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Abstract

Background Defects and deficiency of AT-rich interactive domain-containing protein 1A (ARID1A) encoded

by a tumor suppressor gene ARID1A have recently been suggested to get involved in angiogenesis, a crucial process
in carcinogenesis. However, molecular mechanisms of ARID1A deficiency to induce angiogenesis in kidney cancer
remain underinvestigated.

Methods We performed large-scale identification of ARIDTA protein interactors in renal tubular epithelial cells
(RTECs) using immunoprecipitation (IP) followed by nanoLC-ESI-LTQ-Orbitrap tandem mass spectrometry (MS/MS).
Their roles in angiogenesis were investigated using various assays.

Results A total of 74 ARID1A-interacting proteins were identified. Protein—protein interactions analysis revealed

that these identified proteins interacted directly or indirectly with ARIDTA. Among them, the direct interaction
between ARID1A and [3-actin was validated by IP and reciprocal IP followed by Western blotting. Small interfering RNA
(siRNA) was used for single and double knockdowns of ARIDTA and ACTB. Semi-quantitative RT-PCR demonstrated
that deficiency of ARID1A, but not ACTB, significantly affected expression of angiogenesis-related genes in RTECs (VEGF
and FGF2 were increased, whereas PDGF and EGF were decreased). However, the knockdowns did not affect TGFB1
and FGF1 levels. The quantitative mRNA expression data of VEGF and TGFBT were consistent with the secreted levels
of their protein products as measured by ELISA. Only secreted products derived from ARID1A-deficient RTECs signifi-
cantly increased endothelial cells (ECs) migration and tube formation. Some of the other carcinogenic features could
also be confirmed in the ARIDTA-deficient RTECs, including increased cell migration and chemoresistance. Double
knockdowns of both ARIDTA and ACTB did not enhance the effects of single ARID1A knockdown in all assays.

Conclusions We report herein a large dataset of the ARID1A-interacting proteins in RTECs using an IP-MS/MS
approach and confirm the direct interaction between ARID1A and {3-actin. However, the role of ARIDTA deficiency
in angiogenesis is independent of B-actin.
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Introduction

AT-rich interactive domain-containing protein 1A
(ARID1A) is a crucial DNA-binding subunit of BAF
(BRG1/BRM-associated factor) in the SWI/SNF (SWltch/
Sucrose Non-Fermentable) complex [1, 2]. BAF plays role
in remodelling chromatin structure by removing or delet-
ing nucleosomes to create the space for transcription
factor binding, which is crucial for gene regulation [3,
4]. ARIDIA gene also serves as a tumor suppressor and
is frequently mutated in several cancers, including blad-
der [5], hepatic [6], colorectal [7] and renal [8] cancers.
Besides, the decreased ARIDIA expression correlates
with the poor outcome of cancers [9, 10]. Many cancer
reports have shown that ARID1A deficiency impairs
the chromatin remodelling complex function, result-
ing in dysregulation of the carcinogenic gene expression
[10-12].

During carcinogenesis, creation of new blood vessels
or angiogenesis is one among crucial steps affecting can-
cer survival and aggressiveness [13, 14]. Mechanistically,
cancer cells increase production and secretion of vari-
ous angiogenic factors, including growth hormones and
cytokines, into extracellular matrix (ECM) to activate
endothelial cells (ECs) [15, 16]. The activated ECs can
degrade endothelial basement membrane to allow them
to migrate into the ECM [17]. The migrated ECs then
proliferate, further migrate toward the source of stimu-
lants, form the hollow tubes, and finally create new vas-
cular meshes [17]. Recent evidence has demonstrated the
involvement of ARID1A in regulating angiogenesis [18,
19]. Silencing Aridla gene in murine hepatocellular car-
cinoma (HCC) cells increases blood vessel density in the
tumor by inducing expression of Ang2, a gene encoding
angiogenic factor angiopoietin 2 (ANG?2) [18]. Similarly,
knockdown of ARIDIA in human ECs activates secretion
of ANG2 and promotes ECs proliferation, migration and
formation of capillary/mesh-like tubes [19]. Besides, the
increase of vascular endothelial growth factor (VEGF),
another essential angiogenic factor, has been found in the
ARIDI1A-deficient breast [20] and colon [21] cancer cells.

In the kidney, ARID1A deficiency can trigger several
carcinogenic features in renal tubular epithelial cells
(RTECs), including increased cell proliferation/migra-
tion/invasion, spheroid formation, chemoresistance and
epithelial-mesenchymal transition (EMT) [22]. How-
ever, molecular mechanisms of ARID1A deficiency to
regulate angiogenesis in kidney cancer remain underin-
vestigated. This study thus aimed to define the ARID1A
interactors in RTECs and investigate their role in angio-
genesis. The ARIDI1A-interacting proteins in RTECs
were isolated and identified by immunoprecipitation (IP)
followed by nanoLC-ESI-LTQ-Orbitrap tandem mass
spectrometry (MS/MS). Bioinformatics was employed to
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examine the interactions between ARID1A and its inter-
actors, as well as their functional enrichment. The MS/
MS data were then validated by IP and reciprocal IP of
the selected ARID1A-interacting partner followed by
immunoblotting. For functional analysis, single and dou-
ble gene knockdowns by small-interfering RNA (siRNA)
were performed to suppress mRNA levels of ARIDIA and
its interactor. Expression levels of angiogenesis-related
genes, including VEGF, FGFI1, FGF2, PDGF, EGF and
TGFBI1, were measured using semi-quantitative RT-PCR.
The secreted levels of VEGF and transforming growth
factor-p1 (TGF-P1) proteins were measured by ELISA.
Moreover, effects of the secreted products from these
siRNA-transfected RTECs on angiogenesis features of
ECs were investigated. Finally, some of the other carci-
nogenic features, including increased cell migration and
chemoresistance, were assessed in the siRNA-transfected
RTECs.

Materials and methods

Cell culture

MDCK cell line (ATCC; Manassas, VA) representing
renal tubular epithelial cells (RTECs) and EA.hy926 cell
line (ATCC) representing endothelial cells (ECs) were
propagated and maintained in a compete medium con-
taining Dulbecco’s modified eagle medium (DMEM)
(Gibco; Grand Island, NY) supplemented with 10%
fetal bovine serum (FBS) (Gibco), 60 U/ml penicillin G
(Sigma-Aldrich; St. Louis, MO), and 60 pug/ml streptomy-
cin (Sigma-Aldrich). The cells were cultured in a humidi-
fied incubator at 37 “C with 5% CO.,.

IP and reciprocal IP

Cellular proteins were extracted from MDCK cells using
pre-chilled radio-immunoprecipitation assay (RIPA)
buffer containing 50 mM Tris—HCI (pH 7.4), 150 mM
NaCl, 1 mM EDTA and 0.5% Triton X-100 and a probe
sonicator (Sonics Vibra-Cell VCX130) (Sonic & Materi-
als Inc.; Newtown, CT). Cell debris and other remaining
particles were removed from the cell lysate by centrifu-
gation at 10,000 xg and 4 °C for 15 min. To reduce non-
specific bindings, the clear cell lysate was precleared with
50 pl protein G sepharose beads (50% slurry) (GE Health-
care; Uppsala, Sweden) at 4 °C for 15 min on a tube rota-
tor. After centrifugation at 1500x g and 4 °C for 5 min,
the clear supernatant was collected for IP and reciprocal
IP as described previously [23, 24].

