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T-box (TBX) transcription factors are evolutionary conserved genes and master
transcriptional regulators. In mammals, TBX2 subfamily (TBX2, TBX3, TBX4, and TBX5)
genes are expressed in the developing lung bud and tracheae. Our group previously
showed that the expression of TBX2 subfamily was significantly high in human normal
lungs, but markedly suppressed in lung adenocarcinoma (LUAD). To further elucidate
their role in LUAD pathogenesis, we first confirmed abundant expression of protein
products of the four members by immunostaining in adult human normal lung tissues.
We also found overall suppressed expression of these genes and their corresponding
proteins in a panel of human LUAD cell lines. Transient over-expression of each
of the genes in human (NCI-H1299), and mouse (MDA-F471) derived lung cancer
cells was found to significantly inhibit growth and proliferation as well as induce
apoptosis. Genome-wide transcriptomic analyses on NCI-H1299 cells, overexpressing
TBX2 gene subfamily, unraveled novel regulatory pathways. These included, among
others, inhibition of cell cycle progression but more importantly activation of the histone
demethylase pathway. When using a pattern-matching algorithm, we showed that TBX’s
overexpression mimic molecular signatures from azacitidine treated NCI-H1299 cells
which in turn are inversely correlated to expression profiles of both human and murine
lung tumors relative to matched normal lung. In conclusion, we showed that the TBX2
subfamily genes play a critical tumor suppressor role in lung cancer pathogenesis through
regulating its methylating pattern, making them putative candidates for epigenetic
therapy in LUAD.
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INTRODUCTION

Lung cancer remains the most commonly diagnosed cancers
and the leading cause of mortality among all cancers (1-3).
Histologically, it is divided into two main subtypes: small cell
lung carcinoma (SCLC), and non-small-cell lung carcinoma
(NSCLC). NSCLC is further classified into three types with lung
adenocarcinoma (LUAD) representing around 40% of the cases.
This type is characterized by an aggressive phenotype; and as
such is considered to be a fatal tumor type with an overall
prognosis of <5 years (4-6). This high rate of mortality among
LUAD patients is largely due to the lack of early detection
strategies and the failure of advanced targeted therapies. In
addition, the many adverse side effects of the current treatment
regimens underscore the valuable merits of identifying novel
mechanisms regulating NSCLC progression as new potential
therapeutic targets in LUAD. An example of such mechanisms is
the discovery that epigenomic alterations contribute significantly
to the early onset of lung cancer and its etiology (7-9). Since
epigenetic modifications are reversible, many ongoing clinical
trials are underway using novel molecules that would specifically
target these mechanisms taking into account that as such they
will affect cancer progression by suppressing proliferation and
invasion (10).

T-box proteins are an evolutionary conserved family of
transcription factors (11) that exhibits a lineage-specific role
during embryogenesis by enhancing and/or repressing the
transcriptional expression of a network of genes (12). TBX
family members are sub-classified according to their sequence
homology and pattern of expression (13, 14). Amongst these
classes, the TBX2 subfamily made of Tbx2,3,4, and 5 that has been
extensively studied because of the specific and complementary
roles of its pairs (Tbx2-Tbx3) and (Tbx4-Tbx5) in shaping up
limb identity, and cardiac chamber specification in different
organisms (15, 16). The 4 members were shown to be particularly
expressed early on in the lungs of embryonic mice, when
the lung bud starts developing and in the developing lungs
(lung buds and trachea) (17, 18). In gene targeting studies,
Tbx2 was shown to restrict cell proliferation and inhibit lung
mesenchyme differentiation for control of lung growth (19, 20).
Depletion of Tbx4 or Tbx5 was shown to impede bronchial
differentiation (21). Besides their critical role during embryonic
development as demonstrated by gain and loss of function
in vitro and in vivo assays across the species, the aberrant
expression of these genes was also associated with several
neoplasms, including melanomas, breast, and pancreatic cancer
(12, 22). In most of these cancer types, members of the TBX2
family have different patterns of expression, mainly they are
unaffected, or overexpressed, but rarely repressed (23-25). In
contrast, we have recently shown a unique common suppression
pattern in LUADs by the analysis of different large cohorts
of patients (26). Our results are supported by data from The
Cancer Genome Atlas (TCGA) with its 483 LUAD tumors and
59 controls. This marked suppression was further detected at
the pre-malignancy stage, and even in the normal-appearing
airway cancerization field in NSCLC. In addition, using a
dataset comprised of 164 suspect smokers, we showed that
the suppression of these factors was found to be a significant

predictor of lung cancer in the suspect high-risk smokers (p <
1077) (26).

To further elucidate the role of the TBX2 subfamily in human
LUAD pathogenesis, we opted to assess the effects of their re-
expression in a lung cancer cell lines. We first confirmed the
marked downregulation of Tbx2-5 transcripts in the various
lung cancer cell lines as compared to normal lung tissues.
We then assessed the transient independent overexpression in
human NCI-H1299 and mouse MDA-F471 cells for each gene.
The observed dramatic effect on cell growth and proliferation
was quantified and validated. This was further dissected at
the molecular level by analyzing and cross-contrasting the
transcriptome profile of these cells as compared to the control
by RNA sequencing. We found only a shared pathway activated
by all four members, and many other suppressed pathways. The
activated demethylation pathway was paralleled to a suppressed
methylation process, both affecting the epigenetic signature of
lung cancer cells. Interestingly, the expression pattern induced
by TBX2 subfamily correlated with gene signatures from NCI-
H1299 treated with demethylases inhibitors. Finally, we showed
that LUAD gene signatures from both mouse tumor model
and public datasets were anti-correlated with transcriptional
signatures from cells overexpressing TBX2-5.

MATERIALS AND METHODS

Immunohistochemistry

Consecutive sections (8 um) were prepared from formalin-
fixed paraffin embedded normal human lung tissues. Slides
were dewaxed, rehydrated with graded alcohol, then dipped
in 3% hydrogen peroxide. Antigen retrieval was carried out
in citrate buffer (pH 6.0) in a microwave, followed by a 1h
blocking in 3% BSA (Amresco Life science, Cat#0332-100G)
in 0.2% PBT (PBS 1X with 0.2% Tween-20). Primary rabbit-
antibody against human TBX2 (Ab33298), TBX3(Ab99307),
TBX4(Ab28634), TBX5(Ab23665) and as a negative control
rabbit IgG was used (Ab27478) with a dilution of 1:100 were
applied to the sections, respectively, and incubated overnight at
4°C. Subsequently, slides were incubated with 1:250 Biotinylated
species-specific secondary antibody (Cat# RPN1004V, GE
healthcare UK limited) followed by 1:250 streptavidin-
peroxidase conjugate, and antibody-specific binding was
visualized with 3,3-diaminobenzidine solution (DAB-Sigma,
Cat#D3939-1SET). Lastly, slides were counterstained with
Methyl Green and mounted.

