAATGGTGAAAACTTGG-3′), glyceraldehyde 3-phos- 
phate dehydrogenase (GAPDH; F, 5′-CGCTGAGTACGTCG-
TGGAGTC-3′; R, 5′-GCTGATGATCTTGAGGCTGTTGTC-3′). 
GAPDH expression was used for normalization purposes, 
with the 2−ΔΔCT approach used to assess relative RIOK1 expre-
ssion levels in samples.

4. Western blot
RIPA lysis buffer containing protease inhibitors was used 

to lyse and BC tumor tissue samples, which were then spun 
for 20 minutes at 12,000 rpm at 4°C. Supernatants were then 
collected, with a BCA kit (Beyotime Institute of Biotechnol-
ogy, Nantong, China) being used to quantify the protein con-
tents within each sample. Samples were then boiled for 15 
minutes in sodium dodecyl sulfate sample buffer, after which 
equal quantities of protein were separated via sodium do-
decyl sulfate polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes. Membranes 
were in turn blocked for 2 hours at room temperature with 
5% skim milk in TBST. Blots were then probed with rabbit 
polyclonal anti-RIOK1 (1:1,000, Proteintech, Wuhan, China), 

anti–E-cadherin (1:1,000, Proteintech), anti-vimentin (1:1,000, 
CST, Danvers, MA); anti–N-cadherin (1:1,000, CST); PI3K 
(1:1,000, CST); p-AKT (1:2,000, CST); AKT (1:1,000, CST); 
cyclin B1 (1:500, Proteintech); p-ERK1/2 (1:1,000, Abcam, 
Cambridge, UK); ERK1/2 (1:2,000, Abcam). After washing 
in TBST, the membran washed thrice in TBST and incubated 
for 2 hours with appropriate HRP-conjugated secondary  
antibodies (1:1,000, Santa Cruz Biotechnology, Santa Cruz, 
CA). Enhanced che-miluminescence (Thermo Scientific) was 
then employed for protein detection, with analyses being  
repeated in triplicate.

5. Cell culture and transfection
BC cell lines MDA-MB-231 (HR-negative) and MCF-7 (HR- 

positive) were obtained from the Cell Bank of Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, 
China). MDA-MB-231 were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) 
supplemented with 10% fetal bovine serum (GIBCO-BRL, 
Invitrogen), 100 µg/mL penicillin and 100 U/mL streptomy-
cin (Shanghai Genebase Gen-Tech, Shanghai, China). MCF-7 
cells were maintained in RPMI (Invitrogen) supplemented 
with 10% fetal bovine serum (GIBCO-BRL, Invitrogen), 100 
ug/mL penicillin, and 100 U/mL streptomycin. All cells 
were within a humidified atmosphere containing 5% CO2 at 
37°C. MDA-MB-231 cells and MCF-7 cells were transfected 
with Lipofectamine 3000 Reagent (Invitrogen) following the 
manufacturer’s protocol. Transfection efficiency was evalu-
ated by western blot and quantitative polymerase chain  
reaction.

6. Flow cytometry
Flow cytometry analysis was performed detecting cell  

cycle distribution and cell apoptosis according to the manu-
facturer’s protocol. Briefly, cells were trypsinized and fixed 
in centrifuge tubes containing 0.5 mL of 70% ethanol for at 
least 6 hours at 4°C, and then the suspension was centrifuged 
for 5 minutes at 1,000 rpm. Cell pellets were resuspended in 
5 mL of PBS for approximately 30 seconds and centrifuged 
at 300 ×g for 5 minutes, then resuspended in 1 mL of pro-
pidium iodide staining solution and kept in the dark at 37°C 
for 10 minutes. Samples were analyzed by a flow cytometer 
(BD, Franklin Lakes, NJ). The percentage of the cells in G0-
G1, S, and G2-M phase were collected and counted. When 
analyzing cell apoptosis, cells were washed by PBS and  
resuspended at a concentration of 1×106 cells/mL. Then an 
Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, 
Oxford, UK) was used following the manufacturer’s protocol. 
After incubation in the dark at room temperature for 20 min-
utes, the samples were immediately analyzed by a FACScan 
flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Each  
assay was performed in triplicate.
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7. Cell migration, invasion assay, and wound healing assay
For cell migration and invasion assays, the cells were per-

formed using a transwell system that incorporated a polycar-
bonate filter membrane. The transfected cells (5×104 cells per 
well) were plated in the upper chamber containing 200 µL of 
serum-free media. The lower chambers contained 10% fetal 
bovine serum. After 24 hours of incubation, chambers were 
selected and fixed with paraformaldehyde, then stained with 
crystal violet for migration assays. For invasion assays, the 
filters were precoated with Matrigel (BD) and DMEM or 
RPMI media mixture in a ratio of 1:6. We selected chambers 
of MDA-MB-231 after 24 hours and those of MCF7 after 48 
hours. The number of migrating or invading cells was count-
ed on the captured images.

