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Abstract: Sarcomas are diverse cancers of mesenchymal origin, with compromised clinical management caused by
insufficient diagnostic biomarkers and limited treatment options. The transcription factor TBX3 is upregulated in a
diverse range of sarcoma subtypes, where it plays a direct oncogenic role, and it may thus represent a novel thera-
peutic target. To identify versatile ways to target TBX3, we performed affinity purification coupled by mass spectrom-
etry to identify putative TBX3 protein cofactors that regulate its oncogenic activity in sarcomas. Here we identify and
validate the multifunctional phosphoprotein nucleolin as a TBX3 cofactor. We show that nucleolin is co-expressed
with TBX3 in several sarcoma subtypes and their expression levels positively correlate in sarcoma patients which
are associated with poor prognosis. Furthermore, we demonstrate that nucleolin and TBX3 interact in chondrosarco-
ma, liposarcoma and rhabdomyosarcoma cells where they act together to enhance proliferation and migration and
regulate a common set of tumor suppressor genes. Importantly, the nucleolin targeting aptamer, AS1411, exhibits
selective anti-cancer activity in these cells and mislocalizes TBX3 and nucleolin to the cytoplasm which correlates
with the re-expression of the TBX3/nucleolin target tumor suppressors CDKN1A (p21°°*) and CDKN2A (p14”7F). Our
findings provide the first evidence that TBX3 requires nucleolin to promote features of sarcomagenesis and that
disruption of the oncogenic TBX3-nucleolin interaction by AS1411 may be a novel approach for treating sarcomas.
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Introduction and/or radiation [3, 4]. Importantly, sarcomas
metastasize in one third of all patients, and in
Sarcomas are mesenchymal malignancies these instances, surgery is no longer effective
which account for approximately 1% of adult and the response to chemotherapeutics is lim-
and 20% of pediatric solid tumors [1, 2]. A ited [B]. Patients with metastatic sarcoma

major challenge to the clinical management of therefore have a poor prognosis and an over-

sarcomas is the existence of more than 100
different histologic subtypes which differ in
molecular characteristics, pathology, clinical
features, and responses to treatment. Further-
more, sarcomas are highly aggressive and
insensitive to current treatments which include
surgery in combination with chemotherapy

all five-year survival rate of less than 10%.
Targeted therapies have gained much traction
to address the burden of sarcoma but because
of a limited understanding of the molecular
basis underpinning sarcomagenesis there have
not been any major clinical breakthroughs in
targeted sarcoma treatments [4].
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TBX3 and nucleolin co-operate to promote sarcoma proliferation and migration

The T-box transcription factor TBX3 contributes
critically to embryogenesis by regulating pro-
grams of gene expression. Its deregulated ex-
pression is associated with human disorders
including ulnar mammary syndrome, obesity
and rheumatoid arthritis, as well as the devel-
opment of numerous sarcomas and carcino-
mas [6, 7]. Indeed, TBX3 is overexpressed
in fibrosarcoma, rhabdomyosarcoma, liposar-
coma, chondrosarcoma and cancers of the
breast, pancreas, liver, lung, stomach, head
and neck, ovaries, bladder and skin [6]. When
overexpressed TBX3 can bypass senescence,
promote proliferation and immortalization, and
prevent apoptosis by interfering with multiple
points of the p19*"F/p14*fF-Mdm2-p53-p21
pathway. TBX3 exerts these roles by repressing
the p21 and pl19**F/p14*"F promoters either
directly [8], or by recruiting histone deacety-
lases [9]. TBX3 also mediates tumor formation,
invasion, and migration in a range of carcinoma
and sarcoma subtypes [10-16]. While TBX3 has
been identified as a novel therapeutic target,
direct targeting of transcription factors is noto-
riously challenging. A more viable approach to
inhibiting TBX3 oncogenic activity may involve
targeting its interacting partners.

Nucleolin is a multifunctional phosphoprotein
which is predominantly located in the nucleolus
but is also present in other regions of the
nucleus and in the cytoplasm and, in rapidly
dividing cells, it is also found in the cell mem-
brane [17, 18]. It is best known for its roles
in ribosome biogenesis including ribosomal
RNA transcription, organization of nucleolar
chromatin, pre-ribosome packaging and ribo-
some assembly. In addition, nucleolin has been
implicated in other processes such as DNA
metabolism, replication and repair, the mainte-
nance of telomeres as well as epigenetic and
post-transcriptional processes including chro-
matin remodeling, histone chaperoning and
mMRNA stability [17]. Nucleolin is aberrantly
expressed at the cell surface of a range of can-
cer cell types where it complexes with oncopro-
teins to contribute to several aspects of the
cancer process such as cell survival, prolifera-
tion and invasion [19-23]. Its expression on the
surface of cancer cells makes nucleolin a prom-
ising anti-cancer target because it can serve as
a receptor which allows for tumor-specific
uptake of targeted chemotherapeutic drugs
without affecting normal cells. There are many
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similarities between the oncogenic functions
and regulation of nucleolin and TBX3. For exam-
ple, nucleolin blocks apoptosis and prevents
cell cycle arrest by inhibiting p53 and p21
expression and co-operates with oncogenic
Ras to transform rat fibroblasts [21, 24-27].
Like TBX3, nucleolin levels also peak in the
S-phase, and it is transcriptionally activated by
c-Myc and post-translationally stabilized by
cyclin A/CDK2a [28-30]. Importantly, the
26-base guanine-rich DNA oligonucleotide
aptamer to nucleolin, AS1411, has selective
anti-proliferative activity against a wide range
of cancer cells [31]. Furthermore, AS1411 has
been evaluated in phase Il clinical trials for
acute myeloid leukemia, with positive prelimi-
nary results (clinicaltrials.gov identifiers,
NCT01034410 and NCT00512083). There is,
however, a paucity of information regarding the
molecular mechanisms by which AS1411 exhib-
its anti-cancer activity.

In this study, we used affinity purification mass
spectrometry to identify TBX3 interacting pro-
teins, and we validated and characterized the
interaction between TBX3 and nucleolin. We
measured the expression of nucleolin and
TBX3 in a range of sarcoma subtypes and
identified increased proliferation and migration
as a co-operative function of TBX3 and nucleo-
lin in multiple sarcoma subtypes. Further-
more, we show that the nucleolin targeting
aptamer AS1411 inhibits the pro-proliferative
and pro-migratory effects of TBX3 and nucleo-
lin in chondrosarcoma, rhabdomyosarcoma
and liposarcoma cell lines. Taken together, our
findings support the exploration of therapeutic
strategies targeting TBX3 via its interacting
partners and highlight AS1411 as a promising
candidate.

Materials and methods
Plasmids and DNA constructs

The following constructs were gifts: human
pCMV-TBX3-HA (Dr Christine Campbell, Cleve-
land Clinic Foundation, USA), FLAG-tagged
pCMV-Tbx3 (Prof Colin Goding, Ludwig Insti-
tute, University of Oxford, UK) and pEGFP-
nucleolin vector (Prof Michael Kastan, Add-
gene plasmid # 28176; http://n2t.net/add-
gene:28176; RRID:Addgene_28176) [22]. The
human TBX3 N-terminal construct (N-term)
lacks the activation and dominant repression
domains and the human TBX3 DNA-binding
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domain mutant (DBM) construct contains an
arginine to glycine substitution at position 133
(R133G) which disrupts the DNA-binding
domain. Both N-term and DBM constructs were
generated in the laboratory as described in
[32].

