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Abstract. Nickel (Ni) compounds are classified as Group 1 
carcinogens by the International Agency for Research on 
Cancer (IARC) and are known to be carcinogenic to the 
lungs. In our previous study, special AT‑rich sequence‑binding 
protein 2 (SATB2) was required for Ni‑induced BEAS‑2B 
cell transformation. In the present study, a pathway that 
regulates the expression of SATB2 protein was investigated 
in Ni‑transformed BEAS‑2B cells using western blotting and 
RT‑qPCR for expression, and soft agar, migration and inva‑
sion assays for cell transformation. Runt‑related transcription 
factor 2 (RUNX2), a master regulator of osteogenesis and an 
oncogene, was identified as an upstream regulator for SATB2. 
Ni induced RUNX2 expression and initiated BEAS‑2B trans‑
formation and metastatic potential. Previously, miRNA‑31 
was identified as a negative regulator of SATB2 during 
arsenic‑induced cell transformation, and in the present study it 
was identified as a downstream target of RUNX2 during carci‑
nogenesis. miR‑31 expression was reduced in Ni‑transformed 
BEAS‑2B cells, which was required to maintain cancer 
hallmarks. The expression level of miR‑31 was suppressed 
by RUNX2 in BEAS‑2B cells, and this increased the expres‑
sion level of SATB2, initiating cell transformation. Ni caused 
the repression of miR‑31 by placing repressive marks at its 
promoter, which in turn increased the expression level of 
SATB2, leading to cell transformation.

Introduction

Nickel (Ni) compounds are classified as Group 1 carcinogens 
by the International Agency for Research on Cancer. Previous 
studies reported that workers processing and refining sulfidic 

nickel ores have increased risk of pulmonary and sinonasal 
cancers (1‑6). Previously, special AT‑rich sequence‑binding 
protein (SATB2), a nuclear matrix‑associated protein, was 
identified as the only common gene upregulated in BEAS‑2B 
cells transformed by nickel, arsenic, vanadate, and hexavalent 
chromium (7). It is a member of the family of special AT‑rich 
sequence‑binding proteins and is an embryonic gene important 
in regulating stem cell differentiation and development (8). 
SATB2 overexpression has been observed in numerous 
cancers, such as colon, breast, ovarian, lung, and sinonasal 
carcinomas (9‑12). SATB2 has been increasingly studied in 
cancer development and is considered to be a biomarker for 
colon cancer (9,13). SATB2 is upstream of numerous prog‑
nostic markers of colorectal cancer (CRC) such as acyl‑CoA 
synthetase long‑chain 6 (ACSL6) and Vav guanine nucleo‑
tide exchange factor 3 (VAV3) (14). Numerous downstream 
targets of SATB2 such as Bcl‑2, Bsp, c‑Myc, Klf4, Hoxa2 and 
Nanog are also important regulators of cell pluripotency and 
survival (15). Thus, it is considered that inappropriate induc‑
tion of SATB2 in normal mammalian cells may act as a driver 
of cell transformation.

In fact, the critical role of SATB2 in Ni‑induced BEAS‑2B 
cell transformation has been identified (16) and in the present 
study the upstream regulators for SATB2 signaling were 
investigated. Runt‑related transcription factor 2 (RUNX2) 
is a master regulator of osteogenesis and it has a number of 
overlapping functions with SATB2 (17,18). The interaction 
between RUNX2 and SATB2 in osteogenesis has been identi‑
fied in several previous studies (19‑26). RUNX2 was detected 
in a limited number of non‑osseous tissues, while increased 
expression of RUNX2 has been described in the progression 
and metastasis of several human cancers. Overexpression 
of RUNX2 was observed in prostate, pancreatic, breast, 
thyroid, and bone cancers (27‑30). Increased expression of 
RUNX2 suppressed microRNA (miRNA or miR)‑31 allowing 
SATB2 protein translation and initiation of carcinogenesis. 
Moreover, genes located downstream of RUNX2, such as 
matrix metalloproteinases (MMPs), vascular epithelial growth 
factor (VEGF), bone sialoprotein (BSP) and c‑Myc were also 
involved in promoting cancer cell metastasis (31‑34). Genes 
such as SRY‑box transcription factor 9 (SOX9), snail family 
transcriptional repressor 2 (SNAI2), snail family transcrip‑
tion repression 3 (SNAI3), twist family bHLH transcription 

RUNX2/miR‑31/SATB2 pathway in nickel‑induced 
BEAS‑2B cell transformation

YUSHA ZHU1,  QIAO YI CHEN2,  ASHLEY JORDAN1,  HONG SUN1,  NIRMAL ROY1  and  MAX COSTA1

1Department of Environmental Medicine, New York University Grossman School of Medicine, 
New York, NY 10100, USA;  2Department of Cell Biology and Genetics, School of Basic Medical Sciences, 

Xi'an Jiaotong University Health Science Center, Xi'an, Shanxi 710000, P.R. China

Received January 26, 2021;  Accepted May 5, 2021

DOI: 10.3892/or.2021.8105

Correspondence to: Dr Max Costa, Department of Environmental 
Medicine, New York University Grossman School of Medicine, 
341 East 25th Street, New York, NY 10100, USA
E‑mail: max.costa@nyulangone.org

Key words: carcinogenesis, runt‑related transcription factor  2, 
special AT‑rich sequence‑binding protein 2, miRNA, nickel



ZHU et al:  RUNX2/miR-31/SATB2 PATHWAY IN NICKEL-INDUCED BEAS-2B CELL TRANSFORMATION2

factor 1 (TWIST1) and SMAD family member 3 (SMAD3) 
regulated by RUNX2 induced cell invasion (35,36). RUNX2 
modulated SATB2 expression by suppressing the expression 
of miRNAs that directly target SATB2 mRNA in both osteo‑
genesis and carcinogenesis (22,23,26,37‑41). Expression of 
RUNX2 appears to be a critical upstream event leading to the 
increase of SATB2 and transforming BEAS‑2B cells.

miRNAs are small noncoding RNAs that are known 
to mediate mRNA degradation and inhibit translation of 
proteins as well as altering chromatin structure during early 
development, differentiation, metabolic control and cell 
death (42‑45). The expression of miRNAs has been revealed 
to be globally suppressed in tumors (46). Several studies have 
reported that altered miRNA expression is involved in various 
stages of Ni carcinogenesis (47). SATB2 has been revealed 
to be negatively regulated by several miRNAs that target its 
3'‑untranslated region (UTR) during osteogenesis and carcino‑
genesis, including miR‑211, miR‑31, miR‑23a/27a/24‑2 cluster, 
miR‑499, miR‑34c, miR‑875, miR‑599 (10,23,37,38,40,48‑54). 
miR‑31 was identified as a negative regulator for SATB2 in 
arsenic‑induced BEAS‑2B transformation (40). In fact, miR‑31 
was also targeted by RUNX2 and miR‑31 allowed RUNX2 
to regulate and increase SATB2 during osteogeneses (21,22). 
The aim of the study was to investigate whether RUNX2 is 
an upstream regulator for SATB2, mediating Ni‑induced 
BEAS‑2B cell transformation by regulating the expression 
level of miR‑31. This carcinogenic pathway mirrors what 
occurs during normal bone development.

Materials and methods

Cells and cell culture. BEAS‑2B human bronchial epithelial 
cells were obtained from the American Type Culture Collect 
(ATCC). Before the start of the present study, the cells were 
examined at Genetica DNA Laboratories and were revealed 
to be 100% authentic against a reference BEAS‑2B cell line 
(ATCC CRL‑9609). Cells were cultured in Dulbecco's modi‑
fied Eagle's medium (DMEM, Invitrogen; Thermo Fisher 
Scientific, Inc.) supplemented with 10% fetal bovine serum 
(FBS; Atlanta Biologicals, Inc.; R&D Systems, Inc.) and 
1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.) at 37˚C in an atmosphere containing 5% CO2.

