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Abstract
We have previously identified a genetic variant, rs34331122 in the 22q11.21 locus, as being associated with breast cancer risk in a genome-wide 
association study. This novel variant is located in the intronic region of the T-box transcription factor 1 (TBX1) gene. Cis-expression quantitative trait 
loci analysis showed that expression of TBX1 was regulated by the rs34331122 variant. In the current study, we investigated biological functions and 
potential molecular mechanisms of TBX1 in breast cancer. We found that TBX1 expression was significantly higher in breast cancer tumor tissues 
than adjacent normal breast tissues and increased with tumor stage (P < 0.05). We further knocked-down TBX1 gene expression in three breast 
cancer cell lines, MDA-MB-231, MCF-7 and T47D, using small interfering RNAs and examined consequential changes on cell oncogenicity and gene 
expression. TBX1 knock-down significantly inhibited breast cancer cell proliferation, colony formation, migration and invasion. RNA sequencing and 
flow cytometry analysis revealed that TBX1 knock-down in breast cancer cells induced cell cycle arrest in the G1 phase through disrupting expression 
of genes involved in the cell cycle pathway. Furthermore, survival analysis using the online Kaplan–Meier Plotter suggested that higher TBX1 expres-
sion was associated with worse outcomes in breast cancer patients, especially for estrogen receptor-positive breast cancer, with HRs (95% CIs) for 
overall survival (OS) and distant metastasis free survival (DMFS) of 1.5 (1.05–2.15) and 1.55 (1.10–2.18), respectively. In conclusion, our results suggest 
that the TBX1 gene may act as a putative oncogene of breast cancer through regulating expressions of cell cycle-related genes.
Abbreviations: OS, overall survival; DMFS, distant metastasis free survival; GWAS, genome-wide association study; SNP, single nucleotide polymorphism; 
ATCC, American Type Culture Collection.

Introduction
The latest global cancer burden statistics produced by the 
International Agency for Research on Cancer estimated 2.3 
million (11.7%) new breast cancer cases in 2020, surpassing 
lung cancer and ranking as the most commonly diagnosed can-
cer (1). Breast cancer also remains the leading cause of cancer 
death among women worldwide (1–3). The increasing inci-
dence and poor prognosis of patients with advanced breast 
cancer are still critical for global breast cancer control and 
treatment (4,5). Therefore, identifying unique expression pat-
terns and regulatory mechanisms of novel breast cancer onco-
genes will contribute to the discovery of potential intervention 
strategies and actionable drug targets for breast cancer patients.

We previously identified a genetic variant, rs34331122 in 
the 22q11.21 locus, to be associated with breast cancer risk 
in a genome-wide association study (GWAS) (6). This single 
nucleotide polymorphism (SNP) is located in the intronic re-
gion within the T-box (TBX) transcription factor 1 (TBX1) 
gene. Cis-expression quantitative trait loci (eQTL) ana-
lysis showed that expression of TBX1 was regulated by the 
rs34331122 variant. TBX1 belongs to the TBX transcription 

factor gene family, a group of evolutionarily conserved tran-
scription factors with specific DNA-binding motifs, which 
have been shown to function as transcriptional regulators 
(7,8). TBX transcription factors play vital roles in embryonic 
development, cell fate specification and differentiation, and 
tissue organization in vertebrates and invertebrates (9,10). 
Dysregulation of TBX transcription factors was shown to be 
directly related to oncogenesis (11,12). The role of TBX1 in 
morphogenesis, as well as cardiac and vascular development, 
has been well studied (13,14). Recent studies have found 
that TBX1 could regulate tumorigenesis in skin, thyroid and 
prostate cancers (15–18). Other members of the TBX family, 
including TBX2 and TBX3, have been demonstrated to affect 
breast cancer progression (19–21). However, the associations 
and biological functions of TBX1 in breast cancer develop-
ment and prognosis remain largely unknown.