Cell culture and transfections

FGO and DMB human skin fibroblasts (provided
by Associate Professor Denver Hendricks, Uni-
versity of Cape Town, South Africa) [33] and
HT1080 human fibrosarcoma (ATCC®CCL-120),
SW1353 human chondrosarcoma (ATCC®HTB-
94), SW872 human liposarcoma (ATCC®HTB-
92), SW982 human synovial sarcoma (AT-
CC®HTB-93) and RD human embryonal rhab-
domyosarcoma (ATCC®CCL-136) cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma Aldrich, USA). All culture media
were supplemented with 10% heat-inactivated
foetal bovine serum, 100 U/ml penicillin and
100 pg/ml streptomycin. Cells were maintain-
ed at 37°C in an atmosphere of 5% CO, and
65% humidity. Cells (60-70% confluent) were
transfected using a 3:1 transfection reagent
(FUGENE HD, Roche, Germany or X-tremeGENE
HP, Roche, Germany): DNA ratio with accord-
ing to the manufacturer’s instructions. For
transient nucleolin overexpression, cells were
transfected with 250 ng of the pEGFP-nucleolin
or pEGFP-Empty vector. Transient silencing of
TBX3 or nucleolin was achieved by siTBX3
(S100083503, Qiagen, USA) or siNuc (Dharma-
con, Lafayette, USA and S102654925, Qiagen,
USA) respectively, and a nonspecific control
siRNA (siCtrl, 1027310; Qiagen, USA) was in-
cluded in these experiments, using HiPerFect
(Qiagen, USA) according to manufacturer’'s
instructions.

Generation of stable cell lines

Stable TBX3 knockdown (shTBX3) SW1353
cells were generated by transfection with a
pSuper.neo/GFP expression vector encoding a
sequence targeting TBX3 or a nonspecific con-
trol sequence [34]. Stable transfectants were
selected using 800 pg/ml G418 (Promega,
USA). Cell lines stably overexpressing TBX3
were generated by transfecting SW1353, SW-
872 and RD cells with a FLAG-tagged pCMV-
Tbx3 or FLAG-tagged pCMV-empty vector using
FUGENE HD (Roche, Germany) according to the
manufacturer’s instructions. G418-selection of
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stable transfectants was performed using 800
pug/ml G418 antibiotic (Promega, USA). Effec-
tive knockdown and overexpression of TBX3
was assessed by western blotting.

Treatment with the oligonucleotide AS1411
aptamer

The oligodeoxynucleotides AS1411, 5-d(GGTG
GTGGTGGTTGTGGTGGTGGTGG)-3’, and an inac-
tive control oligonucleotide, 5’-d(CCTCCTCCTCC
TTCTCCTCCTCCTCC)-3’ were purchased in the
desalted form from Integrated DNA Technolo-
gies. A stock solution (1,000 umol/L) was pre-
pared in water and added directly to the cell
culture medium to obtain the desired final con-
centration. Unless otherwise stated, cells were
treated with a final oligonucleotide concentra-
tion of 10 umol/L for 48 h, followed by prepara-
tion of cell extracts.

Immunofluorescence

Immunofluorescence was performed as des-
cribed previously [35]. Briefly, cells were incu-
bated with rabbit polyclonal anti-TBX3 (1:25
dilution; 42-4800; Zymed, USA) or mouse poly-
clonal anti-nucleolin (1:50 dilution, sc-8031,
Santa Cruz Biotechnology, USA) antibodies at
4°C overnight. Subsequently, cells were incu-
bated with either fluor-conjugated secondary
Cy3 donkey anti-rabbit 1gG (Jackson Immuno-
Research Laboratories, Inc., USA) or Alexa 488
goat anti-mouse secondary (1:1000; Molecular
probes, USA) antibodies for 2 hours at room
temperature. To visualise the nuclei, cells were
incubated with 1 pg/ml DAPI (Sigma Aldrich,
USA) or 1 mg/ml Hoechst 33258 (Thermo-
fisher Scientific, USA). Fluorescent cells were
viewed using Axiovert confocal microscope
(Zeiss, USA).

Western blot analysis

Protein extracts were prepared as previously
described [36]. The primary antibodies used
were rabbit polyclonal anti-TBX3 (1:250;
42-4800, Zymed, USA), mouse monoclonal
anti-Flag M2 (1:1000, F1804, Sigma Aldrich,
USA), rabbit polyclonal anti-p38 (1:5000, Sig-
ma Aldrich, USA), anti-HA (1:1000, Sigma
Aldrich, USA), mouse monoclonal anti-nucle-
olin (1:1000, sc-8031, Santa Cruz Biotech-
nology, USA), mouse monoclonal anti-p84
(1:1000, Genetex, USA) and mouse mono-
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clonal anti-GAPDH (1:1000, Genetex, USA).
Secondary antibodies were used at 1:5000
dilution and included horseradish peroxidase
(HRP)-conjugated goat anti-rabbit (Biorad,
USA), goat anti-mouse (Biorad, USA) or donkey
anti-goat (Santa Cruz Biotechnology, USA).

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted using the RNeasy
Plus Mini kit (Qiagen, USA). The RNA quality
and concentration were determined using a
NanoDrop® ND-1000 spectrophotometer (Agi-
lent Technologies, Boeblingen, Germany). RNA
was reverse transcribed using the InProm-|I™
reverse transcription system (Promega A3800,
USA), following the manufacturer’s instruc-
tions. The reactions were carried out using 2 pl
of cDNA, 2x SYBR green master mix (Applied
Biosystems, Carlsbad, CA, USA) and primers to
amplify the CDKN2A (p144%F) (Forward-5"-ACC-
AGCCGCTTCCTAGAAGAC-3’, Reverse-5-CACG-
GGTCGGGTGAGAGT-3’), CDKN1A (p21°"*t) (For-
ward-5-GGGGCGGTTGTATATCAGGG-3’, Rever-
se-5’-TCTCACCTCCTCTGAGTGCC-3’) and GUSB
(QTO0046046; Qiagen, USA) genes. gqRT-PCR
was conducted using the StepOnePlus™ Real-
Time PCR system (Applied Biosystems). PCR
cycle parameters were denaturation for 15 min
at 95°C and combined annealing and exten-
sion for 35 cycles at 60°C for 1 min. Samples
were prepared and quantified in triplicate and
non-template controls were included in each
run to detect nonspecific amplification or the
presence of contamination. The results were
analysed using the 22t method and relative
CDKN1A and CDKN2A expression levels were
normalised to mRNA levels of glucuronidase-
beta (GUSB).

Proliferation assay

Short-term growth was measured as described
previously [36]. Briefly, cells were seeded in
triplicate in 12-well or 24-well plates at densi-
ties of 2x10* cells/mL, 1x10* cells/mL or
2x10% cells/mL for SW1353, RD and SW872
cells, respectively. Cells were collected by tryp-
sinization at 48-72-hour intervals and counted
on a haemocytometer as described previously
[36]. As an alternative assay for proliferation,
cell viability was quantified using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) Cell Proliferation Kit (Roche,
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Germany) according to the manufacturer’s
instructions. Briefly, cells were seeded in qua-
druplicate in a 96-well plate (1000 cells/well)
and cell viability determined over 96 h. Ab-
sorbance (595 nm) was determined and the
absorbance of the medium only control was
subtracted from the samples. At least three
independent experiments were performed in
quadruplicate, from which the half maximal
inhibitory concentration (IC_) was calculated
using GraphPad Prism version 6.0 (GraphPad
Software, USA).

In vitro cell migration assays

Cell migration was assessed using a 2-dimen-
sional in vitro scratch motility assay, which
has been described in detail previously [34].
Images of the wound were taken over time
using a phase contrast microscope and migra-
tion areas were calculated using ImageJ) soft-
ware (National Institutes of Health, Bethesda,
MD).