Ni‑transformed (Ni‑T) BEAS‑2B cells were developed by 
chronic exposure to 0.25 mM NiSO4 for 4 weeks (7). Cells 
were seeded by single cell suspension into soft agar and colo‑
nies were isolated and grown in monolayer on culture dishes. 
Each clone was analyzed using Affymetrix gene expression 
arrays and the clones with highest SATB2 expression were 
selected for the present study. The Ni‑T cells were maintained 
in DMEM supplemented with 10% FBS and 1% p/s at 37˚C in 
a humidified incubator containing 5% CO2.

Stable overexpression and knockdown. Stable overexpression 
of miR‑31 in Ni‑T cells was achieved using miR‑31 construct 
(cat. no. HmiR0138‑MR04‑10), which was purchased from 
GeneCopoeia, Inc. RUNX2 plasmid constructs (clone 
ID OHU22872D) were acquired from Genscript. Short hairpin 
(sh)‑RUNX2 (cat. no. HSH021333‑CU6; scrambled control 
ID CSHCTR001‑1‑CU6.1) and miR‑31 inhibitor plasmid (cat. 
no. HmiR‑AN0401‑AM01; control ID CmiR‑AN0001‑AM01) 

were obtained from GeneCopoeia, Inc. The sequence for 
sh‑RUNX2 and sh‑miR‑31 were as follows: sh‑RUNX2‑a: 
5'‑GCA​GCA​CGC​TAT​TAA​ATC​CAA‑3'; sh‑RUNX2‑b: 
5'‑GCA​GAA​TGG​ATG​AAT​CTG​TTT‑3'; sh‑RUNX2‑c: GCG​
ACC​ATA​TTG​AAA​TTC​CTC‑3'; scrambled control: 5'‑GCT​
TCG​CGC​CGT​AGT​CTT​A‑3'; sh‑miR‑31: 5'‑AGG​CAA​GAU​
GCU​GGC​AUA​GCU‑3'. Each plasmid was purified by a 
Qiagen QIAprep Spin Miniprep kit (cat. no. 27104) before 
transfection, using the Lipofectamine™ LTX reagent with 
PLUS kit (cat.  no.  15338030; Invitrogen; Thermo Fisher 
Scientific, Inc.) used according to the manufacturer's instruc‑
tions. Briefly, the cells were plated in 2 ml growth medium 
in a 6‑well plate and were ~70‑80% confluent during trans‑
fection. For each transfection, 2.5 µg of purified plasmid was 
diluted in 250 µl Opti‑MEM. Immediately before transfection, 
2.5 µl PLUS reagent was added to the diluted plasmid. Then, 
10 µl Lipofectamine™ LTX reagent was diluted in 250 µl 
Opti‑MEM and then mixed with the plasmid and PLUS 
reagent. The mixture was incubated for 5 min at room temper‑
ature before adding into the well. The medium was replaced 
with fresh complete DMEM 24 h after transfection. The cells 
were divided onto 10 cm2 dishes 48 h after transfection and 
selection reagents (500 µg/ml hygromycin or 0.5 µg/ml puro‑
mycin) were added. After selection for 2 weeks (hygromycin) 
or 3 days (puromycin), the pooled clones were harvested for 
western blotting and RT‑qPCR analysis.

RNA extraction and reverse transcription‑quantitative (RT‑q)
PCR. Cells were lysed by TRI‑reagent (Molecular Research 
Center, Inc.) (1 ml/well of a 6‑well plate). RNA was extracted 
using 200  µl chloroform (Sigma‑Aldrich; Merck KGaA) 
and centrifuged at 13,000 x g for 10 min at 4˚C, separating 
the RNA in the aqueous phase. RNA was then precipitated 
by 500  µl isopropanol and washed twice with 750  µl of 
75% ethanol. RNA pellets were obtained by centrifugation for 
5 min at 13,000 x g at 4˚C and air‑dried for 10 min. RNA was 
solubilized in RNase‑free water and heat‑inactivated at 65˚C 
for 10 min.

Single‑strand cDNA was generated from 250 ng RNA by 
First Strand cDNA Synthesis kit (cat. no. E6300; New England 
Biolabs, Inc.) using random primers according to the manufac‑
turer's instructions. The primer and RNA mix were denatured 
at 70˚C for 5 min. Reaction enzyme and buffer were mixed at 
a ratio of 1:5 and added into each sample for cDNA synthesis. 
Samples were incubated at 25˚C for 5 min, followed by cDNA 
synthesis reaction at 42˚C for 1 h and then the enzymes were 
inactivated at  80˚C for 5  min. Quantitative PCR analysis 
was performed by SYBR green qPCR Master Mix (Roche 
Diagnostics). A total of 4 ng cDNA product and master mix 
were added into each well of a 384‑well plate. The reaction 
was performed on an ABI PRISM 7900HT system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) and each sample 
was run in triplicate. The thermocycling conditions were as 
follows: 95˚C for 10 min, 30 cycles at 95˚C for 15 sec and 60˚C 
for 1 min, and 72˚C for 10 min. Relative gene expression level 
was quantified using the 2‑ΔΔCq method (55) and normalized 
to the expression of the house‑keeping gene glyceraldehyde 
3‑phosphate dehydrogenase (GAPDH).

miRNA extraction was performed according to the manu‑
facturer's instructions using the miRVana RNA isolation kit 
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(cat. no. AM1560, Invitrogen; Thermo Fisher Scientific, Inc.) 
and quantified by a NanoDrop spectrophotometer. cDNA was 
synthesized using a TaqMan microRNA reverse transcrip‑
tion kit (cat. no. 4366596; Thermo Fisher Scientific, Inc.) for 
miR‑31, according to the manufacturer's instructions. The 
relative expression level was normalized to the expression of 
U6. Finally, qPCR analysis was conducted by TaqMan primers 
(Thermo Fisher Scientific, Inc.) on an 7900HT system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The thermocy‑
cling conditions were as follows: 95˚C for 10 min, 40 cycles 
at 95˚C for 15 sec and 60˚C for 1 min. Primers were designed 
using the Primer Expression Software (v3.0.1; Thermo Fisher 
Scientific, Inc.) and the sequences were as follows: RUNX2 
forward, 5'‑GAG​TCC​TTC​TGT​GGC​ATG​CA‑3' and reverse, 
5'‑TGG​CCT​GGT​GGT​GTC​ATT​AG‑3'; SATB2 forward, 
5'‑TCT​CCC​CAA​ACA​CAC​CAT​CA‑3' and reverse, 5'‑GCA​
GCT​CCT​CGT​CCT​TAT​ATT​CA‑3'; SIRT6 forward, 5'‑TTT​
TTC​TCT​CGT​GGT​CTC​ACT​TTG​T‑3' and reverse, 5'‑ACG​
GAG​GGC​AGG​TGT​AAC​C‑3'; BSP forward, 5'‑AAA​GTG​
AGA​ACG​GGG​AAC​CTT‑3' and reverse, 5'‑GAT​GCA​AAG​
CCA​GAA​TGG​AT‑3'; VEGF forward, 5'‑CTT​GCC​TTG​CTG​
CTC​TAC‑3' and reverse, 5'‑TGG​CTT​GAA​GAT​GTA​CTC​
G‑3'; GAPDH forward, 5'‑TGC​ACC​ACC​AAC​TGC​TTA​GC‑3' 
and reverse, 5'‑GGC​ATG​GAC​TGT​GGT​CAT​GA‑3'; miR‑31 
promoter A forward, 5'‑TGC​TAT​CTG​CAG​TAC​TGT​GCT​
GAG​G‑3' and reverse, 5'‑AGA​GAG​GCT​GTG​GTT​AGT​TCC​
TGC​T‑3'; miR‑31 promoter B forward, 5'‑ACT​GCC​TTG​ACT​
TCC​TGC​CTT​GGT​G‑3' and reverse, 5'‑TAG​CTA​GGT​CTG​
TAC​CCT​GTC​TCA​G‑3'.