Briefly, 1 mg pre-cleared lysate (in 1 ml) was incubated
with 2 pg mouse monoclonal anti-ARID1A antibody
(Santa Cruz Biotechnology; Santa Cruz, CA), mouse
monoclonal anti-B-actin antibody (Santa Cruz Biotech-
nology), or isotype IgG (Santa Cruz Biotechnology) at
4 °C overnight on a tube rotator. The mixture was then
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incubated with 50 pl protein G sepharose beads (50%
slurry) (GE Healthcare) at 4 °C for 4 h on a tube rotator.
The beads bound with protein complex were collected by
centrifugation at 1500 g and 4 °C for 5 min and washed
with RIPA buffer. The immunoprecipitated proteins were
then eluted from the beads using 1 X Laemmli’s buffer and
resolved by 12% SDS-PAGE. The resolved protein bands
were visualized by Oriole fluorescence gel stain (Bio-Rad
Laboratories; Hercules, CA) and ChemiDoc MP Imag-
ing System (Bio-Rad Laboratories). These immunopre-
cipitated proteins were then subjected to MS/MS protein
identification, Western blot analysis and other investiga-
tions as described below.

In-gel tryptic digestion and MS/MS protein identification
After excising the resolved bands into multiple gel
slices, all the proteins immunoprecipitated by using
anti-ARID1A antibody and isotype IgG were subjected
to in-gel tryptic digestion [25, 26] and nanoLC-ESI-
LTQ-Orbitrap MS/MS protein identification [27, 28] as
described previously. More details are also provided in
Additional file 2.

Protein—protein interactions network and functional
enrichment analyses

After subtraction of the non-specific binding proteins
(identified from the isotype IgG control sample), all the
unique proteins identified in the anti-ARID1A-IP sample
were summarized and analyzed for their interactions and
functional classification using the STRING tool (version
11.5) (https://string-db.org). The confidence level was set
at medium (0.40 < score < 0.70).

Western blotting

Western blot analyses for ARID1A, B-actin and GAPDH
(loading control) were performed as described previously
[21, 22]. Details are also provided in Additional file 2.

Single or double gene knockdowns by siRNA in MDCK cells
To address functional roles of ARID1A and its selected
interactor, B-actin, siRNA transfection was performed for
single and double gene knockdowns in MDCK renal cells.
Details of siRNA transfection have been described previ-
ously [21, 22] and are also provided in Additional file 2.

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed as described
previously [21, 22]. Briefly, total RNA was isolated from
the siRNA-transfected MDCK cells using TRIzol reagent
(Thermo Fisher Scientific; Waltham, MA) and Direct-zol
RNA MiniPrep (Zymo Research; Irvine, CA). The cDNA
synthesis was performed using Viva cDNA Synthesis Kit
(Vivantis; Selangor Darul Ehsan, Malaysia) for converting
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RNA into first-strand cDNA. Semi-quantitative RT-PCR
was performed to measure expression levels of ARIDIA,
ACTB, VEGF, PDGF, EGF, TGFB1, FGF1 and FGF2,
whereas GAPDH was used to normalize expression lev-
els of these genes. The PCR reaction was done with Taq
DNA polymerase (New England Biolabs; Ipswich, MA)
and gene-specific primer pairs (Table 1). The thermocy-
cling condition for each PCR reaction was set according
to the manufacturer’s guideline with various annealing
temperatures (50-60 °C). After 27 cycles of PCR ampli-
fication, the PCR fragments were estimated by 1.5% aga-
rose gel electrophoresis, and the gel was stained with
ViSafe Red Gel Stain (Vivantis). The DNA bands were
detected using ChemiDoc MP Imaging System (Bio-Rad
Laboratories), and the band intensities were quantified by
using ImageQuant TL software (GE Healthcare).

Collection of conditioned medium (CM)

from the siRNA-transfected MDCK cells

After the transfection as described above, the siRNA-
transfected cells were washed with PBS and incubated in
serum-free medium at 37 °C with 5% CO, for 24 h. The
CM from each condition was harvested following cen-
trifugation at 2000 Xg for 5 min to remove cellular debris
and particles, and then used for measuring secreted

Table 1 Summary of all gene-specific primer pairs used for
semi-quantitative RT-PCR

Target gene Sequence (5'— 3) PCR product size
ACTB Forward: TTTGAGACCTTCAACACCC 209 bp
Reverse:  AGGATCTTCATGAGGTAGTC
ARID1A Forward: CCCCTCAATGACCTCCAGTA 159 bp
Reverse:  CTGGAAATCCCTGATGTGCT
EGF Forward: GAATCATGGCTGTACTCTTG 317 bp
Reverse:  GGTCATACCCAGGAAAGC
FGF1 Forward: ACAGTGGATGGGACAAG 287 bp
Reverse:  TAGTGAGTCCGAGGACC
FGF2 Forward: CACTTCAAGGACCCCAA 310 bp
Reverse: CAGTGCCACATACCAACTG
GAPDH Forward: CATCACTGCCACCCAGAA 291 bp
GA
Reverse:  GTGTAGCCCAGGATGCCT
T
PDGFA Forward: TGGAGATAGACTCCGTAGG 162 bp
Reverse:  TGACCGTCCTGGTCTTG
TGFB1 Forward: AGTCAAGAAAAGTCCGCA 180 bp
CAG
Reverse: CTGAGGTAGCGCCAG
GAATC
VEGFA Forward: CGAAGTGGTGAAGTTCATG 240 bp
Reverse: CCTATGTGCTGGCCTTG
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protein levels and for EA.hy926 treatment in subsequent
experiments.

ELISA

ELISA was performed to measure secreted levels of
VEGF and TGEF-P1 proteins from the siRNA-transfected
RTECs as described previously [22]. Details are also pro-
vided in Additional file 2.

ECs proliferation assay

EA.hy926 cells (2.5x10* cells) were seeded in each of
6-well plate (Corning Costar; Cambridge, MA) con-
taining 2 ml complete medium and incubated at 37 °C
with 5% CO, overnight. Thereafter, the culture medium
was replaced with 2 ml of the mixture (1:1) of complete
medium and CM harvested from the siRNA-transfected
MDCK cells. The EA.hy926 cells were further incubated
for 72 h, and the mixed complete medium/CM was
refreshed every day. Total cell number was counted at
24, 48 and 72 h after cultivation in the mixed complete
medium/CM by using a hemacytometer and also by
flow cytometry (BD Accuri C6 flow cytometer) (BD Bio-
sciences; San Jose, CA).