For wound healing assay, cells were plated and transfected 
on 6-well plates. After cells reached confluence, the cells were 
incubated in serum-free DMEM or RPMI media. Then an  
artificial scratch of the cells was wounded with a 10 µL  
pipette tip. Then the cells were washed by PBS twice and 
serum-free medium was added for a further 24 hours. Each 
experiment was repeated three times.

8. Cell proliferation assays
We used Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo,  

Japan), colony formation, and EdU assays to estimate cell 
ability of proliferation. Three thousand transfected cells 
were seeded in the 96-well plates and added 10 µL solution 
per well; the absorbance was read on 450 nm for 24 hours, 
48 hours, 72 hours, and 96 hours. For the colony formation  
assay, a total number of 800 transfected BC cells were plated 
in 6-well plates and cultured for about 2 weeks. Cell colo-
nies were fixed with 4% methanol and stained with crystal 
violet. Colonies were counted and each experiment was  
repeated 3 times. EdU assay (5-ethynyl-20-deoxyuridine) 
was performed with a commercial kit (Ribobio, Guangzhou, 
China). The red staining represented proliferating cells and 
blue staining represented cell nucleus.

9. Tube formation assay
Two hundred microliters of Matrigel (BD) was plated in 

24-well plates and incubated at 37°C for 30 minutes. When 
it became gel, 8×104 HUVECs were added in plates in two 
groups: supernatant from siNC transfection or siRIOK1 
transfection of MDA-MB-231. After incubation at 37°C for 
6 hours, tube formation was observed by microscope and 
saved.

10. Luciferase reporter assay
The wild type or mutation sequences within the predict-

ed 3′ untranslated region binding sites of the RIOK1 were 
transfected into 293T cells along with miR-204 mimics or 
NC, carrying a luciferase reporter plasmid. After 48 hours, 
the luciferase activity was measured by Dual-Luciferase  

Reporter Assay Kit (Promega, Madison, WI). 

11. Tumor xenografts
Four-week-old female nude mice were injected with 

MDA-MB-231 cells (1×107) with siRIOK1 or NC subcutane-
ously. After first injection, we transfected them in vivo each  
5 days. The volume of xenograft tumors was measured eve-
ry 5 days. After 30 days, the mice were executed and tumors 
were taken out for weighing.

12. Bioinformatics analysis
RIOK1 expression levels in a large BC patient cohort 

were assessed using the Oncomine database (https://www. 
oncomine.org) using the search terms “RIOK1,” “Cancer VS. 
Normal/Cancer Analysis,” and “Breast Cancer.” Data were 
compared based upon log2 median-centered intensity in  
Oncomine microarray datasets. Kaplan-Meier Plotter (http://
kmplot.com/analysis/) was further used to assess the rela-
tionship between RIOK1 expression levels and BC patient 
survival outcomes, yielding a survival curve for 3,951 BC  
patients and providing the corresponding p-value describing 
the relationship between RIOK1 expression and BC patient 
prognosis.

13. Statistical analysis
All statistical testing was conducted using SPSS ver. 20.0 

(IBM Corp., Armonk, NY), and GraphPad Prism 6.0 (Graph-
Pad Software Inc., San Diego, CA) was used to generate figures. 
Data are mean±standard deviation and were compared via 
Student’s t tests, Kaplan-Meier survival analyses, chi-square 
tests, and Cox regression analyses as appropriate. For univar-
iate and multivariate analyses of factors associated with BC  
patient prognosis, Cox proportional hazards regression mod-
els were used, with the results of these analyses reported as 
hazard ratios. p < 0.05 was the significance threshold. 

14. Ethical statement
The xenograft mice were performed with the Afliated Hos-

pital of Nantong University Animal Ethics Committee and 
according to the institutional guidelines.

The ethics committee of Nantong University Affiliated 
Hospital approved the present study, with all patients hav-
ing provided written informed consent to participate.

Results

1. RIOK1 expression of BC patients in database
We began by analyzing the Oncomine database to assess 

RIOK1 expression levels in BC patients. This analysis revea-
led that patients with ER- or progesterone receptor (PR)–neg-
ative BC had higher average RIOK1 expression levels than 
did patients who were ER- or PR-positive (p < 0.001) (Fig. 
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1A). The similar analysis showed the expression of RIOK1 
was different depended on the subclass of BC (Fig. 1B). Fur-
thermore, we found using Kaplan-Meier Plotter that BC  
patients with higher RIOK1 expression had a poorer progno-

sis than did patients with lower expression of this gene (p < 
0.001) (Fig. 1C).