Subcellular fractionation

Nuclear and cytoplasmic extracts were prepar-
ed from sub-confluent SW1353 chondrosarco-
ma cells in 10 cm cell culture dishes. Briefly,
cells were washed twice in cold 1x PBS, har-
vested in cold 1x PBS by scraping and pelleted
at 5000 g for 3 min at 4°C. The cell pellet was
resuspended in 5 volumes of solution 1 (20
mM PIPES pH 6.8, 1 mM EGTA pH 6.8, 1 mM
MgCl,) plus protease inhibitors and the cells
allowed to swell on ice for 5 min, then 0.5%
Triton X-100 was added to lyse the cell mem-
branes and left to incubate for further 5 min.
The cells were centrifuged at 900 g and the
cytosolic fraction (supernatant) was transferr-
ed to fresh tubes and stored at -80°C. The pel-
let was washed in 5 volumes of solution 1 with
protease inhibitors and centrifuged at 900 g.
The supernatant was discarded and the cell
nuclei (pellet) lysed in 5 volumes of solution 2
(100 mM KCI, 300 mM sucrose, 10 mM PIPES
pH 6.8, 1 mM EGTA pH 6.8, 3 mM MgCl,) with
protease inhibitors and RNASE-free DNASE
(100 pg/ml) at 30°C for 45 mins followed by
centrifugation at 1500 g for 5 min at 4°C. The
nuclear extract (supernatant) was transferred
to fresh tubes and stored at -80°C. Protein
concentration was assayed by BCA assay
(Pierce, USA) with bovine serum albumin as
the standard.
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Immunoprecipitation assay

FLAG-Tbx3 or FLAG-Empty cells were plated
in 15 cm tissue culture dishes at 90% conflu-
ence. Cells were lysed in 150 mM lysis buffer
[50 mM Tris HCI (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% TRITON X-100, 10 mM NaF, 0.2 mM
PMSF, 0.7 pg/ml pepstatin A, 2 yg/ml apro-
tinin, 2 mM NaF, 0.01 mM sodium orthovana-
date, 2 complete proteinase inhibitor tablets
(Roche, Germany)] and cell extracts were cen-
trifuged at 12000 rpm for 20 min at 4°C to
remove cellular debris, The supernatant was
incubated with anti-Flag antibody conjugated
to agarose beads (anti-Flag M2 affinity gel,
A2220, Sigma Aldrich, USA) with constant
rotation overnight at 4°C. Immune complexes
were resuspended in 20 pyl 2x SDS loading
buffer and boiled for 10 min at 100°C. Protein
samples were either analysed by SDS-PAGE
and western blotting using antibodies to
TBX3 (1:500; 42-4800, Zymed, USA), nucleolin
(1:1000, sc-8031, Santa Cruz Biotechnology,
USA), or subjected to filter aided sample prepa-
ration for mass spectrometry analysis.

Sample preparation for mass spectrometry
analysis

All buffer exchanges were conducted by cen-
trifugation at 14000 g for 15 min at RT. App-
roximately 200 pg of affinity purified protein
was denatured by boiling for 10 min at 95°C in
2x SDS loading buffer without bromophenol
blue. The BCA assay (Pierce, Thermo Scientific,
USA) was used to estimate protein extract con-
centrations. To reduce cysteine bonds protein
extracts were treated with 100 mM DTT for 1 h
at RT. Reduced proteomic material was loaded
into an Ultracel centrifugal unit with a molecu-
lar weight cut off of 30000 Da (Amicon Ultra,
Merck). Buffer-exchange was performed three
times with 200 uL of UT buffer (8 M urea, 0.1
M Tris, pH 8.5). Alkylation of reduced cysteine
residues was performed by adding 200 uL of
UT buffer containing 0.05 M iodacetamide
(Sigma Aldrich, USA) onto the filter and incubat-
ing itin the dark for 20 min. Two buffer exchang-
es using 200 pL of UT were performed to
remove the alkylating agent, followed by three
buffer exchanges with 100 pyL of ABC buffer
(50 mM ammonium bicarbonate buffer, pH 8).
Proteins were proteolyzed by the addition of 40
uL of ABC buffer containing sequencing-grade
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modified trypsin (Promega, USA) at a ratio of
1:50 to the amount of protein retained on the
filter. Proteolysis was carried out at 37°C for
18 h in a wet chamber. Peptides were eluted
from the filters using 150 uL of ABC buffer. The
resulting peptides were desalted using a home-
made stage tip containing Empore Octadecyl
C18 solid-phase extraction disk (Supelco) [37].
All activation, equilibration, peptide wash and
elution steps were performed by centrifugation
at 5000 g for 5 min. Activation and equilibra-
tion of the C18 disk was performed using three
rinses with 80% acetonitrile (ACN), followed by
three rinses with 2% ACN. 10 ug of peptide-rich
solution was loaded onto the disk and centri-
fuged. Desalting was conducted using three
washes of 2% ACN containing 0.1% formic acid
(Sigma Aldrich, USA). The desalted peptides
were then eluted into glass capillary tubes
using three rounds of 100 uL of 60% ACN and
0.1% formic acid. Peptides were dried under
vacuum after which they were resuspended in
2% ACN, 0.1% formic acid at a concentration of
200 ng/uL.

Liquid chromatography-mass spectrometry
analysis (LC-MS)

LC-MS was performed as described previously
[38] and mass spectrometry was performed
using LC-MS with a Dionex Ultimate3500
nano-LC coupled to a Q Exactive hybrid
quadrupole-Orbitrap.

Mass spectrometry data analysis

All MS RAW files were processed using
MaxQuant (version 1.5.4.1) [39] against the
Uniprot human database (Proteome ID: UPOO-
0005640) using default settings and with
match-between-runs functionality enabled.
Carbamidomethylation of cysteine residues
was specified as a fixed modification; variable
modifications considered were oxidation of
methionine and acetylation of protein N-
terminus; trypsin was selected as digestion
enzyme, with two missed cleavages allowed.
Reverse hits to a target-decoy database and
common contaminants were removed from
the data sets and only protein identifications
with a g-value <0.01 were considered for fur-
ther analysis. Protein groups identified in at
least two replicate FLAG-Tbx3 affinity purifica-
tion datasets and absent in all empty-vector
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control affinity purification datasets were re-
tained for further analysis.

Immunohistochemistry (IHC)

Paraffin-embedded human sarcoma tissue
sections (N = 20) were obtained from the
Division of Anatomical Pathology, University of
Cape Town after approval by the University of
Cape Town Human Research Ethics Commit-
tee. Immunohistochemical staining was per-
formed as previously described [16]. Sections
were incubated with mouse polyclonal anti-
nucleolin (1:25; sc-8031; Santa Cruz Biotech-
nology, USA) primary antibody prepared with
an antibody diluent (K8006, Dako, Denmark),
added to the sections and incubated for 1 h.
IHC assessment was performed by a senior
pathologist. Staining was scored according to
four categories: O for “negative”, 1+ for “mild
staining”, 2+ for “moderate staining” and 3+
for “strong staining”. H-score was calculated
based on the percentage of positive cells and
different staining intensities using the formula
H-score = [1x (% cells 1+) + 2% (% cells 2+) + 3x
(% cells 3+)]. An average H-score of <150 was
considered “low expression” while an H-score
of 2150 was considered “high expression”.

The cancer genome atlas (TCGA) data analysis

TCGA sarcoma cohort gene expression data
(TCGA-SARC) (n = 261) was accessed via the
TCGA [40] website; https://portal.gdc.cancer.
gov/repository. We used Pearson’s linear corre-
lation coefficient score to evaluate the correla-
tion between the mRNA transcripts of TBX3
and NCL in sarcoma patients. Kaplan-Meier
method [41] was used to compare the overall
survival duration between groups of patients
with tumors that express high TBX3 and high
nucleolin versus tumors that express low TBX3
and low nucleolin. Gene set enrichment analy-
sis (GSEA) [42] was employed to determine
enriched KEGG pathways between tumors
that expressed high TBX3 and high nucleolin
versus tumors that express low TBX3 and low
nucleolin. To identify differentially expressed
genes between (1) sarcomas expressing high
TBX3 compared to low TBX3 and (2) sarcomas
expressing high nucleolin compared to low
nucleolin, we used the moderated student
t-test based on the negative binomial model
43, 44].
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Gene dependency analysis

To evaluate the correlation between CRISPR-
derived gene dependency score and the mRNA
transcription abundance of NCL, we obtained
data from the Achilles project [45] on the fit-
ness of 24 sarcoma cell lines following CRI-
SPR knockouts of NCL and the cell line’s NCL
mRNA transcription levels from the Cancer Cell
Line Encyclopedia [46]. Pearson’s correlation
between the mRNA levels and the CRISPR
dependency score was measured.

