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Abstract: Pre-B-cell leukaemia (PBX) is a transcription factor family (PBX1, PBX2, PBX3 and PBX4) that regulates im-
portant cellular functions and has been identified to be involved in human cancers. This study aimed to explore the
expression of PBX genes and their clinical significance in colorectal cancer (CRC). We analysed the differential ex-
pression of PBX genes in CRC vs. normal tissue, using the Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.
gov/) and ONCOMINE platform (https://www.oncomine.org/). The UALCAN (http://ualcan.path.uab.edu/) interac-
tive OMICS web-server was used to evaluate the epigenetic regulation of PBX genes via their promoter methylation
status. We found that only PBX4 was upregulated whereas PBX1 and PBX3 were downregulated (644 tumour vs.
51 normal samples) (P<0.001). The methylation status of PBX4 promoter appeared to be decreased (P=1.4e-07)
whereas the methylation status of PBX1 and PBX3 promoters was increased (P=3.8e-04 and P=3.2e-07, respec-
tively) in cancer vs. normal samples. To determine the prognostic value of PBXs, we conducted a Kaplan-Meier
survival analysis and multivariable COX regression. We observed that high PBX4 expression was associated with
increased risk for a worse overall survival (0S) in the TCGA CRC patient cohort (n=639), (HR 1.46, 95% Cl 1.14-
1.88, P=0.003) adjusted for age, gender, tumour location and metastases. We conducted in vitro gene expression
modulation experiments to investigate the impact of PBX4 overexpression in CRC cell (HCT116) growth. Additionally,
we evaluated the RNA expression of epithelial-mesenchymal transition (EMT) and angiogenesis markers. In vitro
studies showed that PBX4 overexpression increased CRC cell proliferation (P<0.001) and upregulated the expres-
sion of EMT markers VIM, CDH1, CDH2, ZEB1, SNAI1 (P<0.05) and angiomarker VEGFA (P<0.0001). Lastly, through
the Cistrome data browser (http://dbtoolkit.cistrome.org/) we investigated putative transcriptional regulators and
we performed gene set enrichment analysis in Enrichr server (https://maayanlab.cloud/Enrichr/) to identify related
biological processes. Nineteen factors were identified to be putative regulators of PBX4 and gene set enrichment
analysis showed that biological processes related to cell cycle and cell proliferation were enriched (G0:0051726:
CDK8, JUN, JUND, and IRF1, P=0.001). In conclusion, our study identified PBX4 as a potential novel oncopromoter
in CRC and its overexpression was found to be associated with increased risk for worse survival rate.
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Introduction prognosis for CRC patients remains poor, indi-
cating that cancerous cells are not entirely
Colorectal cancer (CRC) is an alarming public eradicated by the current treatments available,
health threat as its incidence is rising, espe- leading to metastatic disease [2]. In the era of
cially in the younger population [1]. Epidemiolo- precision medicine, genome-based studies
gical data reveal that about 20-25% of patients highlight the importance of identifying tran-
with CRC, harbour metastatic disease at the scription factors that could serve as markers of
time of their diagnosis and a further 40-50% tumour biology, prognosis or those that may be
will develop metastases, usually within the first used as therapeutic targets in CRC [3].
3 years of follow up after successful resection
of the primary tumour [2]. Despite the improve- Pre-B-Cell leukaemia homeobox (PBX), is a

ment in surgical and systemic therapies, the family of transcription factors that belongs to a
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larger highly conserved group called the TALE
(three amino acid loop extension) family and
has been found to interact with other proteins
to control the transcription of target genes [4].
Humans have four PBX homologues in their
genome PBX1, PBX2, PBX3 and PBX4 which
are mostly known as regulatory proteins that
control haematopoiesis [5]. PBX proteins main-
ly interact with Homeobox proteins (HOX) and
therefore are widely known as HOX cofactors;
however, emerging evidence shows that they
may have a broader role by demonstrating both
HOX-dependent and HOX-independent roles
[6].

In recent years, research on PBX genes has
attracted interest due to the increasing amount
of evidence that exists regarding the important
role of HOX genes in cancer pathogenesis and
progression [7]. Direct targeting of HOX/PBX
dimers has been reported to impair tumour
growth and sensitise cells to standard chemo-
therapy in malignancy [4]. PBX genes have
been found to be dysregulated, affect tumour
progression and play an important prognostic
role in various types of cancers such as breast,
gastric cancer and haematological malignan-
cies [8, 9]. Regarding CRC, limited evidence
exists in terms of PBX dysregulation and its role
in prognosis and progression. This study for the
first time aimed to investigate the differential
expression of the PBX gene family in CRC and
its impact on overall survival (0S). Additionally,
we aimed to uncover the impact of PBX4 gene
overexpression in CRC progression in vitro.