Fig. 1.  The expression of RIOK1 was increased in breast cancer (BC) tissues and associated with poorer patient prognosis. (A, B) Expression 
of RIOK1 level in patients with hormone receptor (HR) status and different BC subclasses in The Cancer Genome Atlas (TCGA) database. 
(C) Kaplan-Meier survival curve of patients with BC from the TCGA database. (D) The overall survival (OS) of RIOK1-high patients (red) 
was significantly lower than that of RIOK1-low patients (blue). (E) The OS of HR-negative patients (green/orange) was significantly lower 
than that of HR-positive patients (red /blue). *p < 0.05, **p < 0.01, ***p < 0.001.
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2. RIOK1 is overexpressed in HR-negative BC tissues and 
correlates with clinicopathological parameters 

We first quantified RIOK1 expression via western blot in 
five HR-positive and five HR-negative BC tumor samples 
and immunohistochemistry staining. This analysis showed 
that the expression of RIOK1 at the protein level was signifi-
cantly higher in HR-negative BC tissue samples (Fig. 2A, B, 
and D). We further confirmed that RIOK1 expression was 

higher at the mRNA level in HR-negative BC tissue samples 
by comparing 40 HR-positive and 20 HR-negative samples 
via qRT-PCR (p < 0.001) (Fig. 2C). To explore the relationship 
between RIOK1 expression levels and BC disease progres-
sion using a tissue microarray of 166 BC patient samples. Of 
these 166 samples, 91 (54.8%) exhibited high RIOK1 immu-
nohistochemical expression, while the remaining 75 (45.2%) 
are RIOK1-low (Table 1). Tumors that of a higher grade had 

Fig. 2.  RIOK1 was significantly upregulated in hormone receptor (HR)–negative tissues. (A, B) Assessment of RIOK1 expression in five 
HR-positive and five HR-negative breast cancer (BC) tissue samples as analyzed via Western blot. (C) The expression of RIOK1 at the 
mRNA level was assessed in 40 HR-positive and 20 HR-negative BC tissues via quantitative real-time polymerase chain reaction. (D) 
Staining in HR-negative BC tissue samples (left) and in HR-positive BC tissue samples (right) in situ. Original magnification: ×40 (upper), 
×400 (lower). (E) RIOK1 staining was weak in grade I tumors (left), moderate in grade II tumors (middle), and strong in grade III tumors 
(right). Original magnification: ×40 (upper), ×400 (lower). (F) The database shows the relevance between RIOK1 and p53. ER, estrogen 
receptor; PR, progesterone receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TPM, transcripts per million. **p < 0.01, ****p 
< 0.0001 vs. HR-negative tissues.

A

RIOK1 67 kDa

42 kDaβ-Actin

ER–/PR–
T1 T2 T3 T4 T5

ER+/PR+
T1 T2 T3 T4 T5

B

Re
la

tiv
e 

ex
pr

es
si

on
 o

f
RI

OK
1 

to
 β

-a
ct

in

1.0

0

0.4

0.2

ER–/PR– ER+/PR+

0.6

0.8

ER–/PR– ER+/PR+
C D

Re
la

tiv
e 

ex
pr

es
si

on
 o

f
RI

OK
1 

m
RN

A 
to

 G
AD

PH
 m

RN
A

0

15

10

5

ER+/PR+ ER–/PR–

Grade I Grade II Grade III
E F

Lo
g2

 (T
P5

3 
TP

M
)

Log2 (RIOK1 TPM)

7

6

5

4

3

2 3 54 6 7

p=1.8e-12
R=0.21

1072     CANCER  RESEARCH  AND  TREATMENT



Zhiqi Huang, RIOK1 Promotes Breast Cancer Progression

Table 1.  The relationship between RIOK1 and p53 expression and clinicopathological parameters 

Clinicopathological	
 No.

     	                RIOK1 		
p-value

	                   p53		   
p-value

parameter		  Low or No	 High		  Low or No	 High

Total	 166	 91	 75		  108	 58
Age (yr)		
    < 50	 67	 39	 28	 0.473	 46	 21	 0.427
    ≥ 50	 99	 52	 47		  62	 37	
Tumor diameter (mm)	
    ≤ 20	 74	 42	 32	 0.655	 51	 23	 0.353
    > 20	 92	 49	 43		  53	 75	
Tumor stage (TNM)				  
    I	 52	 29	 23	 0.269	 38	 14	 0.077
    II	 86	 51	 35		  55	 31	
    III-IV	 28	 11	 17		  15	 13	
Histological grade	
    I	 21	 15	 6	 0.010*	 17	 4	 0.263
    II	 99	 59	 40		  62	 37	
    III	 46	 17	 29		  29	 17	
Hormone receptor	
    ER	
        Negative	 65	 24	 41	 < 0.001***	 35	 30	 0.015*
        Positive	 101	 67	 34		  73	 28	
    PR	
        Low	 74	 27	 47	 < 0.001***	 39	 35	 0.003**
        High	 92	 64	 28		  69	 23	
    HR status			 
        ER (+)/PR (+)	 89	 62	 27	 < 0.001***	 66	 23	 0.003**
        ER (–)/PR (+)	 3	 2	 1		  3	 0	
        ER (+)/PR (–)	 12	 5	 7		  7	 5	
        ER (–)/PR (–)	 62	 22	 40		  32	 30	
Molecular type	
    Luminal A	 27	 17	 10	 < 0.001***	 23	 4	 0.012*
    Luminal B	 74	 52	 22		  51	 23	
    HER2+	 38	 13	 25		  18	 20	
    TNBC	 27	 9	 18		  16	 11	
Aggressive phenotype	
    HER2	
    Low	 99	 58	 41	 0.238	 78	 21	 < 0.001***
    High	 67	 33	 34		  30	 37	
Triple-negative phenotype	
    No	 141	 82	 59	 0.040*	 93	 48	 0.568
    Yes	 25	 9	 16		  15	 10	
Lymph node metastasis	
    Negative	 92	 54	 38	 0.263	 54	 38	 0.263
    Positive	 74	 37	 37		  37	 37	
Ki67	
    Low	 70	 43	 27	 0.129	 49	 21	 0.237
    High	 96	 47	 49		  58	 37	
Survival time (mo) 		
    ≥ 80  	 128	 78	 50	 0.011*	 88	 40	 0.228
    < 80  	 33	 12	 21		  19	 14	
(Continued to the next page)
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significantly increased RIOK1 protein expression levels (p= 
0.010) (Fig. 2E). In these samples, we found that RIOK1  
expression was higher in HER2+ and triple-negative BC 
patient tumor samples relative to those from patients with 
luminal A or B disease based on HR status (p < 0.05). No 
relationship was observed between RIOK1 expression and 
patient age, tumor diameter, lymph node metastasis, or Ki67 
expression. p53 staining results from the pathology depart-
ment also revealed a significant association between RIOK1 
and P53 levels in these BC patient tissue samples (p=0.008). 
Database also suggested a potential correlation between 
RIOK1 and p53 (Fig. 2F). Moreover, elevated RIOK1 expres-
sion was associated with an 80-month survival duration 
(p=0.011).