Statistical analysis

Statistical significance was determined using
Two-way ANOVA or student’s t-test (Excel,
Microsoft, Redmond, WA, USA). Significance
was accepted at *P<0.05, *"P<0.01, ""P<
0.001. Unless otherwise stated, all data were
obtained from at least three independent ex-
perimental repeats with error bars represent-
ing standard error of the mean (SEM). Graphs
were generated using GraphPad Prism soft-
ware 6.0 (GraphPad Prism software, USA).

Results

Identification of TBX3 protein partners

To identify TBX3 interacting proteins that co-
operate with it in sarcomas we used an affinity
pulldown assay followed by mass spectrometry
(AP-MS) [47]. A fusion protein comprised of
three tandem FLAG peptides fused to the TBX3
N-terminus (FLAG-Tbx3) [10] was used as bait
to pull down TBX3 binding partners in chondro-
sarcoma cell extracts and 37 proteins were
identified that met the criteria indicated in the
Materials and Methods (Table 1).

Gene Ontology (GO) analysis of the protein
partners identified showed a significant enrich-
ment in gene expression, nucleic acid metabo-
lism, RNA biosynthesis, processing and splic-
ing, complex assembly, protein translation,
intracellular transport, viral transcription and
senescence (Figure 1A). The observation that
80% of identified proteins are involved in gene
expression is not surprising considering the
role of TBX3 as a transcription factor. A num-
ber of interacting proteins implicated in RNA
splicing were also identified, which is consis-
tent with the findings of Kumar et al. [48].
Importantly, a protein interaction network map
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Table 1. TBX3-interacting proteins

Gene Protein name Number of peptides identified  P-value

ADSSL1 adenylosuccinate synthase like 1 3 3.24E-11
CALR calreticulin 6 3.69E-03
CBX1 chromobox homolog 1 7 1.69E-03
CBX3 chromobox homolog 3 4 1.69E-04
COPR5 cooperator of PRMT5 5 7.93E-13
DDX5 DEAD (Asp-Glu-Ala-Asp) box helicase 5 9 1.21E-12
ENO3 enolase 3 (beta, muscle) 3 5.79E-10
ERH enhancer of rudimentary homolog (Drosophila) 4 9.70E-15
H2AFX H2A histone family, member X 10 1.27E-09
HIST1H2BA histone cluster 1, H2ba 18 1.73E-08
HIST1H4A histone cluster 1, H4a 5 1.36E-58
HNRNPH1 heterogeneous nuclear ribonucleoprotein H1 (H) 12 3.29E-05
HNRNPK heterogeneous nuclear ribonucleoprotein K 6 3.17E-11
HNRNPU heterogeneous nuclear ribonucleoprotein U 17 1.36E-03
HSPA8 Heat shock cognate 71 kDa protein 17 2.54E-29
KATBA K(lysine) acetyltransferase 6A 5 7.14E-03
LIMAL LIM domain and actin binding 1 7 7.16E-03
LUC7L2 LUCT-like 2 (S. cerevisiae) 10 6.02E-11
NCL nucleolin 5 1.57E-15
NPM1 nucleophosmin 5 3.91E-07
POU3F1 POU class 3 homeobox 1 11 2.38E-36
PPM1A protein phosphatase, Mg2+/Mn2+ dependent, 1A 11 8.51E-06
PPM1B protein phosphatase, Mg2+/Mn2+ dependent, 1B 11 1.69E-04
PRDX1 peroxiredoxin 1 3 9.59E-03
PRMT5 protein arginine methyltransferase 5 4 2.68E-09
PRPF19 pre-mRNA processing factor 19 10 6.00E-05
PUF60 poly-U binding splicing factor 60 KDa 9 2.17E-03
RPL18 ribosomal protein L18 6 3.63E-08
RPL23 ribosomal protein L23 9 3.42E-84
RPS15 ribosomal protein S15 7 1.19E-11
RPS3 ribosomal protein S3 9 4.89E-12
RPS5 ribosomal protein S5 4 2.08E-05
RPS8 ribosomal protein S8 4 2.67E-04
SCAPER S-phase cyclin A-associated protein in the ER 5 9.70E-04
SNAPC1 small nuclear RNA activating complex, polypeptide 1 3 9.59E-03
TOP1 topoisomerase (DNA) | 4 4.23E-03
U2AF2 U2 small nuclear RNA auxiliary factor 2 6 2.20E-03

generated using the STRING (Search Tool for
the Retrieval of Interacting Genes/proteins)
database revealed high confidence interac-
tions between various TBX3 interacting pro-
teins within RNA splicing and chromatin remod-
elling networks (Figure 1B). This suggests that
TBX3 may function as a component of multi-
protein complexes. Furthermore, the associa-
tion of TBX3 with factors involved in senes-
cence and viral transcription coincide with
reports implicating TBX3 in these processes.
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TBX3 and nucleolin levels correlate in sarcoma
patients and correlate with poor overall sur-
vival

Among the putative TBX3 interacting partners
identified by detection of multiple peptides,
nucleolin (Figure 1C) was of interest because
of its overlapping roles with TBX3 in cancer
cell survival, proliferation, and migration. We
therefore firstly explored the clinical signifi-
cance of TBX3 and nucleolin expression in sar-

Am J Cancer Res 2021;11(11):5680-5700
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Figure 1. Identification of TBX3 protein partners. A. Functional classification of the TBX3 interactome. TBX3 inter-
actors were categorised according to their biological function using GO analysis and plotted as fold enrichment
compared to the total interactome. B. A network integrating physical interactions of identified TBX3 protein partners
was generated using STRING. Nodes represent proteins; edges represent interactions. Clusters of interacting part-
ners involved in RNA splicing and chromatin remodelling/transcription are circled in red and purple respectively. C.
Representative fragmentation spectrum of one of the nucleolin peptides identified by mass spectrometry with the

amino acid sequence TLVLSNLSYSATEETLQEVFEK.

coma tissues by analyzing publicly available
RNA sequencing data from The Cancer Geno-
me Atlas sarcoma cohort (TCGA-SARC). Our
results showed a significant positive associa-
tion between TBX3 and nucleolin expression in
sarcoma patients (Pearson’s rank correlation; r
= 0.32, P = 3.27E-7, Figure 2A). Kaplan-Meier
survival analysis revealed that high TBX3 and
high nucleolin expression (P = 0.013) associat-
ed with poor overall patient survival (Figure
2B). To further explore the biological signifi-
cance of high TBX3 and high nucleolin expres-
sion in sarcoma patients, we performed enrich-
ment analysis with Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways with
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upregulated genes (Figure 2C). Several cancer
related signaling pathways were enriched when
both TBX3 and nucleolin are highly expressed,
including the Hedgehog, Hippo, TGF-beta, and
WNT signaling pathways.