Western blot analysis. Cells were washed with PBS and 
lysed by heating in boiling buffer (1% SDS, 10 mM Tris‑HCl 
pH 7.4, 1 mM sodium orthovanadate). Samples were boiled 
at 100˚C for 10 min and sonicated on high for 15 min at 4˚C. 
The cell debris was removed by 13,000 x g centrifugation for 
20 min at 4˚C and the supernatant was collected. The protein 
concentration was analyzed using the Bradford Protein Assay 
(Bio‑Rad Laboratories, Inc.). A total of 5 different dilutions 
of bovine serum albumin (BSA) (Sigma‑Aldrich; Merck 
KGaA) were prepared in boiling buffer to create the standard 
curve. The absorbance was measured at 595 nm on spec‑
trophotometer SpectraMax M2 (Molecular Devices, LLC). 
Samples (30 µg each) were mixed with a 6X SDS sample 
buffer (375 mM Tris‑HCl pH 6.8, 6% SDS, 4.8% glycerol, 
9% 2‑mercaptoethanol, 0.03% bromophenol blue) and sepa‑
rated on a 10% SDS‑PAGE. The proteins were then transferred 
onto a 0.45‑µm nitrocellulose membrane at 100 V for 60 min. 
After blocking with 5% skimmed milk in TBS for 30 min at 
room temperature, the membrane was incubated with primary 
antibody in 5% milk/TBS solution overnight at  4˚C. The 
primary antibodies used were: Anti‑RUNX2 (1:200; product 
no. sc101145; Santa Cruz Biotechnology, Inc.) anti‑SATB2 
(1:100; product no. ab51502; Abcam) and anti‑β‑actin (1:1,000; 
product no. 3700S; Cell Signaling Technology, Inc.).

The membrane was washed with TBST (Tris‑buffered 
saline with 0.1% Tween‑20 detergent) for 5  min 3  times 
before horseradish peroxidase (HRP)‑labeled secondary 
antibody incubation for 1  h at room temperature. The 
secondary antibodies used were as follows: HRP‑conjugated 
anti‑mouse (1:2,000 dilution; cat. no. sc‑516102; Santa Cruz 

Biotechnology, Inc.); or HPR‑conjugated anti‑rabbit (1:2,000 
dilution; cat. no. sc‑2357; Santa Cruz Biotechnology, Inc.). The 
protein bands were visualized by the chemiluminescence after 
incubating the membrane in an enhanced‑chemiluminescence 
(ECL) reagent (Thermo Fisher Scientific, Inc.) for 2 min at 
room temperature and imaging films were developed by an 
OPTIMAX X‑Ray Film Processor (Merry X‑Ray Corporation). 
To control for sample loading and protein transfer, β‑actin 
was probed as an internal reference control. Quantification 
of immunodetected protein bands was performed by ImageJ 
software (V1.53e, National Institutes of Health).

Soft agar assay. Approximately 5,000 cells were mixed in 
a top layer of 0.35% 2‑hydroxyethylagarose (Type VII low 
gelling temperature; Sigma‑Aldrich; Merck KGaA)/DMEM 
upon a bottom layer of 0.5% 2‑hydroxethylagarose/DMEM 
in a 6‑well plate. A total of 200 cells for each sample were 
seeded onto a 10 cm2 dish and cultured for two weeks to assess 
plating efficiency. The colonies in the plates were stained by 
5% Giemsa solution (40% methanol/60% glycerol) for ~4 h 
at room temperature (Thermo Fisher Scientific, Inc.) and the 
number of colonies were determined. The cells in agarose were 
humidified with 200 µl DMEM for each well twice a week 
and cultured for four weeks until individual colonies were 
visible under the light microscope at a magnification of x20. 
Each well was stained with 0.1% INT/BCIP solution (Roche 
Diagnostics) in 0.1 M Tris/0.05 M MgCl2/0.1 M NaCl at 4˚C 
overnight, and images were captured by a Bio‑Rad Molecular 
Imager Gel‑Doc XR+ system and analyzed on the Image Lab 
software (v2.0.1 build 18; Bio‑Rad Laboratories, Inc.). The 
number of colonies were counted by ImageJ software using 
defined particle size of 6‑infinity pixel units and circularity 
of 0.30‑1.00.

Scratch test. Cells were plated onto gridded plates (2x2 mm 
grids on the bottom) (Nalge Nunc International). Upon 
reaching 90‑100% confluency, cells were washed with PBS 
twice and a single scratch was produced across the monolayer 
between the grids by a 200‑µl pipette tip held perpendicular 
to the plate bottom. The plates were gently washed with PBS 
to remove detached cells and cells were then maintained in 
serum‑free medium to inhibit proliferation that might interfere 
with measurement of cell migration. For the CADD522 group, 
cells were cultured in medium containing 50 µM CADD522 
during this experiment. CADD522 is a small molecule inhib‑
itor for RUNX2, and it was kindly provided by Dr. Antonino 
Passaniti from University of Maryland School of Medicine 
(Baltimore, MD, USA). Images were captured every 24 h after 
the scratch using a Nikon digital DS‑Fil1‑U3 camera linked 
with a microscope by bright field light at a magnification of 
x20 and controlled by NIS‑Elements F3.2 software on a Nikon 
Eclipse TS100 microscope (Nikon Corporation). The wound 
healing rate was estimated by calculating the percentage of 
the area of the wound covered or migrated during 48 h in the 
image (wound area at 0 h‑wound area at 48 h)/wound area 
at 0 h x100%) measured by ImageJ software (v1.53e).

Invasion assay. The Matrigel‑coated invasion chambers 
(Corning, Inc.) were placed in a 24‑well plate and balanced 
with low serum medium (0.1% FBS/DMEM) at 37˚C for 3 h. 
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The medium was carefully removed, and the lower wells were 
filled with 1 ml 10% FBS/DMEM. Cells were washed with 
PBS twice and 5x104 cells were suspended in 400 µl of 0.1% 
FBS/DMEM and seeded into each upper chamber. For the 
CADD522 group, cells were pretreated with 50 µM CADD522 
for 24 h at 37˚C and the medium in the chamber contained 
50 µM CADD522. After culturing for 24 h, Transwell cham‑
bers were washed with PBS and fixed by 10% formalin for 
5 min and methanol for 20 min at room temperature. The 
membranes in the bottom chambers were stained with 10% 
Giemsa overnight at room temperature and washed with H2O 
three times on the following day. Non‑invasive cells were inside 
of the chamber and were gently removed by wet cotton swabs. 
The images were captured with a bright field light microscope 
at a magnification of x20 controlled by NIS‑Elements F3.2 
software on a Nikon Eclipse TS100 microscope. Three fields 
were randomly selected for each chamber membrane and the 
number of invading cells were determined by ImageJ software 
(v1.53e).

Cell viability and cytotoxicity assay. Cell viability and 
cytotoxicity were assessed by the CellTiter‑Fluor Cell 
Viability Assay kit and CytoTox‑Fluor Cytotoxicity Assay kit 
(cat. nos. G6080 and G9260, respectively; both from Promega 
Corporation) used according to the manufacturer's instruc‑
tions. Cells were seeded onto a 96‑well plate and then treated 
with CADD522 at the indicated time‑point and doses (25, 50, 
100, 150 and 300 µg/ml for 48 h, respectively). Each treatment 
was repeated 4 times. GF‑AFC substrate and bis‑AAF‑R110 
substrate were diluted (200X) in the indicated assay buffers 
and mixed with culture media at a ratio of 1:5. A total of 60 µl 
mixture was added into each well. Plates were then incubated 
in the dark for 1 h at room temperature. Cell viability was 
measured at 400Ex/505Em nm, and cell toxicity was assessed 
at 485Ex/520Em nm on a fluorescence plate.