3. Correlation between RIOK1 expression and prognosis 
in BC patients

We next further assessed how RIOK1 expression in BC 
tumor tissues was associated with BC patient survival out-
comes using Kaplan-Meier survival analyses. Through this 
approach, we observed significantly longer overall survival 
(OS) in BC patients with low RIOK1 expression levels rela-
tive to those with higher expression of this protein (p=0.003) 
(Fig. 1D). This analysis further confirmed that molecular 

subtype was another key determinant of BC patient survival 
outcomes (p=0.017) (Fig. 1E). When comparing RIOK1-pos-
itive and -negative samples, a crude HR of 2.473 was calcu-
lated. A univariate analysis revealed that elevated RIOK1 
expression (p=0.012), Ki67 levels (p=0.042), lymph node 
metastasis (p=0.001), and HER-2 positive (p=0.032) were all 
associated with a poorer BC patient prognosis (Table 2). A 
subsequent multivariate analysis further confirmed that both 
lymph node metastasis and RIOK1 expression levels were 
independent predictors of BC patient (p=0.003 and p=0.038, 
respectively) (Table 2). 

4. RIOK1 promotes migration, invasion, and angiogenesis 
in BC cells

As the expression of RIOK1 was higher in the MDA-MB- 
231 cell line relative to in MCF7 cells, we knocked down and 
overexpressed RIOK1 in these respective cell lines (Fig. 3A, 
S1 Fig.). Given that metastasis contributes to the low survival 
rate of BC patients, we evaluated the role of RIOK1 in BC  
migration and invasion. Transwell and wound healing anal-
yses revealing that RIOK1 knockdown impaired cell motility, 
whereas RIOK1 overexpression had the opposite effect (Fig. 
3B-D). Angiogenesis is an additional key driver of tumor 
metastasis. The tube formation assay revealed that when 

Cancer Res Treat. 2020;52(4):1067-1083

Table 1.  Continued

Clinicopathological	
 No.

     	                RIOK1 		
p-value

	                   p53		   
p-value

parameter		  Low or no	 High		  Low or no	 High

p53 	
    Low 	 115	 65	 40	 0.008**	 -	 -	 -
    High	 51	 20	 31		  -	 -	

Statistical analysis were carried out using Person χ2 test. ER, estrogen receptor; PR, progesterone receptor; HR, hormone receptor; HER2, 
human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer. *p < 0.05, **p < 0.01, ***p < 0.001.

Table 2.  Assessment of prognostic factors associated with BC patient 80-month survival via univariate and multivariate approaches

Clinicopathological parameter
	                             Univariate analysis		                            Multivariate analysis

	 Hazard ratio (95% CI)	 p-value	 Hazard ratio (95% CI)	 p-value

RIOK1 (high vs. low)	 2.473 (1.216-5.028)	 0.012*	 2.133 (1.041-4.372)	 0.038*	
Ki67 (high vs. low)	 2.213 (1.028-4.763)	 0.042*	 -	 -
Lymph node metastasis (yes or no)	 3.364 (1.598-7.079)	 0.001**	 3.069 (1.449-6.498)	 0.003**
p53 (high vs. low)	 1.517 (0.749-3.071)	 0.247	 -	 -
ER (yes or no)	 0.551 (0.278-1.090)	 0.086	 -	 -
PR (yes or no)	 0.612 (0.308-1.215)	 0.160	 -	 -
HER2 (yes or no)	 2.132 (1.068-4.255)	 0.031*	 -	 -
Age stage (≤ 50 yr vs. > 50 yr)	 1.471 (0.713-3.033)	 0.296	 -	 -
Tumor diameter (≤ 2 cm vs. > 2 cm)	 1.852 (0.881-3.892)	 0.104	 -	 -
Grade (well/moderately vs. poorly)	 2.530 (0.605-10.577)	 0.203	 -	 -
BC, breast cancer; CI, confidence interval; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 
2. *p < 0.05, **p < 0.01.
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RIOK1 was knocked down, tube formation was impaired in 
MDA-MB-231 cells (Fig. 3E). Consistent with these data, the 
expression of E-cadherin was increased and vimentin and  
N-cadherin were markedly downregulated when RIOK1 

was knocked down (Fig. 3F). 