Nucleolin is overexpressed in patient-derived
sarcoma tissue

We have previously reported that TBX3 is
expressed in patient-derived fibrosarcoma,
liposarcoma, rhabdomyosarcoma, chondrosar-
coma and synovial sarcoma tissues [10]. Here
we show using immunohistochemistry that
nucleolin is expressed in the same sarcoma

Am J Cancer Res 2021;11(11):5680-5700
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Figure 2. TBX3 and nucleolin (NCL) expression correlates in sarcoma patients and is associated with poor prognosis.
A. Positive gene correlation between TBX3 and NCL mRNA levels across 261 TCGA sarcoma samples. Correlation
coefficient R and P-values were calculated using Pearson correlation test. B. Kaplan-Meier plot displaying overall
survival of TCGA sarcoma patients with high TBX3 and high NCL expression (red line) compared to low expression
(blue line). P-values were calculated using the log-rank test statistic. C. Enriched KEGG pathways in TCGA sarcoma
patients with high TBX3 and high NCL expression. D. Immunohistochemistry of patient-derived fibrosarcoma (N =
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3), chondrosarcoma (N = 4), liposarcoma (N = 4), rhabdomyosarcoma (N = 5) and synovial sarcoma (N = 4) tissue
sections and adjacent normal tissues (where present) using an antibody specific to nucleolin. Human kidney tissue
was included as a positive control for nucleolin. A technical negative control was included and incubated with bovine
serum albumin instead of primary antibody. Haematoxylin was used as a nuclear counterstain. Representative im-
ages are shown (scale bars, 100 um; insets are magnified images from selected areas). E. Left panel: Column bar
graph representing percentage (%) of nucleolin positive cells across tested sarcoma tissue sections. Middle panel:
Scatterplot of staining intensity analysis across tested sarcoma tissue samples. Cells were quantified and graded
based on staining intensity on a scale from O to 3 (O = negative; 1 = mild staining; 2 = moderate staining; 3 = strong
staining). Right panel: Scatterplot of H-scores across tested sarcoma tissue samples. H-score was calculated based
on the percentage of positive cells and staining intensity using the following formula H-score = [1x (% cells 1+) +
2x (% cells 2+) + 3% (% cells 3+)]. The H-score ranges from 0-300. An average H-score of between 0-149 was con-
sidered “low expression” while an H-score of 150-300 was considered “high expression”. Results are expressed as

mean + SEM (bars).

tissues (representative images are shown in
Figure 2D). The percentage of nucleolin posi-
tive cells was higher in all the sarcoma sub-
type tissues compared to normal adjacent tis-
sues (Figure 2E left panel) and the chondro-
sarcoma, liposarcoma and rhabdomyosarco-
ma tissue sections showed a higher staining
intensity (2+/3+) compared to normal adjacent
tissue (1+/2+) (Figure 2E middle panel). The
calculated H-scores revealed that, compar-
ed to normal adjacent tissue, nucleolin expres-
sion was significantly higher in fibrosarcoma,
chondrosarcoma, liposarcoma and rhabdo-
myosarcoma tissue and it was on average
>150 in chondrosarcoma, liposarcoma and
rhabdomyosarcoma tissues revealing that
these sarcoma tissues have high nucleolin
expression (Figure 2E right panel).

TBX3 interacts with nucleolin via its DNA-
binding domain in multiple sarcoma subtypes

To further investigate the relationship between
TBX3 and nucleolin we screened sarcoma cell
lines that we have previously reported to ex-
press TBX3 [10] for nucleolin expression. Like
TBX3, nucleolin was expressed in cell lines
derived from fibrosarcoma, chondrosarcoma,
synovial sarcoma, liposarcoma and rhabdo-
myosarcoma (Figure 3A). Co-immunoprecipita-
tion assays (Figure 3B) and immunofluores-
cence (Figure 3C) showed that TBX3 and
nucleolin interacted and co-localized in the
nucleus, and in particular with structures as-
sumed to be nucleoli, respectively in SW1353
chondrosarcoma, RD rhabdomyosarcoma and
SW872 liposarcoma cells.

To determine the domain(s) of TBX3 that are
responsible for its interaction with nucleolin,
we performed a series of co-immunoprecipita-
tion experiments in which SW1353 chondro-

5689

sarcoma cells were transiently transfected
with full length TBX3 (TBX3 FL), full length
TBX3 harbouring a disrupted DNA binding
domain (TBX3 DBM) or the TBX3 N-terminus
lacking the activation and dominant R1 repres-
sion domains (referred to as TBX3 N-term)
(Figure 3D). All TBX3 constructs were express-
ed (Figure 3E left panel) and endogenous
nucleolin co-immunoprecipitated with TBX3 FL
and TBX3 N-term but not with the TBX3 DBM
(Figure 3E right panel). These results suggest
that TBX3 directly interacts with nucleolin
through the DNA binding domain.

Nucleolin promotes proliferation and migration
of chondrosarcoma, rhabdomyosarcoma and
liposarcoma cells

TBX3 promotes proliferation and migration of
chondrosarcoma [10, 32], rhabdomyosarcoma
[16] and liposarcoma cells (Supplementary
Figure 1) and to explore whether TBX3 requires
nucleolin for these functions, we first investi-
gated whether nucleolin phenocopies TBX3 in
these sarcoma subtypes. We thus depleted
nucleolin in these cells by siRNA (Figure 4A)
and show that knockdown of nucleolin (siNuc)
significantly inhibited their proliferation (Figure
4B) and migration (Figure 4C). These results
demonstrate that depletion of nucleolin pheno-
copies TBX3 knockdown in sarcomas.

TBX3 and nucleolin co-operate to promote
proliferation and migration of chondrosarcoma
cells

We next investigated whether the pro-prolifera-
tive and pro-migratory roles of TBX3 in sarco-
mas are nucleolin-dependent. To this end, we
determined the impact of depleting nucleolin
by siRNA on FLAG-Empty and FLAG-Tbx3 SW-
1353 cell proliferation and migration. Western

Am J Cancer Res 2021;11(11):5680-5700
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Figure 3. Nucleolin is overexpressed in sarcoma cell lines and directly interacts with TBX3. A. Western blot analysis
of nucleolin expression in DMB and FGO normal human skin fibroblast, HT1080 fibrosarcoma, ATDC5 and SW1353
chondrosarcoma, SW982 synovial sarcoma, SW872 liposarcoma and RD rhabdomyosarcoma cell lines. p38 was
used as a loading control. B. Immunoprecipitation with an anti-FLAG antibody and SW1353, RD and SW872 protein
extracts. Purified immune complexes were analysed by western blotting with antibodies to nucleolin and TBX3. C.
Nucleolin co-localizes with TBX3. SW1353, RD and SW872 cells were processed for immunofluorescence using
antibodies specific to nucleolin (Alexa 488; green channel) and TBX3 (Cy3; red channel). Confocal microscopic
images from 20 fields of view were captured and representative images taken at 400x magnification are shown.
Nuclei were visualized by co-staining cells with Hoechst. Merged images from Zeiss software co-localization analysis
with white pixels indicating TBX3 and nucleolin co-localization. D. The TBX3 DNA-binding domain is required for its
association with nucleolin. Schematic diagram of the human full length (FL) TBX3 protein (hTBX3), TBX3 N terminal
(N-term) and TBX3 DNA-binding domain mutant (DBM) expression constructs. “A” and “R” denotes activation and re-
pression domains, respectively. E. Left panel: western blots showing expression of transfected HA-tagged TBX3 FL,
TBX3 N-term and TBX3 DBM proteins. Right panel: protein extracts from HA-tagged empty, TBX3 FL, TBX3 N-term,
and TBX3 DBM cells immunoprecipitated using an anti-HA antibody. Purified immune complexes were analysed by
western blotting with the indicated antibodies.
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Figure 4. Nucleolin impacts sarcoma cell proliferation and migration. (A) Western blots confirming successful nu-
cleolin knockdown in SW1353, RD and SW872 cells after transfection with siNuc for 48 h. Total p38 served as a
loading control. (B) Growth curves and (C) 2D-Scratch motility assays show that knockdown of nucleolin inhibits
SW1353, RD and SW872 cell proliferation and migration respectively. Two-way ANOVA was used to compare be-
tween groups, and data are the mean + SEM of three independent experiments, ***P<0.001.

blotting was used to confirm the overexpres-
sion of TBX3 and the knockdown of nucleolin
(Figure 5A). Consistent with our previous
observations, overexpressing TBX3 enhanced
the proliferative (Figure 5B) and migratory
(Figure 5C) ability of the SW1353 cells (FLAG-
Tbx3 siCtrl) and knocking down nucleolin
(FLAG-Empty siNuc) inhibited their proliferation
(Figure 5B) and migration (Figure 5C). Import-
antly, depleting nucleolin in TBX3 overexpress-
ing cells (FLAG-Tbx3 siNuc) abrogated the posi-
tive effect of TBX3 on proliferation and migra-
tion (Figure 5B, 5C). This suggests that nucleo-
lin and TBX3 function together to promote cell
proliferation and migration. To confirm these
findings, the impact of ectopically overexpre-
ssing nucleolin (GFP-Nucleolin) on SW1353
shTBX3 cell proliferation and migration was
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assessed. Indeed, the results show that the
TBX3 knockdown phenotype could not be res-
cued by overexpressing nucleolin (Figure 5E,
5F). Figure 5D confirms the overexpression of
GFP-Nucleolin and knockdown of TBX3 (sh-
TBX3). Taken together, these results demon-
strate that both TBX3 and nucleolin positively
impact cell proliferation and migration and
require each other to do so.