RNA stability assay. Actinomycin D can form a stable complex 
with DNA and block DNA‑dependent RNA polymerase activity 
to inhibit new mRNA synthesis, allowing measurements of 
mRNA decay (56). Briefly, approximately 1x105 cells were 
seeded on a 6‑well plate. For the CADD522 treatment group, 
cells were treated with CADD522 at 50 µg/ml for 24 h at 37˚C 
before collection. Cells were then treated with 10 µg/ml of 
actinomycin D (Invitrogen; Thermo Fisher Scientific, Inc.) for 
indicated time intervals (0, 8, 16 and 24 h) at 37˚C. Cells were 
then washed twice with PBS and collected by TRI‑reagent and 
subjected to RNA extraction, cDNA synthesis with random 
primers and RT‑qPCR analysis for SATB2 mRNA expression. 

ChIP assay. Chromatin immunoprecipitation (ChIP) was 
used to confirm the binding of RUNX2 in the promoter 
region of miR‑31. Ni‑T cells were treated with 50  µM 
CADD522 for 48 h and were crosslinked with 1% formalde‑
hyde (Sigma‑Aldrich; Merck KGaA) in DMEM for 10 min 
at room temperature. The crosslink reaction was stopped by 
treating cells with 250 mM glycine for 5 min and were washed 
twice with cold PBS supplemented with 1 mM PMSF and 
protease inhibitors (1 tablet in 10 ml buffer; cOmplete mini 
EDTA‑free protease inhibitor cocktail; MilliporeSigma). The 
ChIP Assay kit (cat. no. 17‑295; MilliporeSigma) was used for 

immunoprecipitation of DNA‑protein complexes and reverse 
crosslinked DNA. Briefly, cells were collected and suspended 
in SDS lysis buffer provided in the kit and followed by soni‑
cation at 60 kHz to shear DNA between 200 and 1,000 base 
pairs. The chromatin size was verified on a 2% agarose gel. 
Once the sonication conditions were optimized (36 cycles at 
40% power), samples were then diluted in ChIP dilution buffer. 
The chromatin complex was then immunoprecipitated with 
anti‑RUNX2 antibody (1:50; cat. no. ab236639; Abcam) or 
anti‑IgG (1:50; cat. no. 12‑370; Sigma‑Aldrich; Merck KGaA) 
as a control overnight at 4˚C. The following day, Protein A 
Agarose/Salmon Sperm DNA (50% Slurry) was added at 4˚C 
and incubated for 1  h. The beads were then collected by 
centrifugation at 200 x g at 4˚C for 1 min to remove unbound 
non‑specific DNA. The beads were washed in the following 
order: Low salt, high salt, LiCl, and TE buffer. The RUNX2 
protein was then eluted from the antibody by elution buffer 
(1% SDS, 0.1M NaHCO3) and the protein‑DNA crosslinks 
were reversed by heating at 65˚C for 4 h. Samples were then 
treated with 10 µl of 0.5 M ethylenediaminetetraacetic acid 
(EDTA), 20 µl of 1 M Tris‑HCl, 2 µl of 10 mg/ml Proteinase 
K, and 5 µl of 10 mg/ml RNase A and incubated at 45˚C for 
1 h to digest proteins and RNAs. DNA was then recovered 
by phenol/chloroform extraction and ethanol precipitation. 
To increase recovery of DNA, glycogen and sodium acetate 
were added. DNA was eluted in TE buffer and the concen‑
tration of DNA in the samples was analyzed by PicoGreen 
(cat. no. P7589, Invitrogen; Thermo Fisher Scientific, Inc.). For 
qPCR analysis, approximately 0.2 ng of DNA was used per 
well on 384‑well plates. The Ct values were determined using 
the percent input method [100*2^ (Adjusted input‑Ct (IP)] to 
calculate enrichment.

Bioinformatics. To identify the target genes for miRNA or regu‑
lator miRNAs for a particular gene, the potential interaction of the 
3' UTR of the genes with miRNAs was searched and confirmed 
by miRNA target prediction databases TargetScanHuman v7.2 
(www.targetscan.org). The promoter of miR‑31 was identi‑
fied by searching the FANTOM5 data website (http://fantom.
gsc.riken.jp), which is based on prediction of the promoters 
of protein‑coding genes, and the specific promoter sequence 
upstream from the transcription start site (TSS) of miR‑31 host 
gene MIR31HG (RefSeq NR_027054) was obtained at Ensembl 
website (http://www.ensembl.org/index.html).

Statistical analysis. Experiments were performed at least three 
times unless otherwise indicated and statistical significance of 
the study was assessed using the mean ± standard deviation 
(SD) by the two‑tailed, unpaired t‑test to compare the means 
of two groups or a one‑way ANOVA and post‑hoc Tukey's test 
for comparison of the means of more than two groups using 
GraphPad Prism 8.0 software (GraphPad Software, Inc.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Ni‑T BEAS‑2B cells exhibit enhanced anchorage‑independent 
growth, migration and invasion, as well as increased 
SATB2 and RUNX2. Ni‑induced cell transformation has 
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been documented in numerous cell studies  (7,57‑63). Ni‑T 
human lung epithelial cells were obtained following four 
weeks of chronic exposure to 0.25 mM NiSO4 and isolated 
from colonies that grew in soft agar (7). As demonstrated in 
Fig. 1A and B, Ni‑T cells exhibited increased colony growth 
in agar compared with normal BEAS‑2B cells, indicating 
the acquisition of anchorage‑independent growth. Cellular 
anchorage‑independent growth in the soft agar matrix implies 
malignant transformation (64). Cell migration and invasion are 
key processes for cancer metastasis and are also hallmarks of 
malignancy (65). Cell migration ability was determined by the 
scratch test. Cell invasion was assessed by culturing cells in 
invasion chambers coated with Matrigel matrix, which only 
allows cells with metastatic ability to invade and transfer (66). 
As revealed in Fig.  1C‑F, Ni‑T cells demonstrated higher 
wound‑healing capacity and increased cell invasion compared 
with normal BEAS‑2B cells.

In previous studies, SATB2 was indicated to be an impor‑
tant mediator of Ni‑induced cell transformation (7,16). It was 
reported that knockdown of SATB2 in Ni‑T cells reduced 
anchorage‑independent growth, cell migration, and tumor 
formation in nude mice (16). SATB2 mRNA and protein levels 
were significantly increased in Ni‑T cells (Fig. 1G and H). To 

further study the mechanisms of SATB2 induction, RUNX2 
levels were measured, as the latter is an upstream regulator for 
SATB2. RUNX2 was revealed as a master regulator for osteo‑
genesis in mesenchymal stem cells (67). It is not commonly 
expressed in normal mammalian cells, but it has been 
revealed to be increased in numerous cancers (68). RUNX2 
indirectly regulates SATB2 expression by inhibiting miRNAs 
in both osteogenesis and cancers. The mRNA and protein 
levels of RUNX2 were examined in Ni‑T cells. As revealed 
in Fig. 1I and J, the expression of RUNX2 was increased as 
compared with control BEAS‑2B cells, indicating a possible 
role of RUNX2 in Ni‑mediated induction of SATB2.