In this study, we investigated the biological role and poten-
tial mechanisms of the TBX1 gene in human breast cancer 
cell lines using in vitro functional studies and further eluci-
dated the clinical association of TBX1 expression with breast 
cancer prognosis.
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Materials and methods
Cell culture
Three human breast cancer cell lines, including two hormone 
receptor positive cell lines (MCF-7 and T47D) and one triple-
negative breast cancer cell line (MDA-MB-231), were used 
in this study. The cell lines MDA-MB-231 and MCF-7 were 
obtained from the American Type Culture Collection (ATCC), 
which the cells were authenticated by short tandem repeat. 
The T47D cell line was a kind gift from Dr. Jennifer Pietenpol 
from Vanderbilt University Medical Center and was authen-
ticated by short tandem repeat assay by ATCC. All three cell 
lines were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco) supplemented with 10% fetal bovine serum 
(FBS, Gibco) and 1% penicillin-streptomycin (Gibco) at 
37 °C with 5% CO2 in a humidified incubator.

RNA interference
MDA-MB-231, T47D and MCF-7 cells were plated at 
1.25 × 105 cells/well in 6-well plates and reverse-transfected 
with small interfering RNAs (siRNAs, Dharmacon) targeting 
TBX1 messenger RNA (mRNA) at 10 nM using RNAiMAX 
(Life Technologies), following the manufacturer’s protocol. 
Three siRNAs targeting different sites of TBX1 were used 
for transfections, and the target sequences for each siRNA 
have been provided in Supplementary Table S1, available 
at Carcinogenesis Online. A  non-targeting control siRNA 
(AllStars Neg Control siRNA, Qiagen) and a positive con-
trol (PC) siRNA (AllStars Hs Cell Death Control siRNA, 
Qiagen) were used as the negative control (NC) and PC, re-
spectively. Knock-down efficiency was assessed at 36–48  h 
post-transfection by quantitative real-time polymerase chain 
reaction (qPCR), and data were presented as relative values to 
cells transfected with the NC siRNA (Supplementary Figure 
S1, available at Carcinogenesis Online).

RNA isolation and qPCR
Total RNA was isolated from the three breast cancer cell 
lines using the miRNeasy Mini Kit (Qiagen) according to 
the manufacturer’s protocol. Complementary DNA (cDNA) 
was synthesized using the High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific). qPCR amplifi-
cation was performed on a CFX384 Touch Real-Time PCR 
Detection System (Bio-Rad) using Luna Universal qPCR 
Master Mix (New England BioLabs). Relative mRNA ex-
pression levels were calculated using the ∆∆Ct method, 
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as the reference gene. Primer sequences are listed 
in Supplementary Table S2, available at Carcinogenesis 
Online.

Cell viability assay
Cell viability was determined using the alamarBlue™ Cell 
Viability Reagent (Thermo Fisher) assay, as described pre-
viously (22). MDA-MB-231, T47D and MCF-7 cells were 
plated at 5  ×  103 cells/well in 96-well plates and reverse-
transfected with TBX1, NC, and PC siRNAs. After 96 hours 
post-transfection, 10  µl of alamarBlue reagent was added 
to each well (1:10 dilution), incubated at 37°C for 4–6  h, 
and fluorescence (ex570 nm/em585 nm) was measured on a 
BioTek Synergy HT plate reader. Percent relative cell viabil-
ity was calculated as: (mean siTBX1 value/ mean NC siRNA 
value) × 100. Figures represent data obtained from three  

independent experiments with six replicates per condition in 
each experiment.

Colony formation assay
After 16  h post-transfection, siRNA-transfected cells were 
harvested and re-seeded in 6-well plates at a density of 2000 
cells per well in 2 ml of antibiotic-free culture media and al-
lowed to proliferate for 10–14 days (22). Colonies, as defined 
to consist of ≥ 50 cells, were then fixed with 10% neutral 
buffered formalin (Sigma–Aldrich) for 30 min, stained with 
crystal violet (0.1% w/v in H2O) (Sigma–Aldrich) for 1 h and 
counted using ImageJ (National Institutes of Health, NIH). 
Colony formation efficiency (CFE) was normalized to the NC 
siRNA group and expressed as the percent (%) of NC. Figures 
represent data obtained from three independent experiments.