Zhiqi Huang, RIOK1 Promotes Breast Cancer Progression

Fig. 3.  Inhibiting RIOK1 expression decreased breast cancer (BC) cells migration, invasion, and angiogenesis. (A) Relative expression of 
RIOK1 in BC cell lines. (B) A wound healing assay was performed to determine the migration of MDA-MB-231 and MCF7 cells. (C, D) 
Transwell assay was used to measure the capacity of invasion and migration capacity on BC cells transfected with siRIOK1 or pcDNA 
compared with siNC or empty vector. (Continued to the next page)
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5. RIOK1 modulates BC cell proliferation, cell cycle pro-
gression, and apoptosis

CCK-8 and colony formation assays indicated that RIOK1 
affected the proliferation of BC cells (Fig. 4A-D). We addi-
tionally used EdU incorporation assays to assess the per-
centage of proliferating BC cells when RIOK1 was knocked 
down (Fig. 4E). Flow cytometry revealed that BC cells 
exhibited G2/M phase arrest when RIOK1 was knocked 
down (Fig. 4F), with these cells additionally exhibiting  
increased rates of apoptosis, while apoptosis was inhibited 
in MCF7 cells overexpressing RIOK1 (Fig. 4G and H). We 
then used western blot to measure the expression of proteins  
related to the above analyses. In light of their importance in 
HR-negative BC, we analyzed the PI3K/AKT and MAPK/
ERK signaling pathways in MDA-MB-231 cells, revealing 
that  phospho-AKT and phospho-ERK1/2 levels were down-
regulated when RIOK1 was knocked down, indicating that 
RIOK1 may affect BC cells via these two pathways (Fig. 4I).

6. Knockdown of RIOK1 inhibits tumor growth in vivo
We next investigated whether RIOK1 was able to modu-

late BC tumorigenesis in vivo. MDA-MB-231 cells transfect-
ed with siRIOK1 or siNC were injected into nude mice and  
tumor growth was then monitored, revealing that tumors 
were smaller in mice in the siRIOK1 group relative to the 
siNC group (Fig. 5A-D). We additionally confirmed via qRT-
PCR that RIOK1 expression was knocked down by siRIOK1 
(Fig. 5E). These results thus suggested that knockdown of 
RIOK1 was able to inhibit tumor growth in vivo.

7. miR-204-5p modulates RIOK1 expression and impact 
HR-negative BC

To identify potential miRNAs that target RIOK1, we used 
TargetScan, miRDB, starBase, and Tarbase to identify miR-
204-5p as the only predicted miRNA targeting this gene (Fig. 
6A). We then detected the expression of RIOK1 in MDA-231 
cells which was transfected with a miR-204-5p mimic or  
inhibitor (Fig. 6B). A luciferase reporter assay confirmed that 
miR-204-5p and RIOK1 were able to directly interact with 
one another in cells (Fig. 6C). Furthermore, we performed 
rescue assays to validate whether miR-204-5p was able to 
reverse the pro-tumorigenic role of RIOK1 in BC cells, and 
we determined that miR-204-5p/RIOK1 promoted BC cell 
proliferation and migration in vitro (Fig. 6D-F). Furthermore, 
through a database search, we found that lower miR-204  
expression was predictive of a worse outcome in BC patients 
(S2 Fig.). Together, these data suggested that miR-204-5p was 
able to impact RIOK1 and to modulate its ability to influence 
tumor progression.

Discussion

RIOK1 is a key kinase in the RIO protein family. Kinases 
are essential regulators of all cellular processes, and make up 
roughly 2% of all eukaryotic genes [17], regulating transcrip-
tion, translation, and protein function via phosphorylation of 
specific target proteins [18]. While best studied in yeast, RIO 
kinases are also thought to be key regulators of ribosomal  

Fig. 3.  (Continued from the previous page) (E) The effect of the RIOK1 expression of MDA-MB-231 cells on endothelial cell tube formation. 
(F) Western blot analysis was used to detect the RIOK1 level on epithelial-mesenchymal transition process markers. *p < 0.05, **p < 0.01, 
***p < 0.001.