Overexpression of RUNX2 promotes cancer hallmarks in 
BEAS‑2B cells. RUNX2 appears to be an upstream regulator 
of SATB2. To investigate whether SATB2 can be induced by 
RUNX2 in BEAS‑2B cells, RUNX2 was stably overexpressed 
in BEAS‑2B cells (Fig. 2A and B). The mRNA and protein 
levels of SATB2 were increased by expressing RUNX2 
(Fig. 2A and C). Overexpression of SATB2 in BEAS‑2B cells 
increased anchorage‑independent growth  (16). RUNX2 is 
an oncogene that plays an important role in the progression 
and metastasis of several human cancers (27‑29,69). Cancer 

Figure 1. Ni‑transformed cells exhibit increased anchorage independent growth, migration, and invasion, as well as increased SATB2 and RUNX2 levels. 
(A and B) Soft agar assays of Ni‑T cells compared with normal BEAS‑2B cells, and quantified number of colonies in agar of each group by ImageJ. 
(C and D) Cell migration of Ni‑T cells was assessed by scratch wound healing assays and the images were captured at a magnification of x20. Quantification 
of wound healing rate was conducted by measuring the percentage of wound area covered for each group during 48 h using ImageJ software. (E and F) The 
invasion of Ni‑T cells was measured by Transwell assay and the images were captured at a magnification of x20. The number of invasive cells was counted 
using ImageJ software and was compared with the control. (G and H) The expression levels of SATB2 protein and mRNA in normal BEAS‑2B cells and in 
Ni‑T clones were determined by western blotting and RT‑qPCR assays. (I and J) The expression levels of RUNX2 protein and mRNA in normal BEAS‑2B cells 
and in Ni‑T clones were determined by western blotting and RT‑qPCR assays. Statistical significance was calculated by the GraphPad Prism software using 
ANOVA for comparisons among groups. *P<0.05 and **P<0.01. SATB2, AT‑rich sequence‑binding protein 2; RUNX2, runt‑related transcription factor 2; Ni‑T, 
Ni‑transformed; RT‑qPCR, reverse transcription‑quantitative PCR; B2B, BEAS‑2B.
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hallmarks were examined in BEAS‑2B cells stably expressing 
RUNX2. To assess whether this was sufficient to promote trans‑
formation, BEAS‑2B cells overexpressing RUNX2 that were 
cultured in soft agar demonstrated increased colony growth 
compared with an empty vector control (Fig.  2D  and  E). 
Overexpression of RUNX2 in BEAS‑2B cells also promoted 
acceleration of wound healing and cell invasion compared with 
an empty vector control (Fig. 2F‑I). These findings indicated 
that RUNX2 induced cancer hallmarks in BEAS‑2B cells by 
inducing SATB2.

Inhibition of RUNX2 activity in Ni‑transformed BEAS‑2B cells 
eliminates cancer hallmarks. Previous studies have reported 
the role of RUNX2 in lung cancer and inhibition of RUNX2 
has been revealed to suppress tumorigenesis in lung cancer 
cells (70‑72). A previous study using computer‑assisted drug 
design (CADD) screening detected a novel inhibitor of RUNX2 
transcriptional activity termed CADD522 (73‑75). This inhib‑
itor was used in Ni‑T cells to investigate whether inhibition of 
RUNX2 activity can suppress cancer‑related properties. Cell 
viability and cytotoxicity were assessed by treating BEAS‑2B 

cells for 24 h at 0‑150 µM of CADD522. There was no loss of 
cell viability or increased cytotoxicity at 50 µM of CADD522 
for 24 h (Fig. 3A and B). Since BEAS‑2B cells tolerated a dose 
of 50 µM, this dose was selected for further studies. To confirm 
that RUNX2 activity can be suppressed by CADD522, Ni‑T cells 
were treated with 50 µM CADD522 for 24 h. RUNX2 mRNA 
and protein levels were not significantly reduced in treated 
BEAS‑2B or Ni‑T cells (Fig. 3C and D). However downstream 
target genes of RUNX2, VEGF and BSP were significantly 
inhibited by 50 µM CADD522 treatment for 24 h in Ni‑T cells 
(Fig. 3E‑F). In addition, SIRT6 (sirtuin 6), that was negatively 
regulated by RUNX2, was increased by CADD522 (Fig. 3G), 
indicating that CADD522 repressed RUNX2 trans‑activity. 
SATB2 mRNA and protein were also found reduced in Ni‑T 
cells treated with 50 µM CADD522 (Fig. 3H and I).

The anchorage independent growth of cells was analyzed by 
culturing Ni‑T cells in soft agar containing 50 µM CADD522 
for 4 weeks. The colony number and size were significantly 
reduced in CADD522‑treated Ni‑T cells compared with control 
(Fig. 3J and K). The metastatic potential of Ni‑T treated with 
CADD522 was assessed in cell invasion and migration assays. 

Figure 2. Overexpression of RUNX2 increases cancer hallmarks in BEAS‑2B cells. (A‑C) Expression levels of RUNX2 and SATB2 protein and mRNA 
in BEAS‑2B cells stably transfected with RUNX2 vector compared with empty vector control were determined by western blotting and reverse transcrip‑
tion‑quantitative PCR assays. (D and E) Soft agar assays of BEAS‑2B cells ectopically expressing RUNX2 compared with vector control, and quantified 
number of colonies in agars of each group by ImageJ software. (F and G) Cell migration ability of BEAS‑2B cells ectopically expressing RUNX2 was 
measured by scratch wound healing assays and the images were captured at a magnification of x20. Quantification of the wound healing rate was conducted 
by measuring the percentage of wound area covered for each group during 48 h using ImageJ software. (H and I) The invasion of BEAS‑2B cells ectopically 
expressing RUNX2 was measured by Transwell assay and the images were captured at a magnification of x40. The number of invasive cells was counted using 
ImageJ and compared with the control. Statistical significance was calculated by the GraphPad Prism software using ANOVA for comparisons among groups. 
*P<0.05 and **P<0.01. RUNX2, runt‑related transcription factor 2; SATB2, AT‑rich sequence‑binding protein 2.
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As revealed in Fig. 3L and M, CADD522‑treated Ni‑T cells 
demonstrated reduced wound healing rate and invasion as 
compared with the control.

Knockdown of RUNX2 prevents Ni‑induced transformation 
in BEAS‑2B cells. To further study the role of RUNX2 in 
Ni‑induced BEAS‑2B transformation, RUNX2 was knocked 

down in normal BEAS‑2B cells by shRNA stable transfection 
prior to a chronic exposure to Ni (Fig. 4A and B). NiCl2 and 
NiSO4 are two common soluble forms of Ni compounds used in 
cell transformation studies (7,57‑63). The RUNX2‑knockdown 
cells experienced massive cell death after treatment of 0.25 mM 
NiCl2 for 2 weeks. Thus, a lower dose and a longer treatment 
time were tried with this compound. Cells were treated with 

Figure 3. Inhibition of RUNX2 activity in Ni‑T BEAS‑2B cells reverses cancer hallmarks. (A and B) Cell viability and cytotoxicity assays in BEAS‑2B cells 
treated with CADD522 for 24 h. (C and D) The expression levels of RUNX2 protein and mRNA in CADD522‑treated BEAS‑2B cells and Ni‑T cells by 
western blotting and RT‑qPCR assays. (E‑G) The expression level of RUNX2 downstream genes, VEGF, BSP, and SIRT6 mRNA in Ni‑T cells treated with 
50 µM CADD522 by RT‑qPCR. (H and I) The expression level of SATB2 protein and mRNA in BEAS‑2B cells and Ni‑T cells treated with 50 µM CADD522 
by western blotting and RT‑qPCR assays. (J and K) Soft agar assay of BEAS‑2B cells and Ni‑T cells treated with CADD522 at 50 µM and compared with 
that treated with control. (L and M) The invasion of BEAS‑2B cells and Ni‑T cells treated with CADD522 at 50 µM was measured by Transwell assay and 
images were captured at a magnification of x20. (N and O) Cell migration ability in BEAS‑2B cells Ni‑T cells with inhibited RUNX2 activity was measured 
by scratch wound healing assays, and images were captured at a magnification of x20. Statistical significance was calculated by the GraphPad Prism software 
using ANOVA for comparisons among groups. *P<0.05 and **P<0.01. RUNX2, runt‑related transcription factor 2; Ni‑T, Ni‑transformed; RT‑qPCR, reverse 
transcription-quantitative PCR; VEGF, vascular epithelial growth factor; BSP, bone sialoprotein; SIRT6, sirtuin 6; SATB2, AT‑rich sequence‑binding protein 2.