Cell migration and invasion assay
Cell migration and invasion assays were performed in 24-well 
plates using inserts with an 8 μm pore size (Millipore) and 
coated with (invasion assay) or without (migration assay) 
Corning Matrigel matrix, as described previously (23). MDA-
MB-231 and MCF-7 cells were transfected with two TBX1 
siRNAs and a NC siRNA for 24 h. Transfected cells were re-
seeded into the upper chamber of the insert containing 200 µL 
serum-free media at 5 × 104 cells/well for MDA-MB-231 and 
1 × 105 cells/well for MCF-7 cells. 750 µl of media contain-
ing 10% FBS was placed in the lower chamber as a chemo-
attractant. After incubation at 37°C for 48 and 72  h, cells 
migrating through the membrane were fixed in 10% neutral 
buffered formalin, stained with 0.1% crystal violet and ob-
served under a microscope. Five visual fields from each insert 
were randomly selected for cell counting. To further quantify 
the cell density, crystal violet was eluted using 33% acetic 
acid, and absorbance at 590 nm was measured on a BioTek 
Synergy HT plate reader. Absorbance was normalized to the 
NC and expressed as relative absorbance. Figures represent 
data from three independent experiments. T47D cells were 
not assayed due to low migration ability.

RNA sequencing analysis
Total RNA was extracted using the miRNeasy Mini Kit 
(Qiagen) according to the manufacturer’s protocol. The integ-
rity of RNA quality was confirmed by running an aliquot on 
the Agilent Bioanalyzer, and RNA concentration was meas-
ured using the Qubit RNA fluorometry assay. mRNA enrich-
ment and cDNA library preparation were performed utilizing 
the stranded mRNA (polyA-selected) sample prep kit. RNA 
sequencing (RNA-Seq) was performed at paired-end 150 bp 
on the Illumina NovaSeq 6000. A  minimum of 30M reads 
was obtained for each sample.

The RNA-Seq raw data quality control was analyzed by 
FastQC software (https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). The STAR (24) two-pass method was 
used for raw data alignment to the human reference genome 
(hg38). Gene expression levels were determined from aligned 
BAM files using featureCounts (25). GENCODE v30 (26) 
was used for coding gene and noncoding RNA annotations 
in the human genome. Principal component analyses (PCA) 
were computed using all identified genes to visualize tran-
scriptome variations between samples. DESeq2 (27) was used 
to quantify differential expression genes (DEGs) between 
NC and TBX1 knock-down samples. DEGs were identified 
with the false discovery rate (FDR) < 0.05 and fold change 
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(FC) > 2. DEGs were used for gene ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database path-
way analyses by using WebGestalt (28). GO was classified as 
the cellular component (CC), biological process (BP) and mo-
lecular function (MF). Benjamini–Hochberg (BH) adjustment 
was used to identify enrichment GO categories and KEGG 
pathways, and only terms with FDR < 0.05 were considered 
significantly enriched. All statistical analyses were performed 
in R 3.6.0.

Cell cycle analysis
Propidium iodide staining was used to analyze cell cycle 
phase distributions. All three breast cancer cell lines (MDA-
MB-231, MCF-7 and T47D) were transfected with TBX1 
and NC siRNAs for 48 h. Transfected cells were trypsinized, 
washed with cold phosphate buffered saline (PBS) and then 
fixed with 70% ethanol at 4°C overnight. After another 
wash, cells were stained by FxCycleTM PI/RNase solution 
(Invitrogen) for 30 min at room temperature and then ana-
lyzed on a Fortessa cell analyzer (BD Biosciences). Cell cycle 
analyses were performed using FlowJo™ Software.