F

E-cadherin

Vimentin

β-Actin

125 kDa

140 kDa

57 kDa

42 kDa

N-cadherin

SI-NC SI-RIOK1

To
ta

l b
ra

nc
h 

po
in

t

80

0

40

20

SI-NC SI-RIOK1

60

To
ta

l t
ub

e 
le

ng
th

 (p
x)

6,000

0
SI-NC SI-RIOK1

4,000

2,000

E
SI-NC

M
DA

-M
B-

23
1 SI-RIOK1

1076     CANCER  RESEARCH  AND  TREATMENT



Zhiqi Huang, RIOK1 Promotes Breast Cancer Progression

Fig. 4.  RIOK1 promoted breast cancer (BC) cells proliferation, induced cell cycle arrest, and reduced cell apoptosis. (A, B) Cell Counting 
Kit-8 assay presented the proliferation capacity of MDA-MB-231 and MCF7 cells transfected with siRIOK1 or pcDNA compared with 
siNC or empty vector. (C, D) Colony formation assay was used to detect the proliferation of MDA-MB-231 and MCF7 cells transfected 
with siRIOK1 or pcDNA. (E) EdU assay was used to evaluate cell proliferation. Representative images for EdU-positive cells (red) and 
Hoechst-stained nuclei (blue) of MDA-MB-231 transfected with siRIOK1 or siNC were shown in the left. Quantification data was shown 
in the right. (Continued to the next page)
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Fig. 4.  (Continued from the previous page) (F) Flow cytometry of cell cycle was used to analyze the effect of siRIOK1 on MDA-MB-231 cells. 
(G, H) Induction of apoptosis of BC cells was analyzed by flow cytometry on MDA-MB-231 and MCF7 cells transfected with siRIOK1 
or pcDNA compared with siNC or empty vertor. PI3K, phosphoinositide 3-kinase. (I) Western blot analysis of proliferation-related and 
apoptosis-related pathway proteins on MDA-MB-231 cells transfected with siRIOK1 or siNC. *p < 0.05, **p < 0.01.
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biogenesis in mammalian cells. Indeed, RIOK1 has been 
shown to be closely linked to mammalian cell prolifera-
tion, with its absence leading to cell cycle arrest at the G2/M 
checkpoint in affected cells [19]. The dependent of cell pro-
liferation on RIOK1 activity was evident even in a study 
of RAS-driven tumor cells, suggesting that therapeutic tar-
geting of RIOK1 may be a viable strategy for treating such 
RAS mutant cancers [20]. RIOK1 has also been shown to be 
overexpressed in CRC and NSCLC [15], but it has not been 
directly studied in the context of BC.

BC remains the most common invasive cancer type affect-

ing women [21], with these tumors being classified using a 
number of different systems that offer insight into the asso- 
ciated disease prognosis and amenability to therapeutic 
treatment. In the present study, for the first time, we detected 
high RIOK1 expression in approximately half of BC patient 
tumors, with this protein primarily localizing to the cyto-
plasm in these cancer cells. These findings suggested that 
RIOK1 may not undergo nuclear translocation, or that high-
er expression may be associated with increased cytoplasmic  
localization. We similarly found that the expression of RIOK1 
at both the mRNA and protein level was significantly corre-

Fig. 5.  Knockdown of RIOK1 inhibited tumor growth in vivo. (A, B) Knockdown of RIOK1 inhibited the growth of MDA-MB-231 cells in 
nude mice. (C) Growth curves of xenograft tumors with siRIOK1 or siNC. (D) The weight of tumors from two groups after removal. (E) 
RIOK1 expression in tumor tissues was detected by quantitative real-time polymerase chain reaction. *p < 0.05, **p < 0.01.
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lated with tumor HR status, tumor grade, and with patient 
survival outcomes. Specifically, HR-negative tumors exhib-
ited higher RIOK1 expression, and such elevated RIOK1 
expression was in turn associated with reduced BC patient 
OS in both univariate and multivariate analyses. These  

results, therefore, indicated that RIOK1 expression level is an 
independent predictor of BC patient survival outcomes. HR 
status has been regarded as a determining factor of progno-
sis and lacked of specific molecular therapy. We found the 
clinical association between RIOK1 and HR, however, the  

Fig. 6.  miR-204-5p directly targeted on RIOK1 and regulated the effects of RIOK1 on hormone receptor (HR)–negative breast cancer (BC) 
cells. (A) Bioinformatics analysis of predicted miRNAs interacted with RIOK1. (B) Western blot analysis of RIOK1 expression in MDA-
MB-231 after transfection with miR-204-5p or inhibitor. (C) The luciferase reporter assay showed a relationship between miR-204-5p and 
RIOK1. (Continued to the next page)
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relationship between RIOK1 and HR was unclear, and fur-
ther experiments are required to explore this association. 

Interestingly, elevated RIOK1 expression was shown to 
be associated with elevated p53 levels in this analysis, and 
this has not been previously reported in other cancers. In  
addition, HR-negative BC patient samples exhibited elevated 
p53 levels in much the same way that they exhibited higher 
levels of RIOK1 expression. p53 is well known to function 
as a tumor suppressor gene, with the wildtype version of 

the p53 protein functioning to promote DNA repair and cell  
cycle arrest when it is [22,23]. Mutations that disrupt such 
wild type p53 functionality, however, are very common in 
tumors, affecting upwards of 80% of triple-negative BC and 
other serious tumor types [24]. As a result, such p53 muta-
tions in immunohistochemistry are closely associated with 
reduced BC patient survival [25,26]. Previous work by  
Darb-Esfahani et al. [27] has further demonstrated that p53 
levels are higher in triple-negative BC (74.8%) and HER2-pos-

Fig. 6.  (Continued from the previous page) (D, E) Effect of miR-204-5p and RIOK1 on BC cell proliferation capability. (F) Effect of miR-204-5p 
and RIOK1 on BC cell migration capability. *p < 0.05.
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itive BC (55.4%), suggesting that such tumors may express  
high levels of mutant p53 that are associated with a poorer 
patient prognosis. Previous studies have largely failed to 
address the relationship between RIO family proteins and 
p53, with just one study having demonstrated an interaction 
between these proteins and p53 activity [14]. In this study, 
only clarified the clinical link between RIOK1 and p53, but 
further follow-up experiments will be needed to understand 
the mechanistic basis for this association.