Cell Lines and Transfection Assays

Human lung cancer cell lines (NCI-H3255, NCI-H1299, NCI-
H1792, and NCI-H1944) and mouse lung adenocarcinoma
cells (MDA-F471) derived from 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) exposed Gprc5a-knockout female
lungs were obtained from Dr. Humam Kadara. All the above cells
were grown in DMEM-F12 low glucose medium supplemented
with Fetal Bovine Serum (FBS-Sigma, Cat#F9665), 1% Penicillin/
Streptomycin  (Biowest-Cat#L0022-100). Normal Human
Bronchial Epithelial Cells (NHBE) and immortalized human
bronchial epithelial cells, HBEC1 and HBEC2 were cultured
in growth factor-supplemented medium (BEGM, Lonza).
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HEK293 cells (Human Embryonic Kidney cells) were cultured
and maintained in Dulbecco’s Modified Eagle Media (DMEM-
Sigma, Cat#D0819) supplemented with 10% Fetal Bovine
Serum (FBS-Sigma, Cat#F9665), 1% Penicillin/ Streptomycin
(Biowest-Cat#L0022-100) and 1% sodium pyruvate (Sigma-
Cat#S8636). Incubation of cells was carried out in a 5% CO2
humid atmosphere at 37°C. Mouse HA tagged pCGN-Tbx5 and
human HA tagged pCGN-TBX3 were previously described while
human Flag tagged pORF-TBX (2 and 4) were purchased from
Origene. NCI-H1299 and F471 cells were transfected with the
expression vectors using Lipofectamine 2000 (Life Technologies)
according to the manufacturer’s instructions with an efficiency
of ~45%. Transfection was done after 1-h incubation with
Penicillin/Streptomycin free cell culture medium. HEK293 cells
were transiently transfected using Polyethylenimine (Sigma) as
previously described (27).

Total RNA Isolation

Total RNA was isolated using the Invitrogen Life Technologies
TRIzol reagent according to the manufacturer’s protocol
and quantified using the Nanodrop 1,000 spectrophotometer
(Thermo Scientific) at the Molecular Core Facility at AUB.
Briefly, 70% confluent cells seeded in 10 cm? petri dishes were
scraped and centrifuged for 15min at 13,000 rpm at 4°C.
RNA quality was assessed based on RNA integrity numbers
(RINs) using a 2,100 Bioanalyzer (Macrogen, https://dna.
macrogen.com/eng/). For lung tissues, eight 10 um slices were
deparaffinized using 100% xylene, and total RNA extraction was

done using RecoverAll'"™" Total Nucleic Acid Isolation Kit (Life
Technologies) according to manufacturer’s instruction.

RNA-Seq Analysis

Resulting pairs of FASTQ generated from Macrogen Illumina
pipeline (paired-end sequencing), for each of the settings
(Controls, TBX2, TBX3, TBX4, TBX5), were aligned to the
Human reference genome build GRCh37.75 using STAR v2.3.0.
Mapped reads were quantified using feature Counts v1.5.4 using
default settings, and corresponding GTF gene annotation file
was used to map reads to annotated transcripts. Genes with
raw counts above 5 in more than half of the samples (N = 18)
were kept for further analysis. Differential expression analysis
(DEG) to identify significant gene regulation, in TBX-transfected
cells with respect to control NCI-H1299, was performed using
DESeq2.

In silico Pathway Analysis

Genes were assigned to Reactome pathways and gene sets of sizes
between 15 and 250 genes were retained for gene set enrichment
analysis (GSEA). Genes were ranked with respect to the t-stat
from DESeq2 output. We created a GSEA output matrix with
pathway enrichment scores (NES) in rows and all four contrasts
(TBX2 vs. control, TBX3 vs. control, TBX4 vs. control, TBX5 vs.
control) in columns. We used custom scripts in R to remove
highly overlapping Reactome pathways. Consistent pathways
across all four contrasts were kept for further validation.

Assessment of Tbx-Induced Gene
Signature in Publicly Available Human and
Murine Non-small Cell Lung Cancer
Datasets

From each of the four comparisons described in previous
sections, we selected the first 75 genes at the top (most up-
regulated DEG) and the last 75 genes at the bottom of the list
(most down-regulated DEG) after sorting each ranked list of
genes, from DESeq2, by the t-statistics. This was denoted as the
query gene signature. Raw microarray public data have been
extracted from hypomethylating treatment instances (azacitidine
and decitabine) in non-small cell lung cancer cell line NCI-H1299
(28) or from three clinical non-small cell lung cancer cohorts
GSE43458, GSE27262, and GSE10072 (29-32). For each dataset,
differentially expressed genes between treated and untreated, or
tumors and controls were calculated with the limma package in
Bioconductor. Then, a connectivity score (range = [—1, +1]) is
computed between the query signature and the respective profiles
from GEO (33). For example, a “negative connectivity” suggests
that Tbxs-induced signature pushes toward a “normal lung
phenotype.” In contrast, a “positive connectivity” suggests that
one signature mimic the other. Similar analysis was performed
on ranked gene lists from the GSE107774 expression dataset
(34)comprising three adenocarcinomas, three adenomas and five
matched normal lung tissues from tobacco carcinogen exposed
Gprc5a’/’ mice (35, 36).

Protein Extraction and Western Blots

Nuclear proteins were extracted as previously described (37) and
resolved on a 10% SDS-PAGE. The protein samples were boiled
for 10 min and run on denaturing SDS-PAGE for about 1.5 h then
transferred to a PVDF membrane (Cat#10600023, Amersham,
UK). The membrane was blocked in 5%TBT (TBS-0.02% Tween
20) skimmed dry milk for 45min at RT. The membrane was
incubated with primary antibodies (anti-Flag or anti-HA) or anti-
TBX (2,3,4,5) and anti-GAPDH or anti-BActin overnight at 4°C.
On the 2nd day, the membrane was washed three times with TBT
(TBS 1X with 0.2% Tween 20) and incubated with secondary anti-
mouse or anti-rabbit-HRP (1:50,000) for 1 h at RT. Development
was done using ECL™ Western Blotting Detection Reagents
(Amersham, GE healthcare, Cat# RPN2106). The protein bands
were visualized using the Chemidoc MP imaging system (Bio-
Rad) and quantified using Image J software.

Immunofluorescence

NCI-H1299 cells were plated onto 12-well Costar culture plates
on coverslips at sub-confluency ~60% per well. Transient
transfection was done on the 2nd day of the seeding using 2 pl
Lipofectamine 2000 (Life Technologies) and a total of 2 g of
DNA per well. Cells were fixed 24 h post-transfection using 4%
paraformaldehyde/PBS for 20 min and washed again with PBS.
The cells were then blocked with 3% BSA/PBS solution for 1h.
followed by two primary antibodies (rabbit anti-HA or mouse
anti-Flag and anti-mouse Ki-67 or rabbit Ki-67, respectively)
diluted (1:300) in BSA/PBT and added to the cells with an
overnight incubation at 4°C. The cells were then washed with
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PBT 3 times, before adding the secondary antibody (donkey
anti-rabbit IgG biotinylated, RPN1004V, or anti-mouse IgG
biotinylated, GE Healthcare) with a dilution of 1:250 in BSA/PBT
for 1h at RT with shaking. After washing 3 times with PBT, cells
were incubated with ChromeoTM 488 Streptavidin (Santa Cruz),
and Alexa Fluor 555 for 1h at RT with shaking. Nuclei staining
was also performed by applying Hoechst, diluted 1:30 in water,
for 30 min. The cells were then washed with PBS and mounted
on a rectangular slide containing an anti-fading agent DABCO
(Sigma-Aldrich). The slides were examined using the Olympus
BH-2 microscope at the molecular core facility at AUB.

Trypan Blue Exclusion Assay and Cell
Cycle Analysis

Cells were seeded in duplicate wells for each experimental
condition at a density of 2.5 x 10* cells/well in 12-well
plates, and then transfected the following day with the specific
overexpression vector. 24 and 48 h following transfection, cells
were washed with 1x PBS, trypsinized, and mixed with 0.4%
Trypan blue solution in a 1:1 ratio (Sigma Aldrich) then counted
under a light microscope using a hemocytometer. For cell cycle
analysis, cells were plated in 12 well plates (2.5 x 10° cells/well)
and transfected after 24h with the assigned plasmids or the
corresponding empty vector. Cells (including floating cells in the
medium) were harvested using trypsin at the indicated times,
washed twice with ice cold PBS and fixed with pre-chilled 70%
ethanol at 4°C for at least 48 h. The cells were then pelleted by
centrifugation at 1,500 rpm, washed with PBS and resuspended
in 150 pl of PBS and digested with 100 pl of RNAse A (50 pug/ml).
Staining was done with 25 pl PI solution at 4°C in the dark
for 30 min, and then analyzed using Guava Easy Cyte 8 Flow
Cytometer at the faculty of medicine core facility at AUB.