Statistical analysis
UALCAN is a publicly available online portal used to per-
form in-depth analyses of The Cancer Genome Atlas (TCGA) 
gene expression data (29). We used UALCAN analysis to 
compare TBX1 expression between breast cancer tumor tis-
sues (n  =  1097) and adjacent normal tissues (n  =  114), as 
well as various subgroups, based on breast cancer stages and 
subtypes. Expression levels were normalized as transcripts 
per million reads (TPM). We further obtained gene expres-
sion profiles with the HTSeq fragments per kilobase million 
(FPKM) format of breast invasive carcinoma (BRCA) samples 
from the TCGA data portal (https://cancergenome.nih.gov/) 
and converted RNA-Seq data from the FPKM format to the 
TPM format. Expression differences of TBX1 in paired breast 
tumor tissues and normal tissues (n = 108) were further ana-
lyzed using the two-tailed paired t test.

The association of TBX1 expression with breast cancer 
prognosis for up to 1,809 patients was assessed using the 
Kaplan–Meier Plotter online tool (30). Breast cancer patients 
were divided into high- and low-expression groups by me-
dian mRNA expression levels. Differences were estimated and 
compared for overall survival (OS) and distant metastasis free 
survival (DMFS) of breast cancer patients by TBX1 mRNA 
expression using log-rank test and hazard ratios (HR) with 
95% confidence intervals (CI), derived from univariate Cox 
regression models.

All in vitro functional assays were repeated in at least three 
experiments. Data are expressed as mean ± SD. Two-tailed t-
tests were used to determine significant differences between the 
two groups. Comparisons between more than two groups were 
analyzed by one-way ANOVA, followed by Dunnett’s multiple 
comparison test. Statistics were performed by GraphPad Prism 
8.0 statistical software. A  P-value < 0.05 was considered as 
statistically significant unless otherwise specified.

Results
Knock-down of TBX1 inhibited breast cancer cell 
viability and colony formation efficiency
According to data from The Human Protein Atlas data-
base (31), TBX1 was moderately expressed in breast  

cancer cell lines MCF-7 and T47D. siRNAs were further used 
to knock-down TBX1 transcript expression in three breast 
cancer cell lines, MDA-MB-231, MCF-7 and T47D. After 
transfection with three TBX1 siRNAs for 36–48  h, TBX1 
expression was significantly decreased in all three breast can-
cer cell lines. qPCR results showed that compared with NC, 
TBX1 expression decreased by 55% to 90% with the three 
different siRNAs in all three cell lines (Supplementary Figure 
S1, available at Carcinogenesis Online; P-value < 0.01).

Cell viability and long-term colony formation assays were 
conducted following TBX1 knock-down. Compared with 
the NC siRNA transfection, TBX1 siRNA transfection sig-
nificantly decreased cell viability in all three breast cancer 
cell lines (Figure 1). Compared with NC, normalized cell 
viabilities were 44.1% to 75.7%, 30.3% to 55.6%, and 
35.0% to 82.5% in MDA-MB-231, MCF-7, and T47D cells 
transfected with three TBX1 siRNAs, respectively (Figure 
1A, P-value < 0.05). CFE was further evaluated to detect the 
role of TBX1 in long-term cell proliferation and clonogenic 
survival. The results showed that CFE was also significantly 
decreased in all three breast cancer cells by all three TBX1 
siRNAs. Compared with NC, normalized CFEs were 9.2% 
to 21.6%, 3.2% to 36.5%, and 10.5% to 11.3% for MDA-
MB-231, MCF-7, and T47D cells transfected with three 
TBX1 siRNAs, respectively (Figure 1B, P-value < 0.01).