Materials and methods

Bioinformatics TCGA cancer to normal analysis
and data mining

Tissue Cancer Genome Atlas (TCGA) expres-
sion data regarding colon (TCGA-COAD) and re-
ctal adenocarcinoma (TCGA-READ) were down-
loaded from the Genomic Data Commons Data
Portal (https://portal.gdc.cancer.gov/) consist-
ing of High-Throughput Sequencing count files
[10]. The edgeR Bioconductor package was
used for data pre-processing and differential
expression analysis [11]. Lowly expressed
genes were defined as having less than 8
Counts Per Million (CPM) in more than 51 sam-
ples and were filtered out. Data were nor-
malised using the weighted trimmed mean of
the log expression ratios (trimmed mean of M
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values: TMM method) using the R package
edgeR (edgeR_3.24.3) [11]. A negative binomi-
al generalised log-linear model was fitted to the
read counts for each gene and likelihood ratio
tests regarding differences in tumour vs. nor-
mal tissue were conducted. P-values were
adjusted for multiple comparisons using the
Benjamini-Hochberg (BH) approach [12]. TMM
normalised log2 CPM was used to cluster the
gene expression matrix. Clustered heatmaps
were produced based on z-scored standardisa-
tion of gene values across samples. The
ONCOMINE platform (https://www.oncomine.
org/) was used for data mining and the fold
change in expression in CRC vs. normal tissue
from each reporter was recorded. The UALCAN
(http://ualcan.path.uab.edu/) interactive OMI-
CS web-server was utilised to evaluate the epi-
genetic regulation of PBX genes via promoter
methylation status [13].

Bioinformatics TCGA survival analysis

For the survival TCGA analysis, the corres-
ponding metadata and clinical data files of the
TCGA COAD and READ datasets were down-
loaded as described above. After filtering out
lowly expressed genes, the median CPM value
across samples was used as a cut-off for mini-
mum gene expression. Genes with a CPM value
above the cut-off in at least 25% of all samples
were retained. Data normalisation was per-
formed as described above. Univariable Cox
regression analysis was conducted, and the
variables included were age, gender, tumour
location, presence of metastases, the PBX
gene family and all HOX genes. Gene expres-
sion and age were analysed as continuous vari-
ables, whereas tumour location, gender and
metastases were analysed as binary categori-
cal variables. Multivariable analysis was per-
formed to assess whether PBX genes are inde-
pendently associated with OS rate. Multi-
variable model 1 was adjusted for age, metas-
tases and HOX genes and model 2 was addi-
tionally adjusted for gender and tumour loca-
tion. Kaplan-Meier analysis was performed
between patients with high vs. those with low
gene expression. As a cut-off value, the value
that produced the lowest P-value was selected.
All survival analyses were conducted using the
R packages (R version 3.5.1) survival_2.43-3
and survminer_0.4.3. The hazard ratio (HR), as
well as the 95% confidence interval (Cl) of HR,
was calculated.
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In vitro gene expression modulation

Study design and protocol: For the in vitro stud-
ies, the human HCT116 colon adenocarcinoma
cell line was acquired from the American Type
Culture Collection (ATCC, USA) which has low
endogenous PBX4 expression. Cells were main-
tained in McCoys 5A modified medium (Fisher
Scientific, UK), supplemented with 10% foetal
bovine serum, 100 pyg/ml penicillin and 100
ug/ml streptomycin (Fisher Scientific, Gibco,
UK). Cells were cultured at 37°C in a humidified
5% CO, atmosphere incubator. Cell culture was
carried out in accordance with the guidelines
for the use of cell lines in biomedical research
[14].

Plasmid vectors tagged with Green Fluo-
rescence Protein (GFP) (OriGene, Germany)
were used in the overexpression mechanistic
studies. The pCMV6-AC-PBX4-GFP (RC217742)
and pCMV6-AC-GFP (PS100010) vectors were
used as PBX4 overexpressing and empty con-
trol vectors, respectively. HCT116 cells were
transiently transfected with either a PBX4-
overexpressing or empty vector in a 24-well
plate by following the reverse transfection tech-
nique. A transfection mixture was prepared by
mixing 500 ng of plasmid DNA with 2 pl of
ViaFect (Promega, UK) transfection reagent in
100 pl of OptiMem medium (Life Technologies,
UK) and was incubated for 20 mins at room
temperature. HCT116 cells were seeded in 24
well plates at 7x10* density containing 100 pl
of transfection mixture to initiate PBX4 overex-
pression. After either 24- or 48-hours, cells
were harvested and counted using a Countess
Il Cell Counter (Thermofisher, UK). HCT116 cells
from each group were subcultured in 96 well
plates at 2.5x10° density for use in the down-
stream functional assay. PBX4 overexpression
was evaluated at mRNA and protein level using
a Real-Time Quantitative Polymerase Chain
Reaction (RT-qPCR) and Western blot, respec-
tively, as described below. The main outcome
was cell proliferation over time which was as-
sessed using AlamarBlue fluorescence prolif-
eration assay every 24 hours up to 5 days post-
transfection [15]. The study consisted of four
biological experiments and contained eight to
twelve technical replicates in each experiment.
Additionally, we calculated the fold change in
expression of epithelial-mesenchymal transi-
tion (EMT) markers (CDH1, CDH2, VIM, SNAI1,
SNAI2, ZEB1, ZEB2 and TWIST) and the angio-
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genesis marker (VEGFA). The flow chart of the in
vitro study methodology is shown in Figure 1.
The normality of the data was evaluated using
the Shapiro-Wilk test. An independent-samples
T-