MTT Assay

Cell proliferation was determined by a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were
seeded in 96-well plates (2 x 10° cells/well) for 24h before
transfection with the appropriate plasmids. After 24 and 48 h of
transfection 10 pl of the yellow tetrazolium salt was added to
each well and incubated for 4 h at 37°C followed by the addition
of 100 pl solubilizing reagent overnight. The absorbance of the
developed color was measured using Multiskan EX ELISA reader
at 595nm. Cell viability was expressed as percentage viability
compared to cells transfected with Lipofectamine 2000 alone,
or with the corresponding empty vector. Three independent
experiments were done with each condition in duplicate.

Quantitative Real-Time PCR

A total of 2 ng of RNA was reverse-transcribed using
iScript cDNA Synthesis Kit (Biorad) as per the manufacturer’s
specifications. All ¢cDNA samples were diluted in 1:3 ratio
with nuclease-free sterile water & stored at —20°C. SYBR
Green Supermix (SIGMA) was used to perform the Real-
Time PCR quantification by employing specific primer pairs
(Supplementary Table 1) for each gene indicated while using
those of GAPDH and B-ACTIN as housekeeping genes on an

icycler machine (Biorad). Relative quantification was calculated
using the 27AACT relative quantification method.

RESULTS

Expression of TBX2 Family Members in

Lung Tissue and Cell Lines

The distribution of TBX2 and TBX5 was examined in formalin-
fixed paraffin-embedded tissue sections from tumor-free regions
of the lung. The sections of the lung contain branching
bronchioles as well as respiratory bronchioles with adjacent
alveolar walls and small to medium pulmonary arteries and
veins. TBX2 showed more intense staining with prominent
nuclear localization in bronchial epithelium and alveolar cells
compared to that of TBX5 (Supplementary Figure 1A). In
addition, TBX2 was highly expressed in the epithelial cells
of the bronchioles whereas detection of expression of both
TBX3 and TBX4 was not successful despite using two different
antibodies (Supplementary Figure 1B). To assess the expression
profile of the four TBXs in lung cancer cell lines, we designed
specific primers for each member and the relative expression was
measured by qPCR. The results showed the highest expression
for TBX2 in normal lung tissues followed by TBX3, TBX4,
and then TBX5 (Figure 1A). Immortalized human bronchial
epithelial cells (HBEC2) showed a tremendous reduction in
the expression of the four members as compared to that of
normal lung tissues (ranging from 500 to 2,000-fold). This
expression was nonetheless highly significant when compared
to that of the different lung cancer lines (NCI-H1299, H1944,
H1972, and H3255). For further confirmation and owing to
the pronounced alternative splicing property of these TBXs,
we examined their expression profile at the protein level in
the different cancer cell lines as compared to nuclear extracts
from transiently transfected HEK293 cells with the relative
encoding plasmid. All antibodies showed high specificity while
two different TBX4 antibodies didn’t work at the level of western
blot (Supplementary Figures 2A,B). Western blots using up to
25 pg of nuclear extracts showed very little or undetected
expression of TBX2, TBX3, and TBX5 in all tested lung cancer cell
lines while only HBEC2 cells expressed TBX5 which is consistent
with qPCR results (Figure 1B).

Members of TBX2 Subfamily Negatively
Affect Proliferation and Survival of the
Human NCI-H1299 and Mouse MDA-F471

Cell Lines in vitro

We previously identified a prognostic multigene expression
signature for TBX2-5 at early and advanced-stages in LUAD
patients and hypothesized that these genes may function in the
development and/or progression of LUADs. We thus sought
to test the role of each member independently in NSCLC
pathogenesis by transiently transfecting the widely used NCI-
H1299 lung cancer cells and the newly derived mouse MDA-
F471 mouse cells with plasmids encoding independently each
TBX gene. Microscopic analysis of the cells showed significant
cell death and decrease in proliferation as compared to the
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FIGURE 1 | mRNA/protein profiling of TBX2 subfamily members in normal lung
tissues and lung cancer cell lines. The expression of TBX2, TBX3, TBX4, and
TBX5 was analyzed by real-time PCR in the lung cancer cell lines NCI-H1299,
H1944, H3255, and H1972 as well as the immortalized HBEC1/HBEC? cells
and normal lung tissues. A high expression of the four members was detected
in lung tissues (A) as compared to the different cell lines while HBEC2 cells
scored the highest expression for all the four genes among the cell lines. Gene
expression was first normalized to the expression of the housekeeping gene
GAPDH. The fold induction of each tested gene was then normalized to the
expression in NHBE cells. The data represent the means +s.d, (0 = 3).
Significance was attributed as compared to the expression in lung tissues

(*p < 0.05). The protein expression was assessed by western blotting of equal
amounts of nuclear extracts from different lung cancer lines using specific
antibodies for each protein (B). Nuclear extracts from HEK293 cells
overexpressing (+) or not (-) these proteins were used as controls.

control (Supplementary Figure 3A). All cells maintained a
similar morphology after transfection except those with TBX3
as they became flattened with expansion of the cytoplasm
which might be a characteristic feature of cell senescence
and/or differentiation (Supplementary Figure 3B). QPCR and
Western blot analyses showed a significant increase in the
corresponding transcript(s) and protein(s) as compared to
cells transfected with the control empty vector (Figure 2). All
members significantly decreased cell viability (up to 22% for
NCI-H1299 and 50% for MDA-F471) as evidenced by trypan
blue exclusion assay and suppressed cellular proliferation (up to
35% for NCI-H1299 and 40% for MDA-F471) as measured by
MTT assay (Figures 3A,B). The pattern was quasi-identical to all
members over a time course of 48 h post-transfection. To further
characterize the phenotypic consequences of the overexpression,
we determined its effects on cell-cycle progression by flow-
cytometric evaluation of Propidium Iodide (PI) staining. Cell

cycle analysis demonstrated that TBX2-5 cause an accumulation
of cells in the sub GO/G1 phase (Figure4A), thus inhibiting
their progression toward the G1 phase. This pattern was quite
similar between TBX2, TBX4, and TBX5 after 48 h as compared
to controls ranging from 42 to 57% in NCI-H1299 and up to 60%
in MDA-F471 cells. This accumulation was however less obvious
with TBX3 overexpression in NCI-H1299 (23% after 48 h) but
was similar to the other TBXs in MDA-F471 cells (Figure 4B).
These results suggested that TBX2-5 induced disruption of cell
cycle progression whereby the increase in sub GO/Glphase is
a reflection of apoptosis induction. All together, these results
prompted us to seek a molecular signature that would account
for these tangible effects. We carried on RNAseq on the extracted
RNAs from the above experiments each in triplicates, and we
proceeded in analyzing the results taken into consideration the
potential overlap in gene function as assessed morphologically
and molecularly (Supplementary Figure 4).