Knock-down of TBX1 inhibited breast cancer cell 
migration and invasion
We further investigated the effects of TBX1 knock-down 
on breast cancer cell migration and invasion by conducting 
transwell assays in MDA-MB-231 and MCF-7 cell lines. As 
shown in Figure 2, knock-down of TBX1 expression signifi-
cantly decreased cell migration and invasion ability in both 
breast cancer cell lines. When normalized to NC transfected 
cells, 35.2% (siTBX1-01) and 29.9% (siTBX1-02) of MDA-
MB-231 cells had migrated; 65.1% (siTBX1-01) and 48.2% 
(siTBX1-02) of transfected MDA-MB-231 cells had invaded 
the membrane (P-value < 0.01). In MCF-7 cells, 49.3% 
(siTBX1-01) and 53.3% (siTBX1-02) of transfected cells 
had migrated compared with NC transfected cells. 45.3% 
(siTBX1-01) and 65.1% (siTBX1-02) of transfected cells had 
invaded the membrane when compared with NC transfected 
cells (P-value < 0.01).

Differential gene expression profiles in TBX1 knock-
down MDA-MB-231 cells
Transcriptomic analysis using RNA-Seq data was performed 
following siRNA-mediated knock-down of TBX1- and NC-
transfected MDA-MB-231 cells to identify downstream genes 
and signaling pathways regulated by the TBX1 gene. MDA-
MB-231 cells were treated with TBX1 siRNA (siTBX1-01) 
and NC siRNA for 24 and 48 h in independent duplicates. 
Sequencing reads were aligned to a human reference genome 
(hg38), with over 88% of the reads being uniquely aligned 
(Supplementary Table S3, available at Carcinogenesis Online).

Expressions for each gene were compared between NC and 
TBX1 knock-down samples. Genes with a FC > 2 and FDR 
< 0.05 were considered as DEGs. There were a total 310 and 
1195 DEGs in TBX1 knock-down, compared with NC, 24- 
and 48-h treatment groups, respectively. Clustering and PCA 
of gene expression patterns in our PCA plots indicated that 
duplicate samples of each group clustered together very well 
(Figure 3A). TBX1 knock-down and NC samples segregated 

https://cancergenome.nih.gov/
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab111#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab111#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab111#supplementary-data


S.Huang et al. 15

well, indicating that gene expression differences between the 
two groups were from inter-group variability rather than indi-
vidual heterogeneity. The heat map also showed significantly 
different expression patterns between TBX1 knock-down 
and NC groups (Figure 3B). Volcano plots showed the distri-
butions of different genomic profiles between the compared 
groups (Figure 3C).

To identify pathways that are regulated by the TBX1 
gene, GO and KEGG enrichment analyses were further per-
formed using the list of DEGs. The most significant GO bio-
logical processes included cell cycle phase transition and 
nuclear division after a 48-hour treatment with the TBX1 
siRNA (Supplementary Figure S2, available at Carcinogenesis 
Online). KEGG analysis indicated that cell cycle was the 
most significantly changed pathway in TBX1 knock-down 

cells (Figure 3D), with 30 downregulated and 2 upregulated 
genes (Supplementary Figure S3, available at Carcinogenesis 
Online).

Knock-down of TBX1 induced cell cycle arrest by 
regulating downstream gene expressions
We further examined the effects of TBX1 on the breast can-
cer cell cycle by using propidium iodide staining and flow 
cytometry analysis. TBX1 knock-down cells showed an accu-
mulation in the G1 phase and decreased S phase in all three 
breast cancer cell lines when compared to the NC (Figure 4A, 
P-value < 0.05). The differential expressions of key genes in 
the cell cycle pathway, validated by qPCR, further revealed 
that knocking-down TBX1 expression resulted in signifi-
cantly lower levels of cyclin A2 (CCNA2), cyclin B2 (CCNB2),  