ECs migration assay

Transwell migration assay was performed as described
previously [29, 30] to examine the migratory response
of EA.hy926 ECs to angiogenic factors secreted from
MDCK renal cells. Prior to cell seeding, the membrane
insert (8-pum-pore size) of the Transwell plate (0.33 cm?
culture area/well) (Corning Costar) was pre-coated with
matrigel (BD Biosciences) and incubated at 37 °C for 1 h.
EA.hy926 cells (1x10° in 200 pl serum-free DMEM)
were seeded onto the pre-coated membrane insert in
upper chamber of each well. Thereafter, 500 ul CM col-
lected from the siRNA-transfected MDCK cells was
added into the lower chamber of each well. The cells were
allowed to migrate for 24 h at 37 °C with 5% CO,, and
those remained on the upper surface of the membrane
were swapped out, whereas those migrated to the lower
surface of the membrane were fixed with 3.7% (v/v) for-
maldehyde in PBS for 15 min. The cells were then stained
with 0.1 pg/ml Hoechst dye (Invitrogen; Carlsbad, CA) at
25 °C for 10 min and observed under Nikon Eclipse 80i
fluorescence microscope (Nikon; Tokyo, Japan). Number
of the migrated cells was counted from 15 random fields
per each sample.

ECs tube formation assay

ECs tube formation assay [29, 30] was performed to eval-
uate the ability of EA.hy926 ECs to form capillary/mesh-
like tubes on basement membrane matrix in response to
the angiogenic factors secreted from MDCK renal cells.
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Prior to cell seeding, each well of the 96-well plate (Corn-
ing Costar) was pre-coated with 50 ul matrigel (BD Bio-
sciences) at 37 °C for 1 h. EA.hy926 cells (5% 10* cells/
well in 100 pl CM harvested from the siRNA-transfected
MDCK cells) were seeded into the pre-coated well and
incubated at 37 °C with 5% CO, for 24 h. Thereafter, the
capillary/mesh-like tubes were imaged by using Nikon
Eclipse Ti-S inverted phase-contrast light microscope
(Nikon). To quantify the ECs tube formation, numbers
of nodes (junctional part) and meshes (hollow part) were
measured from 10 random fields per each sample using
the angiogenesis analyzer for Image] software (https://
imagej.nih.gov/ij/).

RTECs migration assay

RTECs migration assay was performed to confirm the
carcinogenic features of the ARIDI1A-deficient RTECs.
After siRNA transfection as described above, the trans-
fected MDCK cells (2x10° cells in 200 ul serum-
free DMEM) were seeded onto the membrane insert
(5-pum-pore size) in the upper chamber of each well of
the Transwell plate (0.33 cm? culture area/well) (Corn-
ing Costar). Each lower chamber was filled with 500 pl of
complete medium (with 10% FBS). After 24-h incubation
at 37 °C with 5% CO,, the migrated cells on the lower
surface of the membrane were analyzed and quantified as
described in the ECs migration assay.

RTECs chemoresistance assay

RTECs chemoresistance assay was performed as
described previously [22] to confirm the carcinogenic
features of the ARIDIA-deficient RTECs. After siRNA
transfection as described above, the transfected MDCK
cells were then incubated with 1 uM docetaxel (Hospira,
Lake Forest, IL) at 37 °C with 5% CO,, for 24 h. Thereaf-
ter, the cells were harvested and resuspended in annexin
V-binding buffer containing 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 140 mM NaCl, and
2.5 mM CaCl,-2H,0 (pH 7.4). The cells were then incu-
bated with fluorescein isothiocyanate (FITC)-labeled
annexin V for 15 min at 25 °C in the dark and then with
0.2 pg/ml propidium iodide for 5 min at 25 °C in the dark.
Finally, cell death was quantified by flow cytometry using
BD Accuri C6 flow cytometer (BD Biosciences).

Statistical analysis

Quantitative data in all experiments were derived from
three independent experiments using different sets of
biological samples and are shown as mean + SD. Statisti-
cally significant differences were determined using one-
way analysis of variance (ANOVA) with Tukey’s post-hoc
test or Kruskal-Wallis test (based on data distribution).
Statistical significance was indicated by p-value < 0.05.
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Results

IP-MS/MS identification of ARID1A-interacting proteins
The methodology performed in this study is schemati-
cally summarized in Fig. 1. IP was performed to pull
down the ARID1A protein complex. SDS-PAGE followed
by Oriole fluorescence gel stain revealed differential pat-
terns of protein bands resolved from the IP samples using
anti-ARID1A antibody versus isotype IgG (Fig. 2A). In
particular, a distinct band at approximately 250 kDa was
observed only in the anti-ARID1A-IP sample. Immu-
noblotting confirmed that such distinct band really was
the ARID1A protein (Fig. 2B), indicating that ARID1A
was successfully pulled down by IP. Subsequently, the
SDS-PAGE gel containing the immunoprecipitated pro-
teins was excised into multiple slices and subjected to
protein identification by in-gel tryptic digestion fol-
lowed by nanoLC-ESI-LTQ-Orbitrap MS/MS analyses.
As expected, the immunoreactive band at ~ 250 kDa was
identified as ARID1A protein (Fig. 2C). After subtraction
of some proteins identified from the isotype IgG-IP sam-
ples, 74 unique proteins identified exclusively in the anti-
ARID1A-IP samples (the ARID1A-interacting proteins)
were summarized (Table 2).

Protein—protein interactions network and functional
enrichment analyses of ARID1A-interactors

ARIDIA and all 74 interactors were submitted to
STRING tool for protein—protein interactions network
and functional enrichment analyses. As illustrated in
Fig. 3, these identified ARID1A-interacting proteins had
either direct or indirect interactions with ARID1A. In
addition, ARID1A and its interactors played several func-
tional roles in nucleosome binding, RNA binding, ubiqui-
tin protein ligase binding, cytoskeleton protein binding,
nucleoside binding, protein binding, and positive regula-
tion of peptidase activity (Fig. 3).

Validation of the association between ARID1A and its
interactor

IP and reciprocal IP followed by immunoblotting were
applied for validating the direct association between
ARID1A and f-actin (actin, cytoplasmic 1) (encoded
by ACTB). These combined approaches successfully

(See figure on next page.)
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confirmed the direct association between ARID1A and
B-actin. The immunoblots clearly showed that ARID1A
and B-actin were detected in both of the anti-ARID1A-IP
and anti-p-actin-IP samples, but not in the isotype IgG-
IP samples (Fig. 4).