Genes Associated With TBX’S

Overexpression

Pre-filtering genes with low counts across all settings (Controls;
TBX2, 3, 4, 5) yielded 13,716 unique genes from the RNA-
seq platform, which were kept for subsequent analysis. To
investigate differentially expressed genes (DEGs) from the
genome-wide transcriptional profiling, we analyzed each of
the TBXs transfected cells separately compared to NCI-H1299
controls. The results showed a significant number of unique and
overlapping DEGs, at a false-discovery rate (FDR_ threshold
of 10%, across all settings (Supplementary Figures 5A,B).
Interestingly, our analysis pinpointed a common molecular
signature triggered by all four T-box members. This ensemble of
DEGs is constituted of 112 up-regulated and 163 down-regulated
genes (Supplementary Figure 6). We further compared-
contrasted these common genes to the Cancer Gene Census
(CGC) database that handles annotations for known oncogenes
and tumor suppressors (38). Out of the 275 common DEGs, only
14 overlapped with CGC (5%; 3 up and 11 down). 9/11 down-
regulated genes were annotated as oncogenes/fusion (MTOR,
LASPI, AKT2, NPM1, TRIM27, RAC1, MLLT3, EIFIAX, NONO)
and 2/11 as tumor suppressors (NF2 and ERCC2). All three
up-regulated genes (CHD2, TET2, TNFAIP3) were annotated as
tumor suppressors. The full list of common up/down regulated
genes, and corresponding annotation from CGC, is provided in
Supplementary Table 2.

Methylation/Demethylation Pathways Are
Directly Affected by TBXs Overexpression
in NCI-H1299 Cells

Based on the ontology of the affected genes, we questioned
their interconnectivity in global cellular pathways. We thus
leveraged an unbiased bottom-up approach to unveil molecular
perturbations induced by the TBX2 family members genes. We
ranked all the genes according to the t-stat from each of the
differential expression analysis with respect to the two considered
phenotypes (TBXs vs. control). We then run a pre-ranked gene
set enrichment analysis using Reactome pathways (39, 40). After
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FIGURE 2 | Molecular analysis of NCI-H1299 and MDA-F471 cells transiently overexpressing the different TBX proteins. Western blotting analyses and qPCR of
TBX2-5 protein and mRNA expression were performed 24 h after transfection with the empty vector (-), or plasmids encoding the four members of TBX2 subfamily
(A) For gPCR, TBXs’ expression was normalized to that of the GAPDH housekeeping gene and quantified relative to the expression in cells transfected with empty
vector. The data represent the means + s.d., n = 2. Significance (*p < 0.05) was assessed by the Student t-test (B) For Western blotting, 20 g of total protein from
samples were analyzed by SDS-PAGE. Membranes were stained with the antibody against the corresponding tag of each vector and with a GAPDH or B-Actin

filtering all highly redundant pathways, we only kept the top 25
with and FDR < 0.1 showing consistent enrichment scores across
all four settings (TBX2 vs. control, TBX3 vs. control, TBX4 vs.
control, and TBX5 vs. control). The results showed that most
of the common pathways are down-regulated and are linked
to cell cycle and DNA replication mechanisms confirming thus
our microscopic and molecular data (Figure 5A). Interestingly,
only one unique pathway “HDMs demethylate histones,” was up-
regulated by all TBXs. Furthermore, we questioned the overlap
between the genes from the 25 significant pathways and the list
of commonly regulated genes obtained previously (Figure 5A
and Supplementary Table 3). We found that ~19% of those
genes (52/275) were in common, and notably those involved
in the histone demethylation pathway, like KDM4A, KDM6B,
and KDM7A which are known to reverse N-methylations of
histones (Figure 5B). To further establish that demethylation is
an important molecular hallmark induced by the TBX2 subfamily
in NCI-H1299 cells, we used a pattern matching algorithm,
similar to a previously described approach in order to compare
our molecular signature to an expression profiling panel from
two known DNA methyltransferase inhibitors, azacitidine and
decitabine (41). Our results showed that both signatures share
a highly correlated set of genes (p < 0.01) (Figure 6A and
Supplementary Table 4). This observation suggests that the anti-
proliferative potential of T-boxes in NCI-H1299 is mainly a
consequence of epigenetic remodeling. Validation for expression

changes in selected transcripts was done using qPCR specific
primers for genes involved in regulating cell cycle progression
(MTOR), methylation (DNMTI, and KDM6B), proliferation
(AXL), and apoptosis (EGR1, FOS). Data analysis indicated that
the results from qPCR were consistent with the RNA sequencing
data (Supplementary Figure 7).

The in vitro TBX Overexpressed Molecular
Signature Is Highly Anti-correlated to That

of the in vivo Lung Adenocarcinoma

Based on our previous findings, we hypothesized that
overexpression of TBX2 family members in lung cancer
would restore a “normal” pulmonary cellular milieu. We thus
compared our ranked list of differentially expressed genes in
vitro to gene expression profiling of lung adenocarcinomas
and normal lung tissue from three clinical cohorts GSE43458,
GSE27262, GSE10072 using the same pattern matching
algorithm as described previously (Figure 6B). Our results
showed that signatures from TBX3 and TBX5 are significantly
anti-correlated with lung adenocarcinoma signatures from
patients (p < 0.05). Interestingly, the TBX2 signature is the
least significant while that of TBX4 exhibits no changes across
all settings (Figure 6B, and Supplementary Table5). The
inhibition of growth, proliferation and cell cycle progression
might be considered as the molecular events associated with
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FIGURE 3 | Cell viability and proliferation assays for cells overexpressing TBX2 members. Trypan blue exclusion analysis (A) and MTT assay (B) show a similar
proportional reduction in cell viability with TBX2-5 transfection as compared to control in both NCI-H1299 and MDA-F471 cells. Experiments were performed at least
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the cytotoxic activities and epigenetic modifications’™ effect of
the four members of the TBX2 subfamily in the mouse cells as
in the human cells. To test this hypothesis, we used the same
anti-correlation bioinformatics approach on the RNA datasets
generated from the Gprc5a nicotine-induced lung cancer model.
Interestingly, only gene signatures from mouse adenocarcinomas
were anti-correlated with TBX’s induced signatures (Figure 6C).
Enrichment scores were negative but not significant with TBX4
falling apart, and TBX2 scoring the best followed by TBX3 and
TBX5 (Figure 6C and Supplementary Table 6).

DISCUSSION

The T-box family of transcription factors exhibits an evolutionary
conserved pattern across mammalian species. In humans, several
mutations in the T-box DNA binding domain is associated with
developmental defects, and recent evidence from our lab showed
that TBX2 subfamily (TBXs 2, 3, 4, and 5) was significantly
repressed in NSCLC, which warranted further investigation in
lung cancer (26). Curing the most fatal cancer in the world and
finding novel, personalized, and/or combined therapies is still the
most challenging goal in this area. This is why we interrogated
the potential use of TBXs as tumor suppressor proteins in
order to unravel novel mechanisms that could be therapeutically
targeted. We investigated the extent to which overexpressing
these transcription factors would abrogate cell proliferation in

NCI-H1299 lung adenocarcinoma cell line. Our bioinformatics’
analyses concurred with phenotypic screening and showed
a significant decrease in cell cycle pathways. Interestingly,
molecular signatures from TBXs resembled gene signatures
induced by hypomethylating agents, which further support the
potential use of epigenetic therapy in lung adenocarcinoma.