ZHU et al:  RUNX2/miR-31/SATB2 PATHWAY IN NICKEL-INDUCED BEAS-2B CELL TRANSFORMATION8

100 µM NiCl2 for 6 consecutive weeks to induce cell transfor‑
mation. As demonstrated in Fig. 4C‑E, the scramble control 
cells demonstrated significantly higher levels of RUNX2 
compared with shRUNX2‑transfected cells. Chronic exposure 
to Ni induced both RUNX2 and SATB2 level in control cells, 
while in RUNX2‑knockdown cells, Ni failed to increase the 
levels of RUNX2 or SATB2 compared with controls. These 
results indicated that inhibition of RUNX2 decreased the 
induction of SATB2 by Ni chronic exposure.

Ni‑induced cancer hallmarks were investigated in 
BEAS‑2B cells harboring knockdown of RUNX2. As 
revealed in Fig. 4F and G, Ni‑treated BEAS‑2B cells with 
knockdown of RUNX2 demonstrated significantly reduced 
anchorage‑independent growth compared with the control. 
Although knockdown of RUNX2 only slightly reduced cell 
migration of BEAS‑2B cells chronically treated with Ni 

(Fig. 4H and I), Ni‑treated cells with knockdown of RUNX2 
demonstrated a reduced invasiveness (Fig. 4J and K). These 
findings indicated that RUNX2 was essential in maintaining 
the cancer hallmarks of Ni‑T cells, which was likely dependent 
on SATB2.

miR‑31 connects RUNX2 and SATB2 in Ni‑induced cell trans‑
formation. SATB2 is maintained at low levels in most mature 
organisms, and it is regulated by post‑transcriptional modi‑
fications and several miRNAs (48,76). miR‑31 is a negative 
regulator for SATB2 (22,38,40,41). In a previous study, it was 
demonstrated that arsenic induced SATB2 level by inhibiting 
miR‑31 in BEAS‑2B cells (40). miR‑31 could directly target 
SATB2 at the 3' UTR to diminish SATB2 mRNA stability 
and translation (22,41). miR‑31 has also been revealed to be 
downstream of RUNX2 during osteogenic differentiation (22). 

Figure 4. Knockdown of RUNX2 prevents SATB2 induction by Ni in BEAS‑2B. (A and B) The protein and mRNA levels of RUNX2 were measured by 
western blotting and RT‑qPCR assays after knockdown of RUNX2 by shRNA stable transfection in BEAS‑2B cells. (C‑E) The expression of RUNX2 and 
SATB2 protein and mRNA levels was measured by western blotting and RT‑qPCR assays in BEAS‑2B RUNX2‑knockdown cells. (F and G) Soft agar assays of 
RUNX2‑knockdown cells compared with scramble controls. (H and I) The invasion of RUNX2‑knockdown cells was measured by Transwell assay and images 
were captured at a magnification of x20. The number of invading cells was counted using ImageJ software and compared with the control. (J and K) Cell 
migration ability in RUNX2‑knockdown cells was measured by scratch wound healing assays and images were captured at a magnification of x20. The wound 
healing rate was analyzed by measuring the percentage of wound area covered for each group using ImageJ software. Statistical significance was calculated 
by the GraphPad Prism software using ANOVA for comparisons among groups. *P<0.05 and **P<0.01. RUNX2, runt‑related transcription factor 2; SATB2, 
AT‑rich sequence‑binding protein 2; RT‑qPCR, reverse transcription‑quantitative PCR; sh‑, short hairpin; ns, no significance.
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It connects RUNX2 and SATB2 by acting as a direct target 
of RUNX2 and an upregulator of SATB2 in osteogenesis 
and carcinogenesis. A search of the promoter of miR‑31 on 
Ensembl genome browser revealed a core binding sequence for 
RUNX2 upstream of TSS of miR‑31 (Fig. 5A). An illustration 
of RUNX2 binding at the miR‑31 promoter region and inhib‑
iting its transcription is demonstrated in Fig. 5B. Furthermore, 
miR‑31 complementary base pairing was revealed with 
the sequence on SATB2 mRNA 3' UTR region to mediate 
its mRNA degradation and translation repression and two 
target sites on 3' UTR of SATB2 mRNA were identified by 
TargetScan.

The expression level of miR‑31 in Ni‑T cells was reduced 
compared with normal BEAS‑2B cells (Fig. 5C). To confirm 
whether miR‑31 was regulated by RUNX2, BEAS‑2B cells 
overexpressing RUNX2 and CADD522‑treated Ni‑T cells 
were subjected to miRNA extraction and qPCR analysis for 
the expression level of miR‑31. Overexpression of RUNX2 in 
BEAS‑2B cells reduced the expression level miR‑31 compared 
with the vector control (Fig. 5D), while increased miR‑31 
expression levels were observed in Ni‑T cells and BEAS‑2B 
cells with inhibited RUNX2 activity (Fig. 5E). The physical 
binding of RUNX2 to the core binding site on miR‑31 promoter 
was demonstrated by Deng et al (22). To further investigate the 
mechanism by which CADD522 induced the expression level 
of miR‑31, the binding of RUNX2 at the core binding site of 
miR‑31 promotor region was examined by ChIP in Ni‑T cells. 
A primer that spans the binding site in the promoter of miR‑31 
was used for qPCR analysis and another primer spanning an 

unrelated promoter region was used as a negative control. 
The binding of RUNX2 to miR‑31 promoter was confirmed. 
Upon treatment with CADD522, the binding of RUNX2 was 
slightly reduced as compared with control (Fig. 5F), indicating 
that CADD522 alleviated the inhibitory effect by RUNX2 on 
miR‑31 promoter and thereby increased the expression level 
of miR‑31.

It is known that miRNAs target downstream mRNAs by 
promoting mRNA degradation and reducing translation (77). 
Since CADD52 induced expression of miR‑31, an inhibition 
of DNA transcription by actinomycin D in CADD522‑treated 
Ni‑T cells was conducted to assess the stability of SATB2 
mRNA. CADD522‑treated Ni‑T cells had less SATB2 mRNA 
stability compared with the control (Fig. 5G), indicating that 
increased SATB2 mRNA degradation was the operative event. 
These findings indicated that RUNX2 increased SATB2 by 
suppressing the expression of miR‑31, since RUNX2 directly 
targeted miR‑31 promoter to negatively regulate its expres‑
sion, and miR‑31 was hypothesized to contribute to decreased 
stability of SATB2 mRNA in Ni‑T cells.

Overexpression of miR‑31 represses Ni‑induced cancer 
hallmarks. miRNAs target downstream mRNAs by 
base‑paring with a complementary sequence on their 3' UTR, 
while the levels of target mRNAs are not necessarily affected 
by miRNAs. Genes not affected by the binding of targeting 
miRNAs are termed tuning genes, and those that can be turned 
off by the binding of miRNAs are termed switch genes (44,78). 
To investigate whether miR‑31 regulates the level of SATB2 