The nucleolin targeting aptamer, AS1411, re-
duces sarcoma cell viability and migration

Figure 6A shows that a large number of cancer
cell lines (green) including several sarcoma cell
lines (blue) are highly dependent on nucleolin
for their survival suggesting that nucleolin is a
promising drug target for sarcoma treatment.
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TBX3 and nucleolin co-operate to promote sarcoma proliferation and migration

A Nucleolin Knockdown D Nucleolin Overexpression
shCtrl shTBX3
Empty Nuc Empty Nuc

78 kDa WD SEER s = = TBX3

FLAG-Empty FLAG-Tbhx3
siCtrl siNuc siCtrl siNuc

78 kDa Gl el o FLAG
10 08 1.0 0.8 04 03
. @ o GFP-Nucleolin
110 kDa e o Nucleolin 137 kDa ——
10 0.9 110 kDa | WEED SN D @m® o Nucleolin
- ewe @mD == 35 1.0 or
38 kDa P 10 10 08 10
Western blot: SW1353 38 kDa "=  n s @ o p38
Western blot: SW1353
B === FLAG-Empty siCtrl E
=a= FLAG-Empty siNucleolin
20610 2 £ ac Tous sich === shCtri-Empty
- —~ FLAG-Tbx3 siNucleolin — 1x10d T shCtri-Nucleolin
£ E —— shTBX3-Empty {
£1.5:10%] . g —= shTBX3-Nucleolin il
5 £
[ 3
3 £
o 1.0x10° @
g % z 5x10°
] o
2 o
L 5.0¢10' 2
<
0.0 r T T 0
1 2 3
Time (days) Time (days)
Growth curve assays: SW1353 Growth curve assays: SW1353
Cz —_ F & 20x10%
; 1.5x1064 Il FLAG-Empty-siCirl E e
E‘ FLAG-Emply-siNuclealin E 1.5%105+ 7 I shCirt-Empty _
H] B FLAG-Thx3-gcH = % shCti-Nucleolin
g 1.0x10° FLAG-Thx3-siMucleolin 2 % Hl chTBX3-Empty
s ; 1.0x10°+ % shTBX3-Nucleolin
3 ks 7
£ sowi05] g %
D %O 2 50x10°4 /
g E %
: /
< 0.0 < 0.0 %
6 9 6 9
Time (hours) Time (hours)
Scratch motility assays: SW1353 Scratch motility assays: SW1353

Figure 5. Nucleolin and TBX3 co-operate to promote chondrosarcoma cell proliferation and migration. (A-C) Knock-
down of nucleolin inhibits TBX3-induced cell (B) proliferation and (C) migration. SW1353 FLAG-Empty and FLAG-
Thx3 cells were transiently transfected with 50 nM siNucleolin (siNuc) or siControl (siCtrl). (A) Western blotting
confirmed overexpression of FLAG-Tbx3 and knockdown of nucleolin. p38 was used as a loading control. (D-F)
Ectopic overexpression of nucleolin cannot rescue the effect of TBX3 knockdown on SW1353 cell (E) proliferation
and (F) migration. SW1353 shTBX3 and shCtrl cells were transiently transfected with either pEGFP-Empty (Empty)
or pEGFP-Nucleolin (Nuc). (D) Efficacy of TBX3 knockdown and nucleolin overexpression was confirmed by western
blotting. Each result represents two independent experiments performed in triplicate. Two-way ANOVA was used
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“P<0.05; ""P<0.01; ""P<0.001.

Here, we show that the nucleolin-targeting oli- sarcoma cell lines in a dose-dependent man-
gonucleotide aptamer AS1411 significantly in- ner without affecting the viability of the non-
hibits the viability of SW1353, RD and SW872 malignant FGO and DMB human fibroblasts
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Figure 6. The nucleolin targeting aptamer, AS1411, inhibits SW1343, RD and SW872 cell viability and migration.
A. Pearson’s correlation between nucleolin (NCL) mRNA expression levels and CRISPR-derived gene dependency
score of NCL across 850 cancer cell lines (CCL) (green) and 24 sarcoma cell lines (blue). B. Cells were treated
with 10 uM AS1411 or CRO for 96 h after which an MTT assay was performed. Two-way ANOVA was used to com-
pare groups, data are the mean + SEM of three independent experiments performed in quadruplicate, "P<0.05;
“P<0.01; **P<0.001. C. IC_, values for AS1411-treated SW1353, SW872 and RD cells. D. Cells were treated with
10 yM AS1411 or CRO for 96 h after which 2D-Scratch motility assays were performed. Bar graphs show the dis-
tance migrated between 3-9 h. Results are representative of three independent experiments. Student’s t-test was
used to compare between groups, “"P<0.01; **P<0.001; error bars represent mean + SEM.

(Figure 6B). These results suggest that AS14-
11 is highly selective for the sarcoma cell lines
tested and its IC,, values for SW1353, RD and
SW8T72 cells are presented in Figure 6C. More-
over, at a clinically relevant concentration of
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AS1411 (10 uM) [49], sarcoma cell migration
was significantly inhibited compared to CRO- or
untreated cells (Figure 6D). These results sug-
gest that AS1411 may be an effective strategy
to treat a diverse range of sarcomas.
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AS1411 promotes cytoplasmic accumulation
of TBX3 and nucleolin

AS1411 disrupts nucleolin protein-interac-
tions, and alters the localization of nucleolin-
binding partners [50, 51]. We therefore exam-
ined the subcellular localization of nucleolin
and TBX3 after treatment of SW1353 cells
with AS1411 or CRO for 48 h. Confocal micros-
copy revealed that, while TBX3 predominantly
localized to the nucleus in untreated and CRO-
treated cells, AS1411 treatment led to an ac-
cumulation of TBX3 in the cytoplasm (Figure
7A). These results were confirmed by western
blotting which showed that whereas levels of
nuclear TBX3 and nucleolin decreased, cyto-
plasmic levels of both proteins increased
(Figure 7B). Importantly, in the CRO treated
cells there was a negligible change in protein
distribution.

AS1411 causes upregulation of TBX3 tumor
suppressor target genes

Previous studies have demonstrated that TBX3
and nucleolin (NCL) promote proliferation by
repressing key tumor suppressor genes, in-
cluding CDKN1A (p21) and CDKN2A (pl4/
197F) [8, 10, 19, 32]. To determine whether
these genes are potentially co-regulated by
TBX3 and NCL, we analysed the TCGA-SARC
database for differentially expressed genes in
sarcoma patients expressing high vs low TBX3
or high vs low NCL. We found 329 and 189
genes downregulated in high-TBX3 and high-
NCL sarcomas respectively (Figure 7C). When
the two datasets were compared, 91 of the
downregulated genes were common to both
(Figure 7C), indicating that TBX3 and NCL may
regulate a common set of target genes. Out of
the 91 overlapping genes, almost half (39
genes) were identified to be known or predict-
ed tumor suppressor genes (Supplementary
Table 1). Furthermore, in sarcomas that ex-
press high levels of TBX3 and high levels of
NCL their known target genes CDKN1A and
CDKN2A were downregulated (Figure 7D). Ba-
sed on these findings and our observations that
TBX3 and NCL levels decrease in the
nuclei of AS1411-treated SW1353 cells, we
speculated that CDKN1A and CDKN2A would
be upregulated in AS1411-treated cells. In-
deed, gRT-PCR analyses show that compared
to untreated and CRO-treated SW1353 cells,
AS1411-treated SW1353 cells exhibited a sig-
nificantly higher expression of CDKN1A and
CDKN2A after 48 h (Figure 7E). These results
suggest that TBX3 and NCL cooperatively
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repress CDKN1A and CDKN2A and that treat-
ment with AS1411 relieves this repression
resulting in inhibition of SW1353 cell prolifer-
ation.