The first paradigm in our data was the proof that most lung
cancer cell lines do not express significant amount of TBX2-5
mRNA and/or protein. Not only we confirmed the consistent
suppression of expression of all 4 genes in all tested lung
cancer lines, but we provided a proof of their robust expression
in normal lung adult tissues. Interestingly, this expression at
least for TBX2 as evidenced by immunostaining is not only
restricted to mesenchymal cells, but also extends toward most
of the cells including the epithelial cells of the bronchi. We
thus consolidated our previous findings by providing indirect
evidence that the downregulation of TBX2-5 in LUADs is not
due to the expansion of negatively expressing TBX cells but
is rather due to a cell-autonomous regulated mechanism, and
thus the TBX2 family signature could be a reliable testing
biomarker for LUADs. While this downregulation is still to be
tested in conditional knock-out models of Tbx2-5 in order to
confirm its sufficiency in developing spontaneous or nicotine-
induced LUADs, the results of our transient gain of function
experiments show that these transcription factors can function
independently to stop the progression of lung cancer. By
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FIGURE 4 | Cell cycle analysis of NCI-H1299 and MDA-F471 cells overexpressing TBX’s. NCI-H1299 and MDA-F471 cells were transiently transfected with each
TBX2 subfamily member encoding plasmid independently. After subsequent culture for 24 (A) and 48 h (B), cells were stained with propidium iodide Pl and analyzed
for DNA content by flow cytometry. The cell cycle arrests at sub-GO phase as a result of this transfection. Results are representative of three separate experiments.
Percentage of cells in each phase (subGO, GO/G1, S, or G2/M) are presented. Data represent the mean + SD.

inhibiting cell proliferation and inducing apoptosis, we postulate
that all 4 members converge independently into a common
pathway that would inhibit lung cancer progression as opposed
to their role in expanding the lung cell lineage pool in early
pulmonary development and subsequent morphogenesis. This
apparent contradiction finding is however corroborated by recent
studies in different cancer cell lines, including non-small cell lung
carcinoma (NSCLC) cell lines where overexpression of TBX5
was shown to suppress cell proliferation, colony formation, and
invasion and to induce apoptosis (42). While no studies have
previously been published in other cancer cell lines for transient
overexpression of TBX4 and 5, numerous studies have shown that
transient overexpression of TBX2 or TBX3 does specifically affect
senescence by targeting the tumor suppressor gene CDKNIA
and B, and CDKN2A (19, 43). Our results show a very slight
activation of the latter genes but was not significant enough
to rank these factors amongst the top deregulated genes, as
contrasted to the major suppressive effect underscored on genes
implicated in cell proliferation. One potential explanation might
be linked to the cellular context, i.e., the NCI-H1299 lung cancer
cell line we utilized is p53 defective. However, our unpublished
results in other lung cancer cell lines, and the results obtained by
overexpressing TBX5 in A549 and NCI-H596 cells by Ma et al. do

not support this hypothesis (42). Indeed, our RNAseq approach
is the first documented unbiased approach to assess the role
of TBX2-5 in a cancer setting as opposed to previous studies
were “a priori” and specific knowledge were utilized. It helped
thus in studying the global effect of these genes while detecting
a common altered top-ranked genes” set which anti-correlated
with that of LUADs datasets we previously used to confirm a
suppression in the 4 TBX genes in adenocarcinoma. Moreover,
this detected set of top deregulated genes anti-correlated with
our documented Gprc5a~/~ murine model of nicotine-induced
lung adenocarcinoma, suggesting not only a tumor-suppression
potency linked to the expression of these TBX genes but also
a tumor malignancy reversal gene switch. What makes the
data more challenging is the striking similarity between all
TBX family members as highlighted by the pre-ranked gene set
enrichment analysis we did using the Reactome pathways which
showed a marked inhibition for numerous paths linked to cell
proliferation, chromosome maintenance, and apoptosis.

The second paradigm of the analysis was the finding
of only one commonly activated pathway that involve the
histone demethylases. This activation is also congruent with the
downregulation of the RMTs and thus could be the key to explain
most of the downstream effects.
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FIGURE 5 | Comparison of Reactome pathways (A) and gene expression data (B) between control H1299 and TBX construct groups. (A) Shared and significant
Reactome pathways across all contrasts (TBX2-5 vs. controls, FDR < 0.05), from the gene set enrichment analysis (GSEA). Pathway labels: red (N = 1 up-regulated),
blue (N = 24 down-regulated). For each pathway, numerical values represent the signed enrichment score (ES) multiplied by the negative log10 of the corresponding
p-value (B) Heatmap showing the leading-edge genes (N = 52), from the rank-based pathway enrichment analysis approach, extracted from (A) and differentially
expressed in all TBX contrasts (FDR < 0.1 from DESeq analysis). Gene labels: red (N = 5 up-regulated), blue (N = 47 down-regulated).
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Activation of the main histone-demethylases KDMA4A,
KDMG6B, and KDM7A coupled to the repression of some protein
arginine methyltransferases encoding genes like PRMTI by

all TBX2 proteins suggested that these events proceed all
other related or unrelated events like cell proliferation and
apoptosis. Although we do not exclude that each TBX gene
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has a unique signature and might exert its effect independently
as per our analysis of the top-ranked genes in each setting
alone (Supplementary Figure5), we do believe that the
methylation/demethylation pathway is a plausible gating channel
for all other events. The reasoning underlying this statement
stems from the following observations: 1- The T-box domain
potency to directly interact with some histone methylases and
demethylases (44); 2- The sufficiency of the T-box domain
of TBX2 to directly bind to the H3 Histone and recognize
mitotic chromatin (45). While the latter observation would
explain how these T-box proteins can directly bind to their
targets and activate or repress transcription in a high-mitotic
indexed milieu, the former does provide explanation of how
global demethylation could be restored by repressing the
expression and activities of PRMTs and inducing the expressing
and enhancing the activities of KDMs. In that regard, TBX21
was the first T-box family member to be dissected toward its
potential interaction with epigenetic modulators (46, 47). The
documented results underscore the importance of two highly
conserved regions with the T-box DNA binding domain to
physically interact with both the NCOR2 methyl-transferase and
KDM6B dimethyl transferase (48). The molar distribution of

such keys proteins at a given time during development and/or
in a cellular pathological condition will thus dictate the output
of the interaction by means of evaluating the transcriptional
activity of TBX21. Interestingly, the amino acids implicated
in the docking mainly to the demethylase moiety are highly
conserved between members of the T-box family of genes. A
recent survey of the mutations occurring within the T-box
domain in those TBX genes known to cause the different genetic
syndromes did show that they abrogate either the interaction
with the known methyl or dimethyl transferases (47). However,
the direct supporting evidence to our data came from a study
that showed using a newly described screening system that
TBX5 is one of few transcription factors that induce binding
site-directed DNA demethylation (49). These findings coupled
to the global methylation process that underscores all lung
cancer subtypes and mainly the nicotine-induced types will thus
potentially position the effect of the for TBX genes in the pathway
that includes demethylating agent in clinical trials like 5-AZA
(50, 51). Indeed, our top ranked genes and gene signature were
significantly correlated with those derived from the NCI-H1299
cells treated with azacitidine and decitabine. While we don’t
exclude other pathways like those linked to the immune-therapy
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like AXL downregulation (52), to be of equal importance to the
methylation/demethylation pathway, we are confident that those
additional pathways would be linked to individual TBX2 family
members rather than being shared as per our analysis of gene
and pathway enrichments (Supplementary Figure 5).

CONCLUSION

Our results are the first to shed lights on the role of TBX2
family members in lung tumor suppression and epigenetic
remodeling in NSCLC. The four members of this family were
able to suppress cell cycle progression through regulating the
methylation /demethylation process which in turn influence the
expression of the downstream genes that are implicated in cancer
development and progression. Reactivation of TBX2 subfamily
in LUAD could thus represent a major and specific therapeutic
avenue for reversing the molecular profile in lung tumor.
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Supplementary Figure 1 | Expression of TBX2 and 5 in adult human lung tissue.
The aTBX2 stained slide shows nuclear and cytoplasmic staining (brown color) in
bronchial epithelium (arrows in B) and alveolar lining (pneumocytes) with more
prominent nuclear staining. While « TBX5 shows a staining within bronchial
epithelium but it is less intense andlacks differential intensity between nucleus and

cytoplasm; this is in contrast with the IgG negative control (A). Magnification X5
(A) and X20 (B).

Supplementary Figure 2 | Specificity of the TBX2/3/4/5 antibodies. (A) Western
Blots showing the overexpressed TBX2,3, and 5 proteins only recognized by the
corresponding antibody (aTBX, aTBX3, aTBX5). None of the antibodies recognize
a different TBX protein than the one it was raised against (Left panel). Two different
antibodies against TBX4 were used and neither one worked at the level of western
blot as confirmed by using the anti-Flag antibody (TBX4 is Flag tagged) that
confirmed the transfection and the overexpression process (right panel).