Figure 1. Effect on cell viability and colony formation efficiency by silencing TBX1 expression in breast cancer cells. (A) MDA-MB-231, MCF-7 and 
T47D cells were transfected with three TBX1 siRNAs (siTBX1-01, siTBX1-02, siTBX1-03), negative control siRNA (NC) and positive control siRNA (PC) 
for 96 h. Relative cell viability was normalized to NC group and expressed as percent (%) of control. Bar chart presented as mean ± SD from three 
independent experiments. (B) Colony formation (CF) ability of MDA-MB-231, MCF-7 and T47D cells transfected with three TBX1 siRNAs (siTBX1-01, 
siTBX1-02, siTBX1-03), NC siRNA and PC siRNA, respectively. The CFE was normalized to NC siRNA group and expressed as percent (%) of control. All 
the experiments were repeated three times independently and presented as mean ± SD. P-values were determined by one-way ANOVA followed by 
Dunnett’s multiple comparisons test. * P-value < 0.05, ** P-value < 0.01.
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cyclin E2 (CCNE2), cyclin-dependent kinase 1 (CDK1) and 
cyclin-dependent kinase 6 (CDK6) in all three breast cancer 
cell lines (Figure 4B). In addition, knocking-down TBX1 ex-
pression resulted in a significantly higher mRNA level of cyc-
lin D2 (CCND2) in MDA-MB-231 cells. The similar trend of 
CCND2 differential expression was also found in MCF-7 and 
T47D cells, but the difference was not statistically significant 
(Figure 4B). Furthermore, using the JASPAR database (32) to 
predict the TBX1 binding motif, we found that TBX1 may 
bind to the promoter regions of the above cell cycle related 
genes (Supplementary Table S4, available at Carcinogenesis 
Online).

High TBX1 mRNA expression predicted worse 
prognosis in breast cancer patients
To evaluate potential functions of TBX1 in vivo, TBX1 tran-
script expression was further analyzed in TCGA-BRCA sam-
ples. Using UALCAN analysis (29), we found that TBX1 
expression levels were higher in breast cancer primary tumor 
tissues (n  =  1097) compared with adjacent normal tissues 
(n  =  114) (Figure 5A, P-value  =  1.62E-12). In the paired 
TCGA-BRCA data, TBX1 expression was also increased in 
tumor tissues than adjacent normal tissues (n = 108) (Figure 
5B, P-value < 0.001). Furthermore, TBX1 expression levels 
increased significantly with tumor stage (Figure 5C, P-value 
< 0.05), and upregulated TBX1 expression was also observed 

in different cancer subtypes, including luminal, human epi-
dermal growth factor receptor 2 (HER2)-positive, and triple-
negative breast cancer. The highest expression was found in 
invasive triple-negative breast cancer tissues when compared 
with normal tissues (Figure 5D, P-value < 0.01).

Associations between TBX1 mRNA expression and clin-
ical outcomes of breast cancer patients were analyzed using 
the Kaplan-Meier Plotter online survival analysis (30). 
We included the top two probes for TBX1 (236926_at, 
211273_s_at) presented on Affymetrix platforms, based on 
the average expression in 1,809 breast cancer patients (Figure 
5E; Supplementary Figure S4, available at Carcinogenesis 
Online). For all patients, results showed that TBX1 expres-
sion (probe: 211273_s_at) was positively associated with a 
significantly decreased DFMS, while no significant associ-
ation was found with OS (Figure 5E). Furthermore, stratified 
analysis indicated that higher TBX1 expression was signifi-
cantly associated with poor OS and DMFS in estrogen re-
ceptor (ER)-positive breast cancer patients, while similar as-
sociations were also identified in ER-negative breast cancer 
patients, though results were not significant (Figure 5E).

Discussion
In this study, we found that knocking-down of TBX1 ex-
pression by siRNA could inhibit cell viability, colony forma-