Single and double knockdowns of ARID1A and ACTB

by siRNA in MDCK renal cells

For functional study of ARID1A and its interactors, gene
silencing by siRNA specific for ARID1A (siARID1A) and
B-actin (siACTB) was performed to decrease expression
levels of ARIDIA and/or ACTB in MDCK renal cells.
After single and double knockdowns, mRNA levels were
confirmed by semi-quantitative RT-PCR. The agarose gel
images showed obvious decreases in ARIDIA (Fig. 5A)
and ACTB (Fig. 5B) band intensities in the siRNA-
transfected cells, whereas that of GAPDH remained
unchanged and thus served as the house-keeping
gene for normalization (Fig. 5C). Quantitative analysis
revealed that relative ARIDIA mRNA level significantly
decreased in both siARID1A- and siARID1A +siACTB-
transfected cells compared with the cells transfected with
control siRNA (siControl) (Fig. 5D). Similarly, the ACTB
mRNA level significantly decreased in both siACTB- and
siARID1A +siACTB-transfected cells compared with
siControl-transfected cells (Fig. 5E). Note that double
knockdowns did not make further decrease of either
ARIDIA or ACTB mRNA level as compared with the sin-
gle knockdown.

Additionally, protein levels of ARID1A and pB-actin
were measured by immunoblotting. The immunoblots
demonstrated thinner and fainter bands of ARID1A and
B-actin in MDCK cells with single or double gene knock-
downs (Fig. 5F, G), whereas GAPDH band remained
unchanged and thus served as the loading control
(Fig. 5H). Quantitative analysis revealed that relative
ARIDI1A protein level significantly decreased in both
siARID1A- and siARID1A +siACTB-transfected cells
compared with siControl-transfected cells (Fig. 5I). Simi-
larly, the P-actin protein level significantly decreased in
both siACTB- and siARID1A +siACTB-transfected cells
compared with siControl-transfected cells (Fig. 5J). Note
that double knockdowns did not make further decrease

Fig. 1 Schematic diagram for analytical methods in this study. A ARID1A protein complex in MDCK renal cells was isolated from the whole

cell lysate by IP with anti-ARID1A antibody. In parallel, the sample immunoprecipitated with isotype IgG served as the control for background
(non-specific) subtraction. The immunoprecipitated proteins were resolved by SDS-PAGE and subjected to in-gel tryptic digestion followed

by identification by nanoLC-ESI-LTQ-Orbitrap MS/MS and bioinformatic analyses to predict protein—protein interactions network and functional
enrichment. B The MS/MS data were validated by IP and reciprocal IP followed by immunoblotting. C To study functions, single and double
knockdowns of ARIDTA and its interactor by siRNA were performed in MDCK cells. RNA was extracted and expression levels of angiogenesis-related
genes were determined by semi-quantitative RT-PCR. Finally, effects of secreted products derived from the siRNA-transfected MDCK cells

on angiogenesis features (including cell proliferation, migration and tube formation) of EA.hy926 ECs were examined
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Fig. 2 IP-MS/MS identification of ARID1A-interacting proteins. A Cellular proteins immunoprecipitated by isotype IgG or anti-ARID1A antibody

were resolved by SDS-PAGE and visualized with Oriole fluorescence gel stain. B Immunoblotting revealed a distinct ARID1A protein band

at approximately 250 kDa in the anti-ARID1A-IP sample. C nanoLC-ESI-LTQ-Orbitrap MS/MS analysis confirmed that the 250 kDa-immunoreactive

band was ARIDTA
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Table 2 Summary of all 74 unique ARID1A-interacting proteins identified by IP-MS/MS

Protein name SwissprotID Gene symbol MS/MS %Cov No. of unique/total MW (kDa)

identification matched peptides

score
14-3-3 protein zeta/delta P63101 YWHAZ 20.18 9.0 2/2 27.77
40S ribosomal protein 512 Q76181 RPS12 33.54 16.7  1/1 14.52
40S ribosomal protein S18 Q5TJE9 RPS18 6.18 53 11 17.72
40Sribosomal protein SA Q4GWZ2 RPSA 34.73 98  2/2 3293
60S ribosomal protein L3 Q4R5Q0 RPL3 8.75 22 1N 46.05
60S ribosomal protein L31 Q5RBR9 RPL31 6.35 1.2 11 14.39
60Sacidic ribosomal protein PO P19945 RPLPO 14.92 63 22 34.22
Actin, alpha cardiac muscle 1 P68032 ACTCI 6.24 225 1/9 42.02
Actin, cytoplasmic 1 P84336 ACTB 32331 539 1716 41.80
Actin, cytoplasmic 2 P63261 ACTG1 39.50 539 1/16 41.79
Alpha-enolase (Fragment) P86210 ENOT 8.29 9.9 11 23.84
Caspase-14 P31944 CASP14 14.07 10.7 2/2 27.68
Cathepsin D P07339 CTSD 13.92 6.1 2/2 4455
Cleavage and polyadenylation specificity factor subunit5 ~ Q9CQF3 NUDT21 82.14 207 3/3 26.24
Cleavage and polyadenylation specificity factor subunit 7 Q5XI29 CPSF7 83.31 104 4/4 51.07
Coiled-coil domain-containing protein 39 E2R115 CcbCs9 6.20 09 1N 110.37
Cornifin-8 P22528 SPRR1B 3412 55.1 4/4 9.89
D-3-phosphoglycerate dehydrogenase Q61753 PHGDH 7.86 2.1 11 56.59
DCC-interacting protein 13-alpha Q8K3HO APPL1 33.13 50 373 79.33
Desmoplakin P15924 DSP 21.59 1.0 272 331.77
Dolichyl-diphosphooligosaccharide protein glycosyltrans- Q29381 DDOST 28.26 25 11 48.86
ferase 48 kDa subunit
Dolichyl-diphosphooligosaccharide protein glycosyltrans-  E2RQ08 RPNT 8.10 25 11 68.58
ferase subunit 1
Dystrophin P11532 DMD 6.02 0.3 171 426.74
Elongation factor 1-delta Q717R8 EEFID 6.59 3.2 11 30.82
Elongation factor 1-gamma (Fragment) Q29387 EEFIG 2642 30 11 49.62
Eukaryotic initiation factor 4A-I (Fragment) P29562 EIF4A1 10.27 2.5 1/1 4529
Filamin-B Q80X90 FLNB 6.91 0.4 1/1 277.82
Fructose-bisphosphate aldolase A Q5NVR5 ALDOA 1437 15 272 3945
Heterogeneous nuclear ribonucleoprotein C G3VIR8 HNRNPC 6.05 37 N 32.86
Heterogeneous nuclear ribonucleoprotein DO Q60668 HNRNPD 13.29 5.1 2/2 3835
Heterogeneous nuclear ribonucleoprotein H Q8VHV7 HNRNPH1 20.84 38 N 49.19
Heterogeneous nuclear ribonucleoprotein K P61980 HNRNPK 25.88 43 272 50.98
Histone H2A type 1-D COHKE3 H2AC7 1546 215 272 14.14
Ig gamma-1 chain C region secreted form P01868 IGHGT 106.40 275 7/7 3570
Integrin-linked kinase-associated serine/threonine phos- QOIIFO ILKAP 17.46 78  3/3 40.62
phatase 2C
Interferon-induced very large GTPase 1 Q80sU7 GVINT 6.44 04 1N 280.81
Interleukin enhancer-binding factor 2 QIoCXYe6 ILF2 14.77 6.2  2/2 43.06
Myosin-11 (Fragment) Q63862 MYH11 93.09 1.2 11 15249
Olfactory receptor 143 P34985 OLFR143 6.31 29 1/1 3520
Poly(rC)-binding protein 2 Q61990 PCBP2 7.3 36 1N 3822
Prohibitin-2 Q99623 PHB2 803 33 1N 33.30
Prostaglandin reductase 1 QOEQZ5 PTGR1 6.56 30 1IN 3573
Protein disulfide-isomerase P07237 P4HB 648 59 1N 57.12
Protein disulfide-isomerase A3 Q5RDG4 PDIA3 2051 2.2 11 56.78
Protein S100—A7 P31151 ST100A7 105.09 475 6/6 1147