Discussion

Sarcomas are highly aggressive cancers that
mostly affect children and are notoriously
recalcitrant to current standard treatment
regimes. This has driven a mechanism-based
search for novel molecular therapeutic targets.
Recently, the transcription factor TBX3 was
shown to promote several features of tumori-
genesis in chondrosarcoma, rhabdomyosarco-
ma and liposarcoma cells including cell prolif-
eration, migration, invasion and tumor forma-
tion [10, 16, 32]. These findings highlight the
potential of targeting TBX3 as a therapeutic
approach to treat sarcomas. However, direct
targeting of transcription factors is challeng-
ing. This study shows that nucleolin is a TBX3
cofactor and that they co-operate to promote
sarcoma cell proliferation and migration and
that the nucleolin-targeting aptamer, AS1411,
may be a promising therapeutic to treat TBX3-
driven sarcomas.

In the present study, we identify 37 candidate
TBX3 interacting partners that potentially co-
operate with it to promote proliferation and
migration of sarcomas. Of these, nucleolin
was of interest because, in cancer, there is a
significant overlap in the mechanisms that reg-
ulate TBX3 and nucleolin and their functions.
For example, nucleolin and TBX3 are upregu-
lated by cyclin A-CDK2, c-Myc, and AKT, and
their levels peak during S-phase [16, 19, 25,
29-31, 35, 52-54]. Furthermore, like TBX3,
nucleolin inhibits apoptosis and prevents cell
cycle arrest by suppressing the expression of
p53 and p21 and when phosphorylated by
AKT, it promotes migration and EMT [21-23]. In
addition, knockdown of nucleolin by siRNA, an
antibody, or the peptide HB-19, dramatically
blocked migration of gastric cancer, multiple
glioma and endothelial cells [55, 56]. In the
present study, we also show that depleting
nucleolin by siRNA inhibits proliferation and
migration of chondrosarcoma, rhabdomyosar-
coma and liposarcoma cells. Importantly, we
show that nucleolin and TBX3 require each
other to induce sarcoma cell proliferation and
migration. Indeed, knocking down nucleolin in
TBX3 overexpressing cells abrogated TBX3-
induced cell proliferation and migration, while
overexpressing nucleolin in shTBX3 cells could
not rescue TBX3’s impact on these processes.

Am J Cancer Res 2021;11(11):5680-5700
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Figure 7. AS1411 mislocalizes TBX3 and nucleolin to the cytoplasm and causes upregulation of TBX3 and nucleolin
tumor suppressor target genes. A. Confocal microscopy images of SW1353 cells treated with 10 uM AS1411 or CRO
for 48 h and processed for immunofluorescence with antibodies to TBX3 (Cy3; red channel) and nucleolin (Alexa
488; green channel). Confocal microscopic images from 20 fields of view were captured and representative images
taken at 400x maghnification are shown (scale bars, 20 um). Nuclei were visualized by co-staining cells with DAPI. B.
SW1353 cells were treated with 10 uM AS1411 or CRO for 48 h. Nuclear and cytoplasmic proteins were separated
and analyzed by western blotting using primary antibodies to TBX3, nucleolin, GAPDH (cytoplasmic fraction marker)
and p84 (nuclear fraction marker). C. Venn diagram analysis across two groups of genes showing downregulated
genes in TCGA sarcoma patients expressing high TBX3 (n = 329) versus high nucleolin (NCL) (n = 189). 91 over-
lapping genes (hypergeometric P-value = 3.12x104). D. Analysis of CDKN1A and CDKN2A expression in TCGA
sarcoma patient samples expressing low TBX3 and NCL versus high TBX3 and NCL. E. gRT-PCR analysis of TBX3
tumor suppressor target genes (CDKN1A (p21°"t) and CDKN2A (p14°7%)) after 24 h and 48 h treatment with 10 yM
AS1411. Student’s t-test was used to compare between groups, "P<0.05; error bars represent mean + SEM.

Nucleolin is an ubiquitously expressed protein
which has been implicated in many cellular
functions [17]. Interestingly, nucleolin is over-
expressed in a growing list of cancers where it
is exclusively localised at the cell surface and
complexes with several oncoproteins to pro-
mote cancer cell proliferation, survival, angio-
genesis, and metastasis. Due to its expression
on the surface of cancer cells nucleolin has
been identified as a promising anti-cancer
drug target because it can serve as a receptor
which allows for tumor-specific uptake of tar-
geted chemotherapeutic drugs without affect-
ing normal cells. Indeed, numerous strategies
aimed at controlling nucleolin abundance and
relocation are being evaluated in pre-clinical
and clinical trials. These include polyclonal
antibodies and peptides such as HB-19, which
inhibit cell proliferation and migration and
induce cell death of leukaemia and lymphoma
cells [57, 58]. More recently, oligonucleotide
aptamers have also been a focus of transla-
tional research and aptamers targeting nucleo-
lin exhibit anti-cancer activities in a growing list
of neoplasms. The most successful is AS1411
which has a high binding affinity for cell-surface
nucleolin and is internalized into cancer cells by
macropinocytosis [59]. AS1411 exhibits anti-
cancer activity in almost every cancer cell type
tested without affecting normal cells and in
xenograft mouse models bearing tumors of
diverse histological origin, including lung, pros-
tate and renal cancer, glioma and leukemia
[31, 60]. Importantly, findings from phase I clin-
ical trials revealed good overall tolerability in
patients with advanced solid tumors and acute
myeloid leukemia [61]. This is further support-
ed by phase Il studies, which demonstrated
promising anti-cancer activity of AS1411 in a
patient with metastatic renal cell carcinoma
(NCTO0740441) as well as in combination
with cytarabine for the treatment of patients
with acute myeloid leukemia (NCTO0512083),
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where an improved overall survival and accept-
able safety profile was observed [61]. Taken
together, these studies strengthen the candi-
dacy of AS1411 as an anti-cancer agent and
additional studies on the effect of AS1411 in
sarcomas are warranted.

There is evidence to suggest that AS1411
disrupts nucleolin protein-protein interactions
and consequently their oncogenic functions,
although the exact downstream mechanism(s)
involved is not fully understood [26, 50]. Here
we provide evidence that AS1411 reduced
the levels of nuclear TBX3 and nucleolin and
increased cytoplasmic TBX3 and nucleolin.
This correlated with an upregulation in expres-
sion of the TBX3 and nucleolin target genes
CDKN1A (p21°®1) and CDKN2A (p14*%F) which
is likely due to reduced occupancy of TBX3/
nucleolin at their promoter regions. Nucleolin
has previously been shown to act as a mole-
cular chaperone, shuttling various proteins,
including transcription factors, between the
cytoplasm and the nucleus and TBX3 may
therefore be one of these transcription factors
[17, 62]. Our findings agree with another study
that reported that AS1411 induced a nuclear-
to-cytoplasmic shift of a protein arginine meth-
yltransferase 5 (PRMT5) repressor complex
which led to increased levels of the PRMT5
target genes, suppressor of tumorigenicity 7
(S8T7) and cyclin E2 [50]. Furthermore, using
bioinformatic tools we show that high TBX3
and high nucleolin share 91 overlapping genes
of which 39 are either well known or predicted
tumor suppressor genes. This suggests that
TBX3 and nucleolin co-operate to regulate a
common set of target genes including CDKN1A
(p21°1) and CDKN2A (p1447F). Future work will
need to determine whether nucleolin and TBX3
co-operate to directly repress the common set
of tumor suppressor genes identified in this
study.
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Figure 8. Oncogenic activity of TBX3 and nucleolin in sarcomas and proposed model of action of the nucleolin
targeting aptamer AS1411. The oncogenic TBX3 co-operates with nucleolin to promote proliferation and migration
of chondrosarcoma, rhabdomyosarcoma and liposarcoma cells. Treatment with the nucleolin targeting aptamer
AS1411 leads to mislocalization of TBX3 and nucleolin to the cytoplasm, de-repression of TBX3/nucleolin target
tumor suppressor genes as well as inhibited sarcoma proliferation and migration. Hence, AS1411 may represent a

viable option for treating a diverse range of sarcomas.