(B) Immunofluorescent assay: The corresponding vectors were independently
transfected in HEK293 cells which don’t show an endogenous expression of
these proteins. The four antibodies were able detect their targets as represented
by the red color. Images were taken using the oil-immersed X40 magnification
objective of a Carl Zeiss LSM 710 laser scanning confocal microscope.

Supplementary Figure 3 | Microscopic evaluation of the NCI-H1299 cells
overexpressing TBX2 family members. (A) By Phase contrast microscopy, cells
were visualized 24 h post-transfection with TBX2/3/4/5 vectors independently as
compared to cells transfected with empty vector or those only using the
transfecting agent (lipofectamine 2000). Images were taken using a X10
magnification objective. (B) By Confocal microscopy using the Carl Zeiss Zeiss
LSM 710 microscope, all TBXs overexpressing cells showed mainly a nuclear
localization except for TBX3 (red color) with relative reduction in Ki-67 intensity
(green) in transfected cells compared to non-transfected cells. Nuclei are stained
with Hoechst (blue). Images were taken with a X40 oil objective.

Supplementary Figure 4 | Analysis workflow for the NCI-H1299 transfected cells
with TBX gene expression constructs. A comparative analysis of the four
experiments (TBX2,3,4,5) was conducted by investigating differentially-induced
pathways in each experiment vs. control NCI-H1299 lung cancer cells. Genes
were ranked to perform a gene set enrichment analysis (GSEA) on Reactome
pathways. The same GSEA pattern matching technique was performed to assess
connectivity of the top 75 up/75 down-regulated gene signature from each of the
experiment against differentially expressed gene sets from GEO lung
adenocarcinoma datasets (see Material and Methods section).

Supplementary Figure 5 | Unique and overlapping deregulated genes in
NCI-H1299 cells overexpressing TBX2-5. Venn diagrams showing the overlap of
significant down-regulated (A) and upregulated genes (B) in all experimental
contrasts (FDR <0.1).

Supplementary Figure 6 | Heatmap of gene expression comparisons between
control cell lines and TBX construct groups. The top 275 significantly regulated
genes common to all TBXs contrasts (FDR <0.1) are shown with the red labels for
up-regulated (112 genes), and blue labels for down-regulated (163 genes).

Supplementary Figure 7 | Confirmation of RNAseq data by gPCR analysis.
ACTN1,AXL,DNMT1, EGR1, FOS,EZH1,KDM6B and MTOR genes in H1299 lung
cancer cells transfected with control and TBX2/3/4/5 plasmids. Expression
changes are depicted relative to cells transfected with control plasmid.
*significance (p < 0.05 assessed by the Student’s t-test).

Supplementary Table 1 | List of genes with their corresponding primers used in
qPCR.

Supplementary Table 2 | Common deregulated genes with their expression
change and CGC annotation.

Supplementary Table 3 | Common Regulated Genes in Reactome Pathways
Deregulated in NCI-H1299 cells overexpressing TBXs.

Supplementary Table 4 | Enrichment scores and corresponding p-value from the
75 most up-regulated and down-regulated genes in TBXs with respect to ranked
gene signatures from hypomethylating agents.

Supplementary Table 5 | Enrichment scores and corresponding p-value from the
75 most up-regulated and down-regulated genes in TBXs with respect to ranked
gene signatures from public data in GEO.

Supplementary Table 6 | Enrichment scores and corresponding p-value from the
75 most up-regulated and down-regulated genes in TBXs with respect to ranked
gene signatures from a murine tumor model dataset.

Frontiers in Oncology | www.frontiersin.org

11

October 2018 | Volume 8 | Article 482


https://www.frontiersin.org/articles/10.3389/fonc.2018.00482/full#supplementary-material
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Khalil et al.

Role of TBX2-5 Over-expression in Lung Cancer

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Kadara H, Scheet P, Wistuba Ii, Spira AE. Early events in the molecular

pathogenesis of lung cancer. Cancer Prev Res (Phila) (2016) 9:518-27.
doi: 10.1158/1940-6207.CAPR-15-0400

. Swanton C, Govindan R. Clinical implications of genomic discoveries in

lung cancer. N Engl J Med. (2016) 374:1864-73. doi: 10.1056/NEJMral5
04688

. Torre LA, Siegel RL, Jemal A. Lung cancer statistics. Adv Exp Med Biol. (2016)

893:1-19. doi: 10.1007/978-3-319-24223-1_1

. Yan W, Wistuba Ii, Emmert-Buck MR, Erickson HS. Squamous cell carcinoma

- similarities and differences among anatomical sites. Am J Cancer Res. (2011)
1:275-300.

. Kadara H, Wistuba II. Field cancerization in non-small cell lung cancer:

implications in disease pathogenesis. Proc Am Thorac Soc. (2012) 9:38-42.
doi: 10.1513/pats.201201-004MS

. Wistuba, II. Molecular testing of non-small cell lung carcinoma biopsy

and cytology specimens. Am Soc Clin Oncol Educ Book (2012) 459-64.
doi: 10.14694/EdBook_AM.2012.32.459

. Vaissiere T, Hung RJ, Zaridze D, Moukeria A, Cuenin C, Fasolo V,

et al. Quantitative analysis of DNA methylation profiles in lung cancer
identifies aberrant DNA methylation of specific genes and its association
with gender and cancer risk factors. Cancer Res (2009) 69:243-52.
doi: 10.1158/0008-5472.CAN-08-2489

. Stueve TR, Li WQ, Shi J, Marconett CN, Zhang T, Yang C, et al. Epigenome-

wide analysis of DNA methylation in lung tissue shows concordance with
blood studies and identifies tobacco smoke-inducible enhancers. Hum Mol
Genet. (2017) 26:3014-27. doi: 10.1093/hmg/ddx188

. Vaz M, Hwang SY, Kagiampakis I, Phallen ], Patil A, O’hagan HM, et al.

Chronic cigarette smoke-induced epigenomic changes precede sensitization
of bronchial epithelial cells to single-step transformation by KRAS
mutations. Cancer Cell (2017) 32:360-376 e366. doi: 10.1016/j.ccell.2017.
08.006

Schiffmann I, Greve G, Jung M, Lubbert M. Epigenetic therapy approaches
in non-small cell lung cancer: update and perspectives. Epigenetics (2016)
11:858-70. doi: 10.1080/15592294.2016.1237345

El Messal M, Ait Chihab K, Chater R, Vallve JC, Bennis F, Hafidi
A, et al. Familial hypercholesterolemia in Morocco: first report of
mutations in the LDL receptor gene. ] Hum Genet. (2003) 48:199-203.
doi: 10.1007/s10038-003-0010-x

Papaioannou VE. The T-box gene family: emerging
development, stem cells and cancer. Development (2014) 141:3819-33.
doi: 10.1242/dev.104471

Smith J. Brachyury and the T-box genes. Curr Opin Genet Dev. (1997)
7:474-80. doi: 10.1016/50959-437X(97)80073-1

Takabatake Y, Takabatake T, Takeshima K. Conserved and divergent
expression of T-box genes Tbx2-Tbx5 in xenopus. Mech Dev. (2000) 91:433-7.
doi: 10.1016/50925-4773(99)00329-9

Horton AC, Mahadevan NR, Minguillon C, Osoegawa K, Rokhsar DS,
Ruvinsky I, et al. Conservation of linkage and evolution of developmental
function within the Tbx2/3/4/5 subfamily of T-box genes: implications
for the origin of vertebrate limbs. Dev Genes Evol. (2008) 218:613-28.
doi: 10.1007/s00427-008-0249-5