Figure 2. Effect on cell migration and invasion ability by silencing TBX1 expression in breast cancer cells. Representative images and quantitative 
analysis of migration and invasion of MDA-MB-231(A) and MCF-7 (B) cells transfected with two TBX1 siRNAs (siTBX1-01, siTBX1-02) or NC siRNA, 
respectively. Relative migrated and invaded cells were normalized to the NC siRNA group and expressed as percent (%) of control. All the experiments 
were repeated three times independently and presented as mean ± SD. P-values were determined by one-way ANOVA followed by Dunnett’s multiple 
comparisons test: ** P-value < 0.01.
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tion, migration, and invasion and induce a G1 phase arrest 
in both ER-positive and ER-negative breast cancer cell lines. 
These effects were confirmed by three siRNAs targeted to 
different TBX1 mRNA sequences, supporting the oncogenic 
role of TBX1 in breast cancer. Furthermore, using TCGA 
data, we found higher expression levels of the TBX1 gene in 
breast cancer tumor tissues compared with adjacent normal 
breast tissue. Kaplan-Meier analysis also showed evidence 
for the association between higher TBX1 expression and 
worse DMFS in breast cancer patients, and the association 
was more pronounced in ER-positive than ER-negative 
breast cancer patients (Figure 5E). A similar trend was ob-
served with the probe 236926_st (Supplementary Figure S4, 
available at Carcinogenesis Online); however, this did not 
reach statistical significance, most likely due to the small 
sample size.

Previous studies have shown that TBX1 regulates tumor 
growth and metastasis in several cancer types. Wang et  al. 
reported that overexpression of TBX1 inhibited tumor 
growth and invasiveness through PI3K/AKT and MAPK/
ERK signaling pathways in thyroid cancer (15). Verdelli 
et  al. found that TBX1 silencing exerted cell cycle arrest 
in parathyroid tumors (16). A  recent study reported that 
TBX1 could promote prostate cancer growth through epi-
genetic control, thereby increasing ribosomal RNA (rRNA) 
gene transcription (18). Therefore, the role of TBX1 in can-
cer may be tissue-specific or cell-type dependent. The TBX 
gene family is an evolutionarily conserved transcription fac-
tor family, and studies have shown that TBX genes, including 
TBX2, TBX3 and TBX21, are involved in the genesis and 
progression of breast cancer (33,34). TBX2 was shown to 
be upregulated in BRCA1/2-associated breast cancers, and 

Figure 3. Deregulated genes expression profile after TBX1 knock-down in MDA-MB-231 cells. MDA-MB-231 cells were transfected with TBX1 (siTBX1-
01) and NC siRNA for 24 and 48 h, respectively. RNA samples from duplicate treatments were collected and analyzed by RNA sequencing. (A) Principal 
components analysis performed on RNA sequencing data obtained from eight treatment samples. Principal Component 1 (PC1, x-axis) represents 
58% and PC2 (y-axis) represents 24% of total variation in the data. (B) Heat map demonstrated the top 100 differentially expressed genes identified 
with RNA sequencing in negative control siRNA (NC) and TBX1 siRNA (siTBX1) transfected MDA-MB-231 cell samples. Red color indicates relative 
high expression and green color indicates relative low expression. (C) Volcano plot for comparison of RNA expression profiles between duplicate TBX1 
siRNA (siTBX1) and NC samples. The x-axis indicates the differential expression profiles, plotting the fold-change in a log scale; the y-axis indicates the 
statistical significance of difference in expression. Blue color dots represent downregulated genes and red ones represent upregulated genes with FC 
> 2 and FDR < 0.05. (D) KEGG pathway analysis using DEGs between the siTBX1 and NC treatment group for 48 h, the significantly enriched pathways 
were presented with FDR < 0.05.

http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab111#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgab111#supplementary-data
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TBX3 overexpression was associated with advanced stage 
disease in ER-positive breast cancer (35). To the best of our 
knowledge, no studies investigating TBX1 function in breast 
cancer have been reported.