Protein S100-A8 P05109 S100A8 99.03 312 3/3 10.83
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Table 2 (continued)

Protein name SwissprotID Gene symbol MS/MS %Cov No. of unique/total MW (kDa)

identification matched peptides
score

Protein S100—-A9 P06702 S100A9 124.31 51.8 6/6 13.24
Purine nucl—oside phosphorylase P85973 PNP 6.34 35 11 3230
Putative deoxyribonuclease TATDN2 Q93075 TATDNZ2 6.02 1211 85.02
Putative heat shock protein HSP 90-beta 2 Q58FF8 HSP90AB2P 1340 7.1 172 4435
Pyruvate kinase PKM P11980 PKM 9.32 43 11 57.82
RabGDP dissociation inhibitor beta 06Q7J2 GDI2 6.77 2.5 1/1 50.27
Ras-related protein Rab-11A Q5R9M7 RABTTA 10.52 60 1N 2439
Ras-related protein Rab-6A QIWVB1 RAB6A 14.24 53 11 23.59
RNA binding motif protein, X-linked-like-1 Q91VM5 RBMXL1 10.20 34 1IN 42.16
RNA-binding protein EWS Q61545 EWSR1 14.89 2.1 "1 68.46
Semenogelin-1 P04279 SEMGT 21.73 74 3/3 5213
Semenogelin-2 Q02383 SEMG2 10943 72 22 65.44
Serpin B12 Q96P63 SERPINB12 6.32 20 171 46.28
Serpin B3 P29508 SERPINB3 26.25 9.2 3/3 44.56
Small proline-rich protein 2D P22532 SPRR2D 6.14 61.1 1/4 791
Small proline-rich protein 2E P22531 SPRR2E 36.24 792 1/4 7.86
Spectrin beta chain, non-erythrocytic 1 Q62261 SPTBN1 6.62 04 1IN 274.22
SWI/SNF complex subunit SMARCC2 Q6PDG5 SMARCC2 31.10 27 22 132.60
T-complex protein 1 subunit gamma Q6P502 ccr3 1591 40 22 60.65
Transcription activator BRG1 A7Z019 SMARCA4 16.83 1.5 2/2 180.68
Transferrin receptor protein 1 Q99376 TFRC 6.19 1.2 11 85.88
Transitional endoplasmic reticulum ATPase Q3ZBT1 vcP 9.18 1.6 171 89.33
Tubulin alpha-1B chain Q4R538 TUBAIB 149.28 18.0 6/6 50.15
Tubulin beta chain P07437 TUBB 19.24 259  1/10 49.67
Tubulin beta-2B chain QICWEF2 TUBB2B 852 19.8 1/8 49.95
Tubulin beta-4B chain Q6PIT8 TUBB4B 145.71 29.7 2/11 49.80
Ubiquitin thioesterase OTUB2 Q96DC9 OTUB2 9.63 30 1/1 27.21
Voltage-dependent anion-selective channel protein 1 Q97210 VDACT 19.45 35 11 30.76

%Cov = percentage of sequence coverage

of either ARID1A or B-actin protein level as compared
with the single knockdown.

Effects of single and double knockdowns of ARID1A

and ACTB on expression of angiogenesis-related genes

and secretion of angiogenic factors in MDCK renal cells
Semi-quantitative RT-PCR was also used to evaluate
expression levels of angiogenesis-related genes, includ-
ing VEGF, FGF2, PDGF, EGF, TGFBI and FGFI1, after
single and double knockdowns of ARIDIA and ACTB
in MDCK cells, whereas GAPDH served as a house-
keeping gene for normalization (Fig. 6A—G). Quantita-
tive analysis revealed that VEGF and FGF2 significantly
increased in the siARID1A- and siARID1A +siACTB-
transfected cells, but remained unchanged in the
siACTB-transfected cells compared with the siControl-
transfected cells (Fig. 6H, I). By contrast, PDGF and
EGF levels significantly decreased in the siARID1A- and

siARID1A +siACTB-transfected cells, but remained
unchanged in the siACTB-transfected cells (Fig. 6], K).
However, single and double knockdowns of ARIDIA
and ACTB had no effects on levels of TGFBI and FGFI
(Fig. 6L, M).

ELISA was performed to confirm that the mRNA
expression of these angiogenesis-related genes affected
the secreted levels of their protein products. VEGF served
as the representative protein with up-regulation induced
by ARIDIA knockdown, whereas TGF-P1 served as the
representative unaffected protein. In consistent with the
mRNA level, siARID1A- and siARID1A + siACTB-trans-
fected cells had significantly increased level of secreted
VEGE, while siACTB-transfection did not affect the
secreted VEGF level as compared with the siControl-
transfected cells (Additional file 1: Figure S1A). In addi-
tion, ELISA revealed that the secreted level of TGF-B1
was not altered by single and double knockdowns of
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Fig. 3 Protein—protein interactions network and functional enrichment analyses of ARID1A-interactors. The interactions and functions of ARID1A
and its 74 interactors identified by nanoLC-ESI-LTQ-Orbitrap MS/MS analyses were determined by using the STRING tool (version 11.5) (https://
string-db.org) with a medium confidence level (0.40 < score <0.70)

ARIDI1A and ACTB (Additional file 1: Figure: S1B). These
data confirmed that expression of the angiogenesis-
related genes really affected the secretion of their protein
products.

Effects of secreted products derived

from the siRNA-transfected MDCK cells on ECs proliferation
To investigate the effects of ARID1A and its interac-
tor in RTECs on angiogenesis, ECs proliferation assay
was performed following incubation of ECs with con-
ditioned medium (CM) harvested from the siRNA-
transfected MDCK cells. Figure 7A demonstrates
morphology of EA.hy926 cells after 24-, 48- and 72-h
incubation in CM from the siControl-, siARID1A-,
siACTB-, and siARID1A +siACTB-transfected MDCK
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cells. Simple cell count using hemacytometer revealed
that the EA.hy926 cells incubated with CM from MDCK
cells transfected with siControl, siARID1A, siACTB, and
siARID1A +siACTB had comparable cell numbers at all
time-points (Fig. 7B). In consistent, flow cytometry also
revealed no significant difference of the cell numbers in
all of these EA.hy926 cells incubated with CM from dif-
ferent siRNA-transfected cells at all time-points (Fig. 7C,
D).