Figure 5. miR‑31 connects RUNX2 and SATB2 signaling in Ni‑T BEAS‑2B cells. (A) Analysis of miR‑31 promoter sequence and identification of RUNX2 
core binding site by Ensembl. (B) An illustration of RUNX2 binding to the genomic miR‑31 promoter region and an illustration of miR‑31 targeting SATB2 
mRNA 3' UTR at two target positions by TargetScan. (C) The level of miR‑31 in Ni‑T cells compared with normal BEAS‑2B by RT‑qPCR analysis. (D) The 
level of miR‑31 in BEAS‑2B cells ectopically expressing RUNX2 compared with vector control by RT‑qPCR analysis. (E) The expression level of miR‑31 in 
Ni‑T cells treated by CADD522 at 50 µM for 24 h compared with that in BEAS‑2B cells by RT‑qPCR analysis. (F) Chromatin immunoprecipitation analysis for 
RUNX2 binding at miR‑31 promoter affected by CADD522 using primer that amplified the core binding site of RUNX2 at miR‑31 promoter region. (G) RNA 
stability assay using actinomycin D to inhibit DNA transcription to assess the SATB2 mRNA degradation in CADD522‑treated Ni‑T cells by RT‑qPCR. 
Statistical significance was calculated by the GraphPad Prism software using ANOVA for comparisons among groups. *P<0.05 and **P<0.01. miR, microRNA; 
RUNX2, runt‑related transcription factor 2; SATB2, AT‑rich sequence‑binding protein 2; Ni‑T, Ni‑transformed; UTR, untranslated region; RT‑qPCR, reverse 
transcription‑quantitative PCR.
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in Ni‑T cells, miR‑31 was ectopically expressed (Fig. 6A). 
SATB2 protein and mRNA expression levels were measured 
by western blotting and qPCR. As revealed in Fig. 6B and C, 
ectopically expressed miR‑31 in Ni‑T cells suppressed 
the protein and mRNA levels of SATB2. However, unlike 
CADD522 which promoted SATB2 mRNA degradation, the 
stability of SATB2 mRNA was not significantly impaired 
in miR‑31 overexpressed cells compared with vector control 
(Fig. 6D). This may be due to suppressed transcription of 
miR‑31 under the treatment of actinomycin D, failing to show 
the direct link between miR‑31 and SATB2.

Since exogenous expression of miR‑31 in Ni‑T cells 
reduced SATB2 levels, and knockdown of SATB2 was 
revealed to reduce cell transformation (16), it was hypoth‑
esized that cell transformation and metastasis would also be 
inhibited in Ni‑T cells stably expressing exogenous miR‑31. 
The colony number and size in soft agar were significantly 
decreased in miR‑31‑overexpressing cells compared with the 

vector control as demonstrated in Fig. 6E and F. To investigate 
whether the expression of miR‑31 in Ni‑T cells also suppressed 
cellular metastasis, both migration and invasion were analyzed 
using the scratch test and invasion assay, respectively. As 
demonstrated in Fig. 6G and H, the wound healing rate was 
reduced in Ni‑T cells ectopically expressing miR‑31 compared 
with the control, indicating a decreased cell migration ability. 
The number of invasive cells was also significantly reduced 
in miR‑31‑overexpressed cells (Fig. 6I and J). Collectively, 
overexpression of miR‑31 reduced cell transformation and 
metastatic potential in Ni‑T cells, indicating that miR‑31 could 
be a critical regulator in Ni‑induced cell transformation by its 
effects on SATB2 expression.

Inhibition of miR‑31 increases cancer hallmarks in BEAS‑2B 
cells. To further examine the role of miR‑31 in cell trans‑
formation, miR‑31 was knocked down in BEAS‑2B cells by 
shRNA (Fig. 7A). The mRNA and protein levels of SATB2 

Figure 6. Overexpression of miR‑31 in Ni‑transformed BEAS‑2B cells suppresses Ni‑induced cancer hallmarks. (A) Ectopic expression of miR‑31 in Ni‑T 
cells by stable transfection and the expression level of miR‑31 was measured by RT‑qPCR analysis. (B and C) The level of SATB2 mRNA and protein in 
Ni‑T cells ectopically expressing miR‑31 by western blotting and RT‑qPCR analysis. (D) RNA stability assay using actinomycin D to examine the SATB2 
mRNA degradation in miR‑31‑knockdown BEAS‑2B cells. (E and F) Soft agar assays of Ni‑T cells ectopically expressing miR‑31 compared with controls. 
(G and H) Cell migration ability in Ni‑T cells ectopically expressing miR‑31 was measured by scratch tests and images were taken at a magnification of x20. 
The wound healing rate was analyzed by measuring the percentage of wound area covered for each group using ImageJ software. (I and J) The invasion of 
Ni‑T cells ectopically expressing miR‑31 was measured by Transwell assay and the images were captured at a magnification of x40. The number of invading 
cells was counted using ImageJ software and compared with the control. Statistical significance was calculated by the GraphPad Prism software using ANOVA 
for comparisons among groups. **P<0.01. miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; SATB2, AT‑rich sequence‑binding protein 2; 
Ni‑T, Ni‑transformed.
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were increased in one of the clones of miR‑31‑knockdown 
BEAS‑2B cells (Fig. 7B and C). Inhibition of miR‑31 level in 
BEAS‑2B cells significantly promoted anchorage‑independent 
growth as compared with the scramble shRNA‑transfected 
controls (Fig. 7D and E). The cell metastasis was investigated 
in BEAS‑2B cells with knockdown of miR‑31. Cells with 
reduced expression of miR‑31 exhibited increased migration 
compared with the scramble shRNA control (Fig. 7F and G). 
Furthermore, knockdown of miR‑31 effectively increased the 
invasiveness as compared with the control (Fig. 7H and I). 
Collectively, these results indicated that miR‑31 played an 

important role in inhibiting cell transformation and metastasis 
in BEAS‑2B cells.

Discussion

The present study proposed a signaling pathway, 
RUNX2/miR‑31/SATB2, that drives Ni‑induced BEAS‑2B 
cell transformation. Expression of SATB2 and RUNX2 were 
both increased in Ni‑transformed BEAS‑2B cells (Ni‑T) and 
miR‑31 levels were reduced. Ectopic expression of RUNX2 in 
BEAS‑2B cells promoted cancer hallmarks, while an inhibition 

Figure 7. Knockdown of miR‑31 promotes cancer hallmarks in BEAS‑2B cells. (A) Knockdown of miR‑31 in BEAS‑2B cells by miR‑31 inhibitor and the 
expression level of miR‑31 was measured by RT‑qPCR analysis. (B and C) The levels of SATB2 mRNA and protein in miR‑31‑knockdown BEAS‑2B cells 
were determined by western blotting and RT‑qPCR analysis. (D and E) Soft agar assays of miR‑31‑knockdown cells and the quantification of the number of 
colonies compared with that of the control. (F and G) Cell migration ability in miR‑31‑knockdown cells was measured by scratch tests and the images were 
captured at a magnification of x20. The wound healing rate was analyzed by measuring the percentage of wound area covered for each group using ImageJ 
software. (H and I) The invasion of miR‑31‑knockdown cells was measured by Transwell assay and images were captured at a magnification of x20. The 
number of invasive cells was counted using ImageJ and was compared with the control. GraphPad Prism software using ANOVA for comparisons among 
groups. **P<0.01. miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; SATB2, AT‑rich sequence‑binding protein 2; sh‑, short hairpin.
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of RUNX2 in Ni‑T cells or knockdown of RUNX2 in BEAS‑2B 
cells prior to Ni treatment significantly prevented the induction 
of SATB2 as well as carcinogenesis. These results indicated 
an important role of RUNX2 in Ni‑induced cell transforma‑
tion, which is likely mediated by inducing the expression of 
SATB2. miR‑31 was demonstrated to be an upstream nega‑
tive regulator of SATB2 in arsenic‑transformed BEAS‑2B 
cells (40). miR‑31 is targeted by RUNX2 at the promoter and 
its expression level was revealed to be regulated by RUNX2 in 
BEAS‑2B cells. Knockdown of miR‑31 in normal BEAS‑2B 
cells increased SATB2 level and cancer hallmarks, while over‑
expression of miR‑31 in Ni‑T cells reversed transformation by 
decreasing SATB2. Different doses and treatment times for 
soluble Ni‑induced cell transformation have been reported in 
numerous studies (7,57‑63), however a dose‑response effect 
of soluble Ni on cell growth, migration and invasion has not 
been well explored in the same detail and could be studied 
in the future. Furthermore, a dose‑response relationship 
between soluble Ni exposure and expression levels of these 
components will be explored in future studies. Collectively, 
these results indicated that long‑term soluble NiSO4 exposure 
induced SATB2 expression through the induction of RUNX2 
and inhibition of miR‑31 which is a mechanism for Ni‑induced 
BEAS‑2B cell transformation.