Hariri E Nemer M, Nemer G. T-box factors: insights into the
evolutionary emergence of the complex heart. Ann Med. (2012) 44:680-93.
doi: 10.3109/07853890.2011.607468

Chapman DL, Garvey N, Hancock S, Alexiou M, Agulnik SI, Gibson-
Brown JJ, et al. Expression of the T-box family genes, Tbx1-Tbx5,
during early mouse development. Dev Dyn. (1996) 206:379-90.
doi: 10.1002/(SICI)1097-0177(199608)206:4 <379::AID-AJA4>3.0.CO;2-F
Cebra-Thomas JA, Bromer ], Gardner R, Lam GK, Sheipe H, Gilbert SF.
T-box gene products are required for mesenchymal induction of epithelial
branching in the embryonic mouse lung. Dev Dyn. (2003) 226:82-90.
doi: 10.1002/dvdy.10208

Ludtke TH, Farin HE Rudat C, Schuster-Gossler K, Petry M, Barnett P,
et al. Tbx2 controls lung growth by direct repression of the cell cycle
inhibitor genes Cdknla and Cdknlb. PLoS Genet. (2013) 9:e1003189.
doi: 10.1371/journal.pgen.1003189

roles in

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ludtke TH, Rudat C, Wojahn I, Weiss AC, Kleppa M]J, Kurz J, et al. Tbx2
and Tbx3 act downstream of Shh to maintain canonical wnt signaling during
branching morphogenesis of the murine lung. Dev Cell (2016) 39:239-53.
doi: 10.1016/j.devcel.2016.08.007

Arora R, Metzger R], Papaioannou VE. Multiple roles and interactions of
Tbx4 and Tbx5 in development of the respiratory system. PLoS Genet. (2012)
8:1002866. doi: 10.1371/journal.pgen.1002866

Wansleben S, Peres ], Hare S, Goding CR, Prince S. T-box transcription
factors in cancer biology. Biochim Biophys Acta (2014) 1846:380-91.
doi: 10.1016/j.bbcan.2014.08.004

Vance KW, Carreira S, Brosch G, Goding CR. Tbx2 is overexpressed
and plays an important role in maintaining proliferation and
suppression of senescence in melanomas. Cancer Res. (2005) 65:2260-8.
doi: 10.1158/0008-5472.CAN-04-3045

Zhang Z, Guo Y. High TBX2 expression predicts poor prognosis in non-
small cell lung cancer. Neoplasma (2014) 61:476-80. doi: 10.4149/neo_
2014_059

Zheng Y, Li YE, Wang W, Chen YM, Wang DD, Zhao JJ, et al. High
expression level of T-box transcription factor 5 predicts unfavorable survival
in stage I and II gastric adenocarcinoma. Oncol Lett. (2015) 10:2021-6.
doi: 10.3892/01.2015.3515

Khalil AA, Sivakumar S, Lucas FAS, Mcdowell T, Lang W, Kadara
H. et al. TBX2 subfamily suppression in lung cancer pathogenesis: a
high-potential marker for early detection. Oncotarget (2017) 8:68230-41.
doi: 10.18632/oncotarget.19938

Khalil A, Tanos R, El-Hachem N, Kurban M, Bouvagnet P, Bitar F, et al. A hand
to TBXS5 explains the link between thalidomide and cardiac diseases. Sci Rep.
(2017) 7:1416. doi: 10.1038/s41598-017-01641-3

Nguyen AN, Hollenbach PW, Richard N, Luna-Moran A, Brady H, Heise
C, et al. Azacitidine and decitabine have different mechanisms of action
in non-small cell lung cancer cell lines. Lung Cancer (2010) 1:119-40.
doi: 10.2147/LCTT.S11726

Hou J, Aerts J, Den Hamer B, Van Ijcken W, Den Bakker M,
Riegman P, et al. Gene expression-based classification of non-small cell
lung carcinomas and survival prediction. PLoS ONE (2010) 5:e10312.
doi: 10.1371/journal.pone.0010312

Okayama H, Kohno T, Ishii Y, Shimada Y, Shiraishi K, Iwakawa
R, et al. Identification of genes upregulated in ALK-positive and
EGFR/KRAS/ALK-negative lung adenocarcinomas. Cancer Res. (2012)
72:100-11. doi: 10.1158/0008-5472.CAN-11-1403

Wei TY, Juan CC, Hisa JY, Su LJ, Lee YC, Chou HY, et al. Protein
arginine methyltransferase 5 is a potential oncoprotein that upregulates
G1  cyclins/cyclin-dependent and the phosphoinositide 3-
kinase/AKT  signaling cascade. Sci. (2012)  103:1640-50.
doi: 10.1111/.1349-7006.2012.02367.x

Kabbout M, Garcia MM, Fujimoto J, Liu DD, Woods D, Chow CW, et al.
ETS2 mediated tumor suppressive function and MET oncogene inhibition
in human non-small cell lung cancer. Clin Cancer Res. (2013) 19:3383-95.
doi: 10.1158/1078-0432.CCR-13-0341

Smirnov P, Safikhani Z, El-Hachem N, Wang D, She A, Olsen C, et al.
PharmacoGx: an R package for analysis of large pharmacogenomic datasets.
Bioinformatics (2016) 32:1244-46. doi: 10.1093/bioinformatics/btv723
Kantrowitz ], Sinjab A, Xu L, Mcdowell TL, Sivakumar S, Lang W, et al.
Genome-wide gene expression changes in the normal-appearing airway
during the evolution of smoking-associated lung adenocarcinoma. Cancer
Prev Res. (2018) 11:237-48. doi: 10.1158/1940-6207.CAPR-17-0295

Fujimoto J, Kadara H, Men T, Van Pelt C, Lotan D, Lotan R. Comparative
functional genomics analysis of NNK tobacco-carcinogen induced lung
adenocarcinoma development in Gprc5a-knockout mice. PLoS ONE (2010)
5:¢11847. doi: 10.1371/journal.pone.0011847

Fujimoto J, Nunomura-Nakamura S, Liu Y, Lang W, Mcdowell T, Jakubek
Y, et al. Development of Kras mutant lung adenocarcinoma in mice with
knockout of the airway lineage-specific gene Gprc5a. Int ] Cancer (2017)
141:1589-99. doi: 10.1002/ijc.30851

Bruneau BG, Nemer G, Schmitt JP, Charron F Robitaille L, Caron S,
et al. A murine model of Holt-Oram syndrome defines roles of the T-box
transcription factor Tbx5 in cardiogenesis and disease. Cell (2001) 106:709-21.
doi: 10.1016/50092-8674(01)00493-7