Effects of secreted products derived

from the siRNA-transfected MDCK cells on ECs migration
The migratory activity of EA.hy926 cells in response
to the secreted products from the siRNA-transfected
MDCK cells was evaluated using the ECs migration assay.
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Fig. 4 Validation of the association between ARID1A and its interactor. Cellular proteins from MDCK cells were immunoprecipitated
with anti-ARID1A (IP) A, B or anti-B-actin (reciprocal IP) C, D, whereas those parallelly immunoprecipitated with isotype IgG served as the control
for all samples. The immunoprecipitated proteins were then resolved by SDS-PAGE and subjected to immunoblotting to detect ARID1A or 3-actin.
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After 24-h incubation with CM from the siRNA-trans-
fected MDCK cells, the migrated cells were stained with
a fluorescence dye and imaged under the fluorescence
microscope (Fig. 8A). Quantitative analysis revealed
that number of the migrated cells was significantly

(See figure on next page.)

increased by CM derived from the siARID1A- and
siARID1A +siACTB-transfected MDCK cells as com-
pared with the EA.hy926 cells incubated with CM from
the siControl-transfected MDCK cells (Fig. 8B). How-
ever, there was no significant change observed in the

Fig.5 Single and double knockdowns of ARID1A and ACTB by siRNA in MDCK renal cells. MDCK cells were individually or dually transfected

with siRNA specific to ARID1A (siARID1

A) and ACTB (siACTB). Efficacy of the siRNA transfection to silence expression of ARID1A and/or ACTB

was determined by semi-quantitative RT-PCR compared with transfection with the control siRNA (siControl). A-C Gel images of mMRNA bands
of ARIDTA, ACTB and GAPGH, respectively. D-E Quantitative analysis of mRNA band intensities of ARID1A and ACTB, respectively, normalized
to GADPH. F-H Immunoblotting of ARID1A, 3-actin and GAPDH, respectively. I-J Quantitative analysis of protein band intensities of ARIDTA
and B-actin, respectively, normalized to GADPH. The dots on top of each bar represent individual data points derived from three biological
replicates in three independent experiments, whereas the error bar represents mean + SD of each group. Only significant p values are labeled.

M=marker ladder
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EA.hy926 cells incubated with CM derived from the
siACTB-transfected MDCK cells (Fig. 8B).

Effects of secreted products derived

from the siRNA-transfected MDCK cells on ECs tube
formation

Ability of EA.hy926 cells to construct capillary/mesh-
like tubes in response to the secreted products from the
siRNA-transfected MDCK cells was evaluated using the
ECs tube formation assay. After 24-h incubation with
CM derived from the siRNA-transfected MDCK cells,
numbers of ECs tube nodes (junctional part) and meshes
(hollow part) were measured. Figure 9A demonstrates
the capillary/mesh-like tubes formed by EA.hy926 cells
incubated with the secreted products from the siRNA-
transfected MDCK cells. Using the angiogenesis analyzer,
numbers of nodes and meshes significantly increased in
the EA hy926 cells incubated with CM derived from the
siARID1A- and siARID1A + siACTB-transfected MDCK
cells as compared with ECs incubated with CM from the
siControl-transfected MDCK cells (Fig. 9B, C). However,
there was no significant change observed in the EA.hy926
cells incubated with CM derived from the siACTB-trans-
fected MDCK cells (Fig. 9B, C).

Effects of single and double knockdowns of ARID1A and
ACTB on RTECs migration

To confirm the carcinogenic features of the ARIDIA-
deficient RTECs, the migratory capability of MDCK cells
was examined using the migration assay after single and
double knockdowns of ARIDIA and ACTB. After 24-h
incubation in the Transwell chamber, the migrated cells
were stained with a fluorescence dye and imaged under
the fluorescence microscope (Additional file 1: Figure
S2A). Quantitative analysis revealed that the siARID1A-
and siARIDIA +siACTB-transfected MDCK cells had
significantly increased number of the migrated cells as
compared with the siControl-transfected MDCK cells
(Additional file 1: Figure S2B). However, there was no
significant change observed in the siACTB-transfected
MDCK cells (Additional file 1: Figure S2B). These data
were consistent with the angiogenic data obtained from
the ECs incubated with the CM derived from the trans-
fected MDCK cells as described above.

(See figure on next page.)
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Effects of single and double knockdowns of ARID1A and
ACTB on chemoresistance of RTECs

Chemoresistance assay was also performed to con-
firm the carcinogenic features of the ARIDIA-deficient
RTECs. After 24-h incubation with docetaxel, one of
the common chemotherapies in cancers, total cell death
was quantified to evaluate tolerance of the siRNA-trans-
fected MDCK cells. Flow cytometric analysis revealed
that percentage of total cell death significantly reduced
in the siARID1A- and siARID1A +siACTB-transfected
MDCK cells as compared with the siControl-transfected
cells (Additional file 1: Figure S3). However, there was no
significant change observed in the siACTB-transfected
MDCK cells (Additional file 1: Figure S3). These data
were consistent with the RTECs migration results and
the angiogenic data obtained from the ECs incubated
with the CM derived from the transfected MDCK cells as
described above.

Discussion
In primary structure of ARID1A protein, there are at
least two essential functional binding sites, which are
conserved among various species [31]. One is the DNA-
binding domain (or ARID domain) at N-terminus that
is important for chromatin binding of the BAF com-
plex [31, 32]. This ARID domain preferentially binds to
double-strand AT-rich sequence in the major groove of
DNA [32, 33]. Upon binding of DNA and BAF complex
through the ARID domain, the chromatin can be remod-
elled, resulting in gene transcriptional regulation [34].
Another essential binding site is LXXLL motif that plays
role in protein—protein interactions and is found at the
C-terminus of the ARID1A structure [31]. In addition to
DNA-binding property, ARID1A has been reported to
interact with various proteins, including transcription
factors [35, 36] and proteins involved in genomic stabil-
ity [37] and histone deacetylation [10]. Although some of
these ARID1A-interacting proteins have been previously
identified, their number is relatively small as compared
with the interacting partners of other protein complexes.
Herein, we attempted to perform large-scale identifi-
cation of the ARID1A-interacting proteins by an IP-MS/
MS approach using nanoLC-ESI-LTQ-Orbitrap mass
spectrometer. Among the 74 unique ARID1A-interacting

Fig. 6 Effects of single and double knockdowns of ARID1A and ACTB on expression of angiogenesis-related genes in MDCK renal cells.
Semi-quantitative RT-PCR was performed to determine expression levels of angiogenesis-related genes in the siRNA-transfected MDCK cells. A-G
Gelimages of mRNA bands of VEGF, FGF2, PDGF, EGF, TGFB1, FGF1 and GAPDH, respectively. H-M Quantitative analysis of mRNA band intensities
of VEGF, FGF2, PDGF, EGF, TGFBT and FGF1, respectively, normalized to GAPDH. The dots on top of each bar represent individual data points derived
from three biological replicates in three independent experiments, whereas the error bar represents mean + SD of each group. Only significant p

values are labeled. M=marker ladder
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proteins identified, the well-known interactors of
ARID1A in SWI/SNF complex, including BRG1 and
SMARCC2 [1, 2], were also detected. The list of the
unique ARID1A-interacting proteins in our present study
might somewhat differ from that reported previously
[37]. Such difference might be due to different renal cells
used (MDCK RTEC: in this study, but HEK293T embry-
onic cells in the previous report) [37]. Additionally, dif-
ferent methods for sample preparation and identification
should be also taken into account for such difference.