Ni‑induced cell transformation occurs through several 
mechanisms, including the hypoxia‑inducible signaling 
pathway, epigenetic changes including DNA methylation, 
histone acetylation and miRNA regulation, tumor suppressor 
gene loss and oncogene activation (79). Hypoxia‑inducible 
factor (HIF) is a heterodimeric transcriptional factor that 
consists of 2 subunits, HIF‑1α and HIF‑1β, both of which are 
required for HIF‑1 to function; HIF‑1β is integral in HIF‑1 
heterodimer formation, while HIF‑1α is the key regula‑
tory subunit and is responsible for HIF‑1 transcriptional 
activity  (80). Previous studies demonstrated that Ni could 
replace iron in the HIF prolyl hydroxylases and thus inhibit 
the association of HIF‑1α with Von‑Hippel‑Lindau (VHL) E3 
ubiquitin ligase, which in turn stabilizes HIF protein (81‑83). 
RUNX2 was also revealed to cause accumulation of HIF‑1α 
protein in chondrocytes since it stabilizes HIF‑1α by competi‑
tion with pVHL at the oxygen‑dependent degradation domain 
(ODDD) of HIF‑1α and prevents HIF‑1α ubiquitination (84). 
Another study confirmed the physical binding of the Runt 
domain of RUNX2 with HIF‑1α and indicated that RUNX2 and 
HIF‑1α interaction induced the expression of the downstream 
gene vascular epithelial growth factor (VAGF) (85). Recently 
SATB2 was also revealed to regulate HIF‑1a expression under 
hypoxia signaling and mediate cell stemness, proliferation 
and cell survival in oral squamous cell carcinoma (86). These 
findings indicated that both RUNX2 and SATB2 may also 
be involved in the mechanism of the Ni‑induced hypoxia 
signaling pathway.

Carcinogenic mechanisms induced by Ni can ultimately 
lead to the activation of proto‑oncogenes or inactivation 
of tumor suppressor genes such as p53 (87‑89). SATB2 was 
reported to be an oncogene in numerous cancers (48). SATB2 
was indicated as a diagnostic marker for CRC since SATB2 
stained positively in 71‑97% of primary and metastatic CRC 
biopsies (90). A reduced expression level of SATB2 in colon 
cancer was associated with poor prognosis, while increased 

SATB2 expression enhanced therapeutic sensitivity (90‑94). A 
previous study demonstrated that SATB2 induction and subse‑
quent transformation of colon epithelial cells (CRL‑1831) was 
mediated through Wnt/β‑catenin/T‑cell factor (TCF)/lymphoid 
enhancer factor (LEF) pathway (13). Numerous downstream 
genes of the pathway have been associated with carcinogen‑
esis, including c‑Myc and VEGF (95). In fact, these genes are 
also downstream of RUNX2 (96,97). RUNX2 has been linked 
with SATB2 by numerous osteo‑specific markers and miRNAs 
during bone development and carcinogenesis (19,20,22‑25,39).

RUNX2 was indicated to be a novel prognostic marker 
in non‑small cell lung cancer (NSCLC) since its expression 
was revealed to be tightly related with tumor size, stage, and 
lymph node metastasis  (72). The present study focused on 
the role of RUNX2 in Ni‑T cells and confirmed that RUNX2 
is an upstream regulator of SATB2, and it is important in 
mediating cell transformation induced by Ni. Inhibition of 
RUNX2 was achieved by two methods in the present study, a 
small molecule inhibitor and gene knockdown. The advantage 
of small molecule drugs is functioning rapidly, continuously, 
and often reversibly across cell types and species (98) From a 
clinical point of view, it has the potential for therapeutic devel‑
opment, and the results of the present study could possibly add 
meaning to it. A concern in the use of small molecule inhibitors 
of RUNX2 would be its off‑target effects. A previous study 
has demonstrated that CADD522 is specific for the RUNX 
family and highly specific in targeting RUNX2 transcrip‑
tional activity (75). Stable knockdown of RUNX2 by shRNA 
in normal BEAS‑2B cells was carried out to provide further 
evidence that RUNX2 is critical in maintaining cancer hall‑
marks during Ni‑induced transformation. Although SATB2 is 
considered a tumor suppressor for NSCLC (99), SATB2 levels 
increased in Ni‑T BEAS‑2B cells. In addition, inhibition of the 
expression level of SATB2 in Ni‑T cells reduced cell prolif‑
eration and anchorage‑independent growth (100). SATB2 was 
also induced by arsenic in BEAS‑2B transformed cells, and 
this induction was demonstrated to be achieved by down‑
regulated miR‑31, which was required to induce malignant 
transformation of BEAS‑2B cells (40).

RUNX2 acts as an upstream regulator of miR‑31 by directly 
targeting its promoter region in bone marrow mesenchymal 
stem cells (22). The expression level of miR‑31 was negatively 
regulated by RUNX2 following Ni‑transformation, and the 
binding of RUNX2 at miR‑31 promoter was demonstrated. 
miR‑31 is a negative regulator of SATB2 since overexpression 
of miR‑31 suppressed SATB2 level in Ni‑T cells, while inhibi‑
tion of miR‑31 restored SATB2 to normal low levels. miRNAs 
function by binding to the 3' UTR of target mRNAs and 
subsequently mediate mRNA de‑capping, triggering degra‑
dation, as well as reducing mRNA translation (101). SATB2 
mRNA was directly targeted by miR‑31 in CRC and breast 
cancer cells (38,53). In the present study, it was observed that 
miR‑31 affected SATB2 levels, and further studies on the 
mechanism by which miR‑31 regulates SATB2 in this pathway 
are required.

Two target sequences that miR‑31 bind to the 3' UTR of 
SATB2 mRNA were identified. Inhibition of RUNX2 tran‑
scriptional activity by CADD522 increased miR‑31 levels, 
reducing the half‑life of SATB2 mRNA, indicating that 
miR‑31 promoted SATB2 mRNA degradation. miR‑31 is a 



ONCOLOGY REPORTS  46:  154,  2021 13

highly evolutionarily conserved miRNA and its expression 
was revealed to be disrupted in the progression of numerous 
cancers and diseases such as psoriasis and systemic lupus 
erythematosus  (102). The transcriptional regulation of 
miR‑31 is suppressed in breast, prostate, liver, leukemia, and 
melanoma cancers, and this is partly mediated by hypermeth‑
ylation of a CpG island in miR‑31 promoter  (103‑107). In 
fact, DNA methylation is the most prevalent epigenetic event 
in Ni‑induced lung cancer  (81,108‑112). Ni elicited global 
hypermethylation and suppressed key tumor suppressor genes 
to induce senescence as part of its carcinogenic pathway (113). 
Ni was also revealed to alter the expression levels of numerous 
ncRNAs by regulating the activity of DNA methyltransferases 
(DMNTs)  (47). The level of miR‑31 was reduced in Ni‑T 
cells, allowing SATB2 protein to be expressed. In addition, 
RUNX2/miR‑31 may not be the only upstream signaling 
for SATB2‑mediated carcinogenesis induced by Ni since 
RUNX2 and SATB2 are regulated by other miRNAs such as 
miR‑23a/27a/24‑2 in cancer cells (23).

The present study described a signaling pathway leading 
to increased SATB2 in Ni‑induced BEAS‑2B transforma‑
tion. It demonstrated that induced expression of RUNX2 by 
Ni‑suppressed miR‑31 expression by silencing its promoter, 
thereby allowing SATB2 mRNA translation, and increasing 
the protein level of SATB2, leading to cell transformation. 
Since SATB2 is a common gene significantly induced by 
different heavy metals in BEAS‑2B cells (7), it would be of 
interest to investigate whether this is a shared pathway for 
other metal‑induced lung carcinogenesis in future studies.
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