kinases
Cancer

Frontiers in Oncology | www.frontiersin.org

October 2018 | Volume 8 | Article 482


https://doi.org/10.1158/1940-6207.CAPR-15-0400
https://doi.org/10.1056/NEJMra1504688
https://doi.org/10.1007/978-3-319-24223-1_1
https://doi.org/10.1513/pats.201201-004MS
https://doi.org/10.14694/EdBook_AM.2012.32.459
https://doi.org/10.1158/0008-5472.CAN-08-2489
https://doi.org/10.1093/hmg/ddx188
https://doi.org/10.1016/j.ccell.2017.08.006
https://doi.org/10.1080/15592294.2016.1237345
https://doi.org/10.1007/s10038-003-0010-x
https://doi.org/10.1242/dev.104471
https://doi.org/10.1016/S0959-437X(97)80073-1
https://doi.org/10.1016/S0925-4773(99)00329-9
https://doi.org/10.1007/s00427-008-0249-5
https://doi.org/10.3109/07853890.2011.607468
https://doi.org/10.1002/(SICI)1097-0177(199608)206:4$<$379::AID-AJA4$>$3.0.CO;2-F
https://doi.org/10.1002/dvdy.10208
https://doi.org/10.1371/journal.pgen.1003189
https://doi.org/10.1016/j.devcel.2016.08.007
https://doi.org/10.1371/journal.pgen.1002866
https://doi.org/10.1016/j.bbcan.2014.08.004
https://doi.org/10.1158/0008-5472.CAN-04-3045
https://doi.org/10.4149/neo_2014_059
https://doi.org/10.3892/ol.2015.3515
https://doi.org/10.18632/oncotarget.19938
https://doi.org/10.1038/s41598-017-01641-3
https://doi.org/10.2147/LCTT.S11726
https://doi.org/10.1371/journal.pone.0010312
https://doi.org/10.1158/0008-5472.CAN-11-1403
https://doi.org/10.1111/j.1349-7006.2012.02367.x
https://doi.org/10.1158/1078-0432.CCR-13-0341
https://doi.org/10.1093/bioinformatics/btv723
https://doi.org/10.1158/1940-6207.CAPR-17-0295
https://doi.org/10.1371/journal.pone.0011847
https://doi.org/10.1002/ijc.30851
https://doi.org/10.1016/S0092-8674(01)00493-7
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Khalil et al.

Role of TBX2-5 Over-expression in Lung Cancer

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Forbes SA, Bindal N, Bamford S, Cole C, Kok CY, Beare D, et al. COSMIC:
mining complete cancer genomes in the catalogue of somatic mutations in
cancer. Nucleic Acids Res. (2011) 39:D945-50. doi: 10.1093/nar/gkq929
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci USA. (2005)
102:15545-50. doi: 10.1073/pnas.0506580102

Croft D, Mundo AF, Haw R, Milacic M, Weiser J, Wu G, et al. The
Reactome pathway knowledgebase. Nucleic Acids Res. (2014) 42:D472-7.
doi: 10.1093/nar/gkt1102

Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel MJ, et al.
The Connectivity Map: using gene-expression signatures to connect
small molecules, genes, and disease. (2006) 313:1929-35.
doi: 10.1126/science.1132939

Ma R, Yang Y, Tu Q, Hu K. Overexpression of T-box transcription
factor 5 (TBX5) inhibits proliferation
small cell lung carcinoma cells. Oncol
doi: 10.3727/096504017X14883287513729
Willmer T, Hare S, Peres J, Prince S. The T-box transcription factor TBX3
drives proliferation by direct repression of the p21(WAF1) cyclin-dependent
kinase inhibitor. Cell Div. (2016) 11:6. doi: 10.1186/s13008-016-0019-0
Kartikasari AE, Zhou JX, Kanji MS, Chan DN, Sinha A, Grapin-Botton A, et al.
The histone demethylase Jmjd3 sequentially associates with the transcription
factors Tbx3 and eomes to drive endoderm differentiation. EMBO J. (2013)
32:1393-408. doi: 10.1038/emboj.2013.78

Demay FE Bilican B, Rodriguez M, Carreira S, Pontecorvi M, Ling
Y, et al. T-box factors: targeting to chromatin and interaction with
the histone H3 N-terminal tail. Pigment Cell Res. (2007) 20:279-87.
doi: 10.1111/j.1600-0749.2007.00389.x

Lewis MD, Miller SA, Miazgowicz MM, Beima KM, Weinmann AS. T-
bet’s ability to regulate individual target genes requires the conserved T-box
domain to recruit histone methyltransferase activity and a separate family
member-specific transactivation domain. Mol Cell Biol. (2007) 27:8510-21.
doi: 10.1128/MCB.01615-07

Miller SA, Huang AC, Miazgowicz MM, Brassii MM, Weinmann
AS. Coordinated but physically separable interaction with H3K27-
demethylaseand H3K4-methyltransferase activities are required for T-box

Science

invasion in non-
(2017)  25:1495-504.

and
Res.

protein-mediated activation of developmental gene expression. Genes Dev.
(2008) 22:2980-93. doi: 10.1101/gad.1689708

Miller SA, Weinmann AS. An essential interaction between T-box
proteins and histone-modifying enzymes. Epigenetics (2009) 4:85-8.
doi: 10.4161/epi.4.2.8111

Suzuki T, Maeda S, Furuhata E, Shimizu Y, Nishimura H, Kishima M,
et al. A screening system to identify transcription factors that induce
binding site-directed DNA demethylation. Epigenetics Chromatin (2017)
10:60. doi: 10.1186/s13072-017-0169-6

Zochbauer-Muller S, Minna JD, Gazdar AF. Aberrant DNA methylation in
lung cancer: biological and clinical implications. Oncologist (2002) 7:451-7.
doi: 10.1634/theoncologist.7-5-451

Topper M]J, Vaz M, Chiappinelli KB, Destefano Shields CE, Niknafs
N, Yen RC, et al. Epigenetic therapy ties MYC depletion to reversing
immune evasion and treating lung cancer. Cell 171:1284-1300 el221.
doi: 10.1016/j.cell.2017.10.022

Aguilera TA, Rafat M, Castellini L, Shehade H, Kariolis MS, Hui AB, et al.
Reprogramming the immunological microenvironment through radiation
and targeting Axl. Nat Commun. (2016) 7:13898. doi: 10.1038/ncomms
13898

48.

49.

50.

51.

52.

Conflict of Interest Statement: AS is a founder and consultant of Allegro
Diagnostics, Inc. and is a consultant for Veracyte, Inc. and Janssen
Pharmaceuticals.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2018 Khalil, Dekmak, Boulos, Kantrowitz, Spira, Fujimoto, Kadara,
El-Hachem and Nemer. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

13

October 2018 | Volume 8 | Article 482


https://doi.org/10.1093/nar/gkq929
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gkt1102
https://doi.org/10.1126/science.1132939
https://doi.org/10.3727/096504017X14883287513729
https://doi.org/10.1186/s13008-016-0019-0
https://doi.org/10.1038/emboj.2013.78
https://doi.org/10.1111/j.1600-0749.2007.00389.x
https://doi.org/10.1128/MCB.01615-07
https://doi.org/10.1101/gad.1689708
https://doi.org/10.4161/epi.4.2.8111
https://doi.org/10.1186/s13072-017-0169-6
https://doi.org/10.1634/theoncologist.7-5-451
https://doi.org/10.1016/j.cell.2017.10.022
https://doi.org/10.1038/ncomms13898
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Transcriptomic Alterations in Lung Adenocarcinoma Unveil New Mechanisms Targeted by the TBX2 Subfamily of Tumor Suppressor Genes
	Introduction
	Materials and Methods
	Immunohistochemistry
	Cell Lines and Transfection Assays
	Total RNA Isolation
	RNA-Seq Analysis
	In silico Pathway Analysis
	Assessment of Tbx-Induced Gene Signature in Publicly Available Human and Murine Non-small Cell Lung Cancer Datasets
	Protein Extraction and Western Blots
	Immunofluorescence
	Trypan Blue Exclusion Assay and Cell Cycle Analysis
	MTT Assay
	Quantitative Real-Time PCR

	Results
	Expression of TBX2 Family Members in Lung Tissue and Cell Lines
	Members of TBX2 Subfamily Negatively Affect Proliferation and Survival of the Human NCI-H1299 and Mouse MDA-F471 Cell Lines in vitro
	Genes Associated With TBX'S Overexpression
	Methylation/Demethylation Pathways Are Directly Affected by TBXs Overexpression in NCI-H1299 Cells
	The in vitro TBX Overexpressed Molecular Signature Is Highly Anti-correlated to That of the in vivo Lung Adenocarcinoma

	Discussion
	Conclusion
	Availability of Data and Materials
	Author Contributions
	Funding
	Supplementary Material
	References