Bioinformatic analysis using STRING tool was done
to predict the interactions network of ARID1A and its
identified interactors. The network of protein—protein
interactions was computed and generated based on the
databases obtained from scientific literatures, experi-
mental evidence, computational prediction efforts and
systematic transfers of the interaction evidence [38]. It
was quite convincing that almost all of these identified
ARID1A-interactors showed direct or indirect associa-
tion with ARID1A. For molecular function annotation,
STRING analysis revealed that almost all of the ARID1A
interactors exhibited binding function to several mol-
ecules. According to these bioinformatic findings, we
focused our attention on (-actin, which directly inter-
acted with ARID1A and played role in nucleosome bind-
ing. Moreover, recent study has discovered the crucial
function of B-actin in gene expression regulation through
chromatin remodeling activity [39]. Prior to investigat-
ing the function of ARID1A and p-actin, their predicted
direct association was validated by IP and reciprocal IP
followed by immunoblotting, which are commonly used
for validation of the protein—protein interactions [23, 24,
40].

In functional investigations, expression of ARIDIA
and ACTB in MDCK renal cells was individually or
dually silenced by siRNA technique. Their mRNA and
protein levels were decreased approximately 50% by sin-
gle or double gene siRNA knockdowns. The efficacy of
siARID1A knockdown in this study was comparable with
that previously done in MDCK and 786-O renal cancer
cells [22], Caco-2 colon cancer cells [21], and EA.hy926
ECs [19]. Besides, our data revealed that knockdown
of ARIDIA did not alter mRNA and protein expression

(See figure on next page.)
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levels of B-actin and, on the other hand, silencing ACTB
showed no effect on ARIDIA mRNA and protein lev-
els. As a result, double knockdowns did not add fur-
ther decrease on each of them. It indicates that their
regulation at transcriptional and translational levels are
independent from each other, consistent with a recent
study demonstrating no correlation between the mRNA
expression of ARIDIA and its interactor, MSH2 [37].

Deficiency of ARIDIA, as a tumor suppressor gene, has
been thought to significantly affect the transcriptional
control of many genes contributing to carcinogenesis
in several cancers [36, 37, 41]. As angiogenesis is one of
the crucial carcinogenic features in many cancers [42],
we thus attempted to investigate the effects of knock-
downs of ARIDIA and its interactor on transcription of
angiogenesis-related genes. Angiogenesis involves multi-
ple processes of neovascular formation that is important
for nourishing and removing waste products in tumor
during its development [43]. At the initial step of a new
vascular formation, cancer cells profoundly produce and
secrete various angiogenic factors [44, 45]. These angio-
genic factors then bind to their specific receptors located
on the membrane of ECs [46, 47]. Subsequently, several
intracellular signaling cascades are activated to promote
ECs proliferation, directional migration to angiogenic
signals, and tube formation [44, 48].

After gene knockdowns, expression levels of six angi-
ogenesis-related genes encoding angiogenic factors were
determined using semi-quantitative RT-PCR. Our data
demonstrated that ARID1A deficiency by both single and
double gene knockdowns caused significant increases
in VEGF and FGF2 levels. Conversely, PDGF and EGF
levels significantly decreased in the ARIDIA-deficent
cells. Nevertheless, expression of TGFBI and FGFI was
not affected by ARIDIA and/or ACTB knockdowns.
Moreover, all of these angiogenesis-related genes were
not affected by ACTB knockdown alone. These data sug-
gest that ARID1A gene/protein, but not B-actin gene/
protein, plays role in regulating the angiogenesis-related
genes. In a previous study, VEGF mRNA and protein
levels also increased in the ARIDIA-deficient MCF
cells (breast cancer cell line) [20]. Besides, the ARIDI1A-
deficient Caco-2 cells showed increased secretion of

Fig. 7 Effects of secreted products derived from the siRNA-transfected MDCK cells on ECs proliferation. Conditioned medium (CM) was harvested
after 24-incubation of the siRNA-transfected MDCK cells in serum-free medium. ECs proliferation was determined by incubating EA.hy926 cells

in CM mixed (1:1) with complete medium for up to 72 h. The EA.hy926 cells were collected at 24-, 48-, and 72-h time-points and subjected

to cell count. A Micrographs of EA.hy926 cells after incubation with CM at indicated time-points. B Total cell numbers were counted using

a hemacytometer. C Scatter plots of flow cytometric analysis at indicated time-points. D Total cell number quantified by flow cytometry. The dots
on top of each bar represent individual data points derived from three biological replicates in three independent experiments, whereas the error
bar represents mean + SD of each group. Only significant p values are labeled
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Fig. 8 Effects of secreted products derived from the siRNA-transfected MDCK cells on ECs migration. Conditioned medium (CM) was harvested
after 24-incubation of the siRNA-transfected MDCK cells in serum-free medium. ECs migration was determined by allowing EA.hy926

cells in the upper chamber with serum-free medium to migrate into in the lower chamber containing CM from each condition. After

24h incubation, the migrated ECs were stained with a fluorescence dye and imaged under the fluorescence microscope. A Micrographs

of the immunofluorescence-stained migrated ECs in each condition. B Numbers of the migrated ECs were counted from 15 random fields per each
sample. The dots represent individual data points derived from three biological replicates in three independent experiments, whereas the error

bar represents mean + SD of each group. Only significant p values are labeled

VEGF [21]. However, deficiency of Aridla in mouse
HCC (hepatocellular carcinoma) cells did not alter sev-
eral of the angiogenesis-related genes, including Vegfa,
Fgf2, Egfl7, Sdfl, Hifla, Hif2a and Angl [18]. These data
indicate that the effects of ARIDIA deficiency or gene
knockdown on expression of angiogenesis-related genes

may be cell type-dependent. Briefly note that the present
study has reported, for the first time, experimental data
of the effects of ARIDIA deficiency on expression levels
of PDGF, EGF, TGFBI and FGFI.