Both TBX3 and nucleolin can bind RNA and
are constituents of the spliceosome and it is
therefore plausible that TBX3 and nucleolin
also co-operate to post-transcriptionally regu-
late gene expression [17, 48]. Indeed, nucleolin
promotes proliferation by repressing p53 trans-
lation [22, 27] and during development TBX3
regulates the alternative splicing of Disks large
homolog (3DIg3) and Nuclear factor of kappa
light polypeptide gene enhancer in B-cells 1
(Nfkbl) by directly binding T-elements in their
MRNA transcripts [48]. Furthermore, nucleolin
can regulate multiple genes involved in tumori-
genesis, including gastrin, AKT1, CCN1 (cyclin I)
and Spl, by binding their mRNA and either
enhancing their translation or protein stability
[19]. The impact of TBX3 and/or nucleolin on
the regulation of these mRNAs could be rele-
vant to their oncogenic roles. It is also worth
noting that in the nucleoli, nucleolin has an
established and pivotal role in ribosome bio-
genesis and cancer cells have increased ribo-
some biogenesis which leads to accelerated
translational capacity and thus enables high
proliferation rates [17, 63]. It has therefore
been suggested that targeting the nucleoli
machinery may be a promising anti-cancer
therapy, and 20 out of 36 chemotherapeutic
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drugs currently in clinical use inhibit ribosome
biogenesis [64]. Considering the accumulating
reports linking ribosome biogenesis and can-
cer it will be worth exploring if TBX3 co-oper-
ates with nucleolin to regulate ribosome bio-
genesis. This is a particularly intriguing possibil-
ity given our observation that the majority of
co-localization between TBX3 and nucleolin
occurs within the nucleoli.

Conclusion

Taken together, findings from this study provide
valuable insights into sarcoma biology and add
to our current knowledge of the mechanisms
that regulate the molecular role of TBX3 in sar-
coma development and progression. Indeed,
we show that together, TBX3 and nucleolin are
key to promoting cell proliferation and migra-
tion in chondrosarcoma, liposarcoma and rhab-
domyosarcoma cells and disrupting their inter-
action with the nucleolin targeting aptamer
AS1411 reverses these oncogenic processes.
Furthermore, our observations suggest that
AS1411-induced perturbations of the TBX3:nu-
cleolin complex and de-repression of tumor
suppressor genes may contribute to the bio-
logical effects of AS1411 (Figure 8). Our find-
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ings provide a strong motivation for investigat-
ing the use of AS1411 to treat multiple sarco-
mas driven by the TBX3-nucleolin interaction.
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Supplementary Figure 1. TBX3 promotes proliferation and migration of liposarcoma cells. A. Western blots confirm-
ing successful TBX3 knockdown in SW872 cells after treatment with siTBX3 for 72 h, with p38 as a loading control.
B. Knockdown of TBX3 inhibits cell proliferation of SW872 cells. Growth curve assays were performed over a 3-day
period and cells harvested by trypsinisation and counted on a haemocytometer. C. Knockdown of TBX3 inhibits cell
migration of SW872 cells. 2D-Scratch motility assays were performed and migration was measured at 6-24 h inter-
vals. Two-way ANOVA was used to compare between groups, and data are the mean + SEM of three independent
experiments, “*P<0.001.

Supplementary Table 1. Overlapping known and predicted tumor suppressor genes

Gene Symbol Gene Name Cancer Type Reference
CTSG cathepsin G Acute myeloid leukemia [1]
MYL1 myosin light chain 1 Rhabdomyosarcoma [2]
PGC progastricsin Prostate, ovarian and breast cancer [3-6]
GKN1 gastrokine 1 Gastric cancer [7]
LIPF lipase F, gastric type Gastric cancer [8]
TFF2 trefoil factor 2 Colon cancer [9]
TNNC2 troponin C2 Rhabdomyosarcoma, colon cancer, head and neck squamous [10-12]
cell carcinoma
PIGR polymeric immunoglobulin receptor Pancreatic and periampullary cancer [13]
TFF1 trefoil factor 1 Gastric cancer, pancreatic cancer [14-17]
MMP12 matrix metallopeptidase 12 Colon, colorectal, gastric, breast and lung cancer, melanoma [18]
APOA4 apolipoprotein A4 Downregulated in hepatocellular carcinoma and ovarian cancer [19, 20]
CSN1S1 casein alpha s1 Breast cancer [21, 22]
CTSE cathepsin E Prostate cancer, melanoma [23]
NCR2 natural cytotoxicity triggering receptor 2 Breast, cervical, colorectal and prostate cancer, melanoma [24, 25]
CLDN18 claudin 18 Lung adenocarcinoma, gastric cancer [26, 27]
GKN2 gastrokine 2 Gastric cancer [28]
AGR2 anterior gradient 2 Lung and pancreatic adenocarcinoma, breast cancer [29]
SLC26A3 solute carrier family 26 member 3 Colon cancer [30]
PSCA prostate stem cell antigen Esophageal squamous cell carcinoma, prostate cancer, [31-33]
gallbladder cancer
TRPM1 transient receptor potential cation channel Melanoma [34]

subfamily M member 1
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RPL3L ribosomal protein L3 like Endometrial cancer [35]
REG3A regenerating family member 3 alpha Gastric and breast cancer [36, 37]
ITLN1 intelectin 1 Gastric cancer, neuroblastoma, ovarian cancer [38-40]
MSMB microseminoprotein beta Prostate and ovarian cancer [41, 42]
TRIM40 tripartite motif containing 40 Gastric and colorectal cancer [43, 44]
GHRL ghrelin and obestatin prepropeptide Gastric and breast cancer [45, 46]
CLEC1B C-type lectin domain family 1 member B Hepatocellular carcinoma [47]
SERPINB11 serpin family B member 11 Oral squamous cell carcinomas [48]
SERPINA4 serpin family A member 4 Colorectal, lung, and breast cancer, hepatocellular carcinoma [49-53]
HAND1 heart and neural crest derivatives expressed 1  Colorectal cancer [54]
ERN2 endoplasmic reticulum to nucleus signaling 2 Ovarian cancer [55]
Muc17 mucin 17 Gastric and colorectal cancer [56, 57]
FAM3D family with sequence similarity 3 member D Colon cancer [58]
CLRN1 clarin 1 Pituitary prolactinoma [59]
PPP1R3A protein phosphatase 1 regulatory subunit 3A Hematological malignancies, non-small cell lung carcinoma [60, 61]
ANXA10 annexin A10 Prostate, bladder, lung, cervical and cancer, hepatocellular [62-66]
carcinoma
PRLHR prolactin releasing hormone receptor Breast cancer [67]
AAGNT alpha-1,4-N-acetylglucosaminyltransferase Gastric cancer [68]
NROB2 nuclear receptor subfamily O group B member 2 Clear Cell Renal Cell Carcinoma, hepatocellular carcinoma [69, 70]
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