Finally, through cell phenotypes assays, we found RIOK1 
could affected various tumor process such as proliferation, 
apoptosis, cell cycle, migration, and ivnvasion of BC cells. 
To investigate the mechanism on the subsequent studies, we 
detected several protein levels that regulate tumor process 
such as epithelial-mesenchymal transition, PI3K/AKT, and 
MAPK/ERK. To figure out what regulate RIOK1, we used 
four databases to find out the potential upstream miRNA. 
Only one miR-204-5p was in the list. MiR-204-5p was repor-
ted to be a tumor suppressor in BC patients and predicted 
poorer prognosis [28]. Shen et al. [29] revealed that the  
upregulation of miR-204-5p inhibits the proliferation, inva-
sion, and migration of BC cells. In addition, in BC spheroids, 
miR-204 was downregulated in MDA-MB-231 cells than in 
MCF-7 cells, which means miR-204 could be associated with 
HR status, similarily [30]. We verified the relationship bet-
ween miR-204 and RIOK1 by luciferase assay and co-trans-
fected miR-204 and siRIOK1. According to our study, sev-
eral assays indicated that miR-204-5p could regulate RIOK1  
activity. Therefore, we speculated that miR-204-5p could be a 

potential regulator of RIOK1. 
In summary, the results of this analysis for the first time 

indicate that HR-negative BC tumor tissues exhibit higher 
levels of RIOK1 expression, with RIOK1 expression also  
being associated with other clinicopathological character-
istics in these patients. Importantly, elevated RIOK1 lev-
els were associated with a poorer BC patient prognosis. 
RIOK1 expression levels were also associated with those of 
p53, which is already known to be a predictor of poor BC  
patient outcomes. RIOK1 could regulate BC cells proliferation, 
apoptosis, and metastasis by affecting the PI3K/AKT and 
MAPK/ERK signaling pathways in HR-negative BC cells. As 
such, we identified RIOK1 as a potential therapeutic target in  
patients with BC, although further in-depth multi-discipli-
nary studies will be needed to validate this possibility. 

Electronic Supplementary Material 
Supplementary materials are available at Cancer Research and 

Treatment website (https://www.e-crt.org). 

Conflict of Interest
Conflict of interest relevant to this article was not reported.

Acknowledgments
We would like to thank Xingyu Li and Tian Xie for their support 

in data collection and analysis. This study was partially supported 
by a Nantong City-level Science and Technology Plan Project fund 
from Kan Ni (Number GJZ17086).

1. �Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C,  
Rebelo M, et al. Cancer incidence and mortality worldwide: 
sources, methods and major patterns in GLOBOCAN 2012. 
Int J Cancer. 2015;136:E359-86.

2. �Siegel R, Naishadham D, Jemal A. Cancer statistics, 2012. CA 
Cancer J Clin. 2012;62:10-29.

3. �Coates AS, Winer EP, Goldhirsch A, Gelber RD, Gnant M, 
Piccart-Gebhart M, et al. Tailoring therapies: improving the 
management of early breast cancer: St Gallen International 
Expert Consensus on the Primary Therapy of Early Breast 
Cancer 2015. Ann Oncol. 2015;26:1533-46.

4. �Beith J, Burslem K, Bell R, Woodward N, McCarthy N, De 
Boer R, et al. Hormone receptor positive, HER2 negative met-
astatic breast cancer: a systematic review of the current treat-
ment landscape. Asia Pac J Clin Oncol. 2016;12 Suppl 1:3-18.

5. �Gerratana L, Fanotto V, Bonotto M, Bolzonello S, Minisini 
AM, Fasola G, et al. Pattern of metastasis and outcome in  
patients with breast cancer. Clin Exp Metastasis. 2015;32:125-
33.

6. �Sihto H, Lundin J, Lundin M, Lehtimaki T, Ristimaki A, Holli 
K, et al. Breast cancer biological subtypes and protein expres-

sion predict for the preferential distant metastasis sites: a  
nationwide cohort study. Breast Cancer Res. 2011;13:R87.

7. �Pienkowski T, Zielinski CC. Trastuzumab treatment in pati-
ents with breast cancer and metastatic CNS disease. Ann  
Oncol. 2010;21:917-24.

8. �Vaz-Luis I, Lin NU, Keating NL, Barry WT, Winer EP, Freed-
man RA. Factors associated with early mortality among  
patients with de novo metastatic breast cancer: a population-
based study. Oncologist. 2017;22:386-93.