Previous evidence has demonstrated that up-regu-
lation of genes encoding angiogenic factors correlates
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with the increased secretion of angiogenic factors from
the cells [49-51]. Our present study also addressed this
by using ELISA to measure the secreted levels of VEGF
and TGF-B1 (the representatives for the up-regulated
and unaffected angiogenic factors, respectively). In con-
sistent with those previously reported findings, our pre-
sent data confirmed that changes in expression of the
angiogenesis-related genes really affected the secretion
of their protein products. Among the secreted angio-
genic factors, VEGF and FGF2 have been reported to
trigger ECs activity [50, 51]. Due to the up-regulation of
VEGF and FGF2 in our present study, we thus performed
in vitro experiments to assess the angiogenesis features
induced by CM from MDCK cells with ARIDIA and/or
ACTB knockdowns. Our results showed that the migra-
tory activity and tube formation ability of ECs increased
after incubation with CM derived from ARID1A-deficent
MDCK cells. These results were consistent with the study
revealing that VEGF detected in CM derived from colo-
rectal cancer cells increased ECs migratory activity and
ability to form the tubes [49]. Additionally, VEGF, FGF2
and TGEF-p levels in the CM collected from gingival
mesenchymal stem cells correlated with the increases of
migratory activity and tube formation of ECs [50]. More-
over, a co-culture assay has demonstrated that tumoroids
obtained from patients secreted VEGF to induce ECs
tube formation [51]. While VEGF and FGF2 increased,
PDGF and EGF had decreased levels, and the other two
(TGFB1 and FGFI) had no significant changes in the
ARIDI1A-deficent cells in our present study. Interestingly,
the overall effect of these contradictory changes of all the
six angiogenesis-related genes has shown that the angio-
genesis features of ECs exposed to the CM derived from
the ARIDIA-deficent MDCK cells was predominantly
determined by the up-regulation of VEGF and FGF2.
These data implicate that VEGF and FGF2 may serve as
the more potent angiogenic factors than the others in
MDCK cells. However, differential effects of these angi-
ogenic factors may be cell type-specific and should be
examined in each of the cells of interest.

Nevertheless, the effect of CM obtained from ARIDIA-
deficient MDCK cells on ECs proliferation was not
observed in the present study. It might be explained that

(See figure on next page.)
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ECs proliferation, migration and tube formation are reg-
ulated by different signaling pathways [44, 52]. There is
evidence demonstrating that the recognition of VEGF by
its receptor (VEGFR) can interact with protein kinase C
(PKC) for activating RAF/MEK/MAPK pathway, result-
ing in ECs proliferation [44, 53]. However, this recogni-
tion promotes ECs migration through NRP1/FAK [54]
and Nck/Fyn/SAPK2/p38MAPK [52, 55] pathways. The
interaction of VEGF/VEGER with NPR1 also stimulates
p38 MAPK pathway, leading to the increase of ECs tube
formation [56]. FGF2 has been reported to regulate ECs
functions by several downstream signaling pathways [57].
These include SRSF1/SRSF3/SRPK1 pathway for promot-
ing ECs proliferation and migration [58] and MAPK-acti-
vated AKT/MMP-2 signaling for inducing ECs migration
and tube formation [59]. Moreover, FGF2 can increase
the level of VEGF [60] and VEGFR [61] and further
induces angiogenesis via VEGF-mediated pathways [61].

In addition to angiogenesis, we also confirmed that
the ARIDIA knockdown also enhanced the other carci-
nogenic features in MDCK RTECs. These carcinogenic
features included the increased cell migratory capability
and chemoresistance. Our findings demonstrated that
ARIDIA deficiency by single and double knockdowns
could enhance the RTECs migratory activity and tol-
erance ability to a chemotherapy. These findings were
consistent with those reported from the previous stud-
ies revealing the enhancement of cell migration and
chemoresistance in kidney [22] and colon [21] cells after
ARIDIA knockdown. Nevertheless, the ACTB knock-
down did not affect cell migration and chemoresistance.
A recent study has also shown that not only the knock-
down but also overexpression of ACTB does not alter cell
migration [62]. Besides, a more recent study has dem-
onstrated that the level of B-actin in cancer cells is not
associated with their chemoresistance [63], consistent
with our present study. Possibly, the effects of ACTB defi-
ciency might be compensated by the expression of other
actin isoforms, which have been reported to get involved
in cell migration and chemoresistance [64].

Although the data reported herein are convincing, fur-
ther extensive investigations are required to strengthen
our data and to elucidate the precise physical and

Fig. 9 Effects of secreted products derived from the siRNA-transfected MDCK cells on ECs tube formation. Conditioned medium (CM)

was harvested after 24-incubation of the siRNA-transfected MDCK cells in serum-free medium. ECs tube formation was determined by incubating
EA.hy926 cells for 24 h in matrigel-coated wells containing CM derived from the siRNA-transfected MDCK cells. A Micrographs of the capillary/
mesh-like tubes in each condition taken by an inverted phase-contrast light microscope. B-C Numbers of nodes (junctional part) and meshes
(hollow part) of the ECs tubes were measured from 10 random fields per each sample using the angiogenesis analyzer for ImageJ software (https://
imagej.nih.gov/ij/). The dots represent individual data points derived from three biological replicates in three independent experiments, whereas
the error bar represents mean +SD of each group. Only significant p values are labeled
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functional interactions between ARID1A and pB-actin
as well as other ARID1A-interacting partners in normal
and cancer states. For example, their interactions can be
assessed by other several interaction/affinity assays such
as yeast-two hybrid system, tandem affinity purification,
crosslinking protein interaction analysis, label transfer
protein interaction analysis, etc. In addition to the siRNA
silencing, restoration of the ARIDIA expression should
be done to solidify the effects from its knockdown. More-
over, analyses will be more meaningful if other cell lines
representing RTECs and ECs or their primary cells can
be also investigated. Finally, the findings should be con-
firmed in the in vivo settings or in humans to ensure that
they are clinically relevant.

Conclusions

Our present study has identified a large number of the
ARID1A-interacting proteins in RTECs using an IP-MS/
MS approach. These identified ARID1A interactors have
direct or indirect interactions with ARID1A. Among
them, the direct association between ARID1A and
B-actin has been confirmed by IP and reciprocal IP fol-
lowed by immunoblotting. Furthermore, we have inves-
tigated their roles in angiogenesis. Functional analyses
have shown that siRNA knockdown of ARIDIA, but not
ACTB, in MDCK cells significantly increases expression
levels of VEGF and FGF2, but decreases PDGF and EGF,
and has no effect on TGFBI and FGFI expression. The
quantitative mRNA expression data of VEGF and TGFB1
are consistent with the secreted levels of their protein
products as measured by ELISA. Because VEGF and
FGF2 serve as the potent angiogenic factors, subsequent
experiments have revealed that the secreted products
derived from the ARIDIA-deficient MDCK renal cells
stimulate migratory activity and tube formation ability of
EA.hy926 ECs. Some of the other carcinogenic features
can also be confirmed in the ARID1A-deficient MDCK
renal cells, including the increased cell proliferation and
chemoresistance. Taken together, these data indicate that
ARID1A interacts with B-actin and several other proteins
in MDCK cells. The down-regulation of ARIDIA, which
is a tumor suppressor gene, induces expression of angio-
genesis-related genes (particularly VEGF and FGF2) and
stimulates angiogenesis independently of ACTB encod-
ing B-actin.
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