To identify possible oncogenic mechanisms of TBX1 in 
breast cancer, we performed RNA-Seq analysis after knocking-
down of TBX1 mRNA levels. DEGs and pathway enrichment 
analyses indicated that the cell cycle pathway was significantly 
regulated by TBX1 in breast cancer. qPCR results validated 
changes in expressions of genes regulating cell cycle follow-
ing TBX1 knock-down. Among these genes, our analysis 
included key cell cycle checkpoint genes including CCNA2, 

CCNB2, CCNE2, CDK6 and CDK1 (Figure 4). CCND could 
form active complexes with either CDK4 or CDK6, which in 
turn phosphorylate the retinoblastoma protein (Rb) and drive 
G1 to S phase progression (36). The decreased CDK6 level 
could inhibit the activation of the CCND/CDK6 complex and 
prevent G1 phase cells from entering the S phase even with 
higher CCND2 levels. These results indicate that silencing of 
TBX1 expression induced G1 phase arrest and inhibited cell 
cycle transition from the G1 to the S phase in breast can-
cer cells. We used the triple-negative breast cancer cell line,  
MDA-MB-231, in the RNA-Seq experiment. Additional 
RNA-Seq experiments using other breast cancer cell lines are 

Figure 4. Effect on cell cycle distribution by silencing TBX1 expression in breast cancer cells. MDA-MB-231, MCF-7 and T47D cells were transfected 
with TBX1 siRNA (siTBX1-01) and NC siRNA for 48 h. (A) Cell cycle distribution was analyzed by propidium iodide staining and subsequent analysis 
by flow cytometry. The percentage of different cell cycle phase were presented as mean ± SD and compared with NC group from three independent 
experiments. P-values were determined by two-tailed paired t-test. (B) RNA expression of cell cycle genes was determined by qPCR. Relative RNA fold 
of each gene was compared to NC and showed as mean ± SD from three independent experiments. P-values were determined by one-way ANOVA 
followed by Dunnett’s multiple comparisons test. * P-value < 0.05, ** P-value < 0.01.
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warranted to explore potential differential regulating effects 
of TBX1 on gene expressions in other breast cancer cells.

As a transcription factor, TBX1 was shown to regulate ex-
pression by interacting with the SWI-SNF-like BAF complex 
and histone methyltransferases, with either transcriptional 
activator or repressor activity (7,15,37). Using JASPAR, an 
open-access database of curated, non-redundant binding pro-
files from published and experimentally defined transcription 
factor eukaryotic binding sites (32), we showed that TBX1 was 
predicted to bind with promoter regions of the above cell cycle-
related genes, including CCNA2, CCNB2, CCNE2, CCND2, 

CDK6 and CDK2. However, whether TBX1 directly regulates 
the expressions of the above genes needs further validation.

In summary, our study indicates that TBX1 could promote 
cell proliferation, migration, invasion, and cell cycle progres-
sion in breast cancer. TBX1 gene expression was associated 
with worse prognosis in breast cancer patients. One major 
mechanism underpinning TBX1’s activity as a potential onco-
gene in breast cancer is through regulating the transcription 
of cell cycle genes. Our study identifies TBX1 as a putative 
oncogene for breast cancer and a potential molecular target 
for breast cancer therapies.

Figure 5. High TBX1 gene expression predicted worse prognosis in breast cancer patients. (A) TBX1 gene expression in breast cancer tissue (primary 
tumor) and adjacent normal tissue were obtained from UALCAN database by analyzing the TCGA-BRCA samples. (B) TBX1 expression in the tumors 
and adjacent normal tissues of paired TCGA-BRCA data as analyzed by two-tailed paired t-test. TBX1 expression in different breast cancer stage (C), 
and various breast cancer subclasses. (D) were obtained from UALCAN database by analyzing the TCGA-BRCA samples. * P-value < 0.05, ** P-value 
< 0.01, *** P-value < 0.001. (E) Kaplan–Meier curves for overall survival (OS) and distant metastasis free survival (DMFS) were created by using the 
Kaplan–Meier Plotter online analysis with all breast cancer patients, ER-positive and ER-negative breast cancer patients according to high and low TBX1 
gene expression (Affymetrix probe IDs: 211273_s_at). Hazard ratio (HR) with 95% confidence interval and log-rank P values were calculated. A log-rank 
P value < 0.05 was considered as statistically significant.
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