9. �LaRonde-LeBlanc N, Wlodawer A. A family portrait of the 
RIO kinases. J Biol Chem. 2005;280:37297-300.

10. �LaRonde NA. The ancient microbial RIO kinases. J Biol Chem. 
2014;289:9488-92.

11. �Baumas K, Soudet J, Caizergues-Ferrer M, Faubladier M, 
Henry Y, Mougin A. Human RioK3 is a novel component 
of cytoplasmic pre-40S pre-ribosomal particles. RNA Biol. 
2012;9:162-74.

12. �Dez C, Tollervey D. Ribosome synthesis meets the cell cycle. 
Curr Opin Microbiol. 2004;7:631-7.

13. �Kimmelman AC, Hezel AF, Aguirre AJ, Zheng H, Paik JH, 
Ying H, et al. Genomic alterations link Rho family of GTPases 

References

1082     CANCER  RESEARCH  AND  TREATMENT



Zhiqi Huang, RIOK1 Promotes Breast Cancer Progression

to the highly invasive phenotype of pancreas cancer. Proc 
Natl Acad Sci U S A. 2008;105:19372-7.

14. �Read RD, Fenton TR, Gomez GG, Wykosky J, Vandenberg SR, 
Babic I, et al. A kinome-wide RNAi screen in Drosophila Glia 
reveals that the RIO kinases mediate cell proliferation and 
survival through TORC2-Akt signaling in glioblastoma. PLoS 
Genet. 2013;9:e1003253.

15. �Weinberg F, Reischmann N, Fauth L, Taromi S, Mastroianni J, 
Kohler M, et al. The atypical kinase RIOK1 promotes tumor 
growth and invasive behavior. EBioMedicine. 2017;20:79-97.

16. �Hong X, Huang H, Qiu X, Ding Z, Feng X, Zhu Y, et al. Target-
ing posttranslational modifications of RIOK1 inhibits the pro-
gression of colorectal and gastric cancers. Elife. 2018;7:e29511.

17. �Manning G, Plowman GD, Hunter T, Sudarsanam S. Evolu-
tion of protein kinase signaling from yeast to man. Trends 
Biochem Sci. 2002;27:514-20.

18. �Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam 
S. The protein kinase complement of the human genome. Sci-
ence. 2002;298:1912-34.

19. �Angermayr M, Roidl A, Bandlow W. Yeast Rio1p is the found-
ing member of a novel subfamily of protein serine kinases  
involved in the control of cell cycle progression. Mol Micro-
biol. 2002;44:309-24.

20. �Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ. Drugging 
the undruggable RAS: Mission possible? Nat Rev Drug Dis-
cov. 2014;13:828-51.

21. �Alvarado R, Lari SA, Roses RE, Smith BD, Yang W, Mittendorf 
EA, et al. Biology, treatment, and outcome in very young and 
older women with DCIS. Ann Surg Oncol. 2012;19:3777-84.

22. �Sionov RV, Haupt Y. The cellular response to p53: the decision 
between life and death. Oncogene. 1999;18:6145-57.

23. �Vousden KH, Lu X. Live or let die: the cell’s response to p53. 
Nat Rev Cancer. 2002;2:594-604.

24. �Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, et al. 
Mutational landscape and significance across 12 major cancer 
types. Nature. 2013;502:333-9.

25. �Langerod A, Zhao H, Borgan O, Nesland JM, Bukholm IR, 
Ikdahl T, et al. TP53 mutation status and gene expression pro-
files are powerful prognostic markers of breast cancer. Breast 
Cancer Res. 2007;9:R30.

26. �Miller LD, Smeds J, George J, Vega VB, Vergara L, Ploner A, 
et al. An expression signature for p53 status in human breast 
cancer predicts mutation status, transcriptional effects, and 
patient survival. Proc Natl Acad Sci U S A. 2005;102:13550-5.

27. �Darb-Esfahani S, Denkert C, Stenzinger A, Salat C, Sinn B, 
Schem C, et al. Role of TP53 mutations in triple negative 
and HER2-positive breast cancer treated with neoadjuvant  
anthracycline/taxane-based chemotherapy. Oncotarget. 2016;7: 
67686-98.

28. �Li W, Jin X, Zhang Q, Zhang G, Deng X, Ma L. Decreased  
expression of miR-204 is associated with poor prognosis in 
patients with breast cancer. Int J Clin Exp Pathol. 2014;7:3287-
92.

29. �Shen SQ, Huang LS, Xiao XL, Zhu XF, Xiong DD, Cao XM, 
et al. miR-204 regulates the biological behavior of breast 
cancer MCF-7 cells by directly targeting FOXA1. Oncol Rep. 
2017;38:368-76.

30. �Boo L, Ho WY, Mohd Ali N, Yeap SK, Ky H, Chan KG, et 
al. Phenotypic and microRNA transcriptomic profiling of the 
MDA-MB-231 spheroid-enriched CSCs with comparison of 
MCF-7 microRNA profiling dataset. PeerJ. 2017;5:e3551.

VOLUME 52 NUMBER 4 OCTOBER 2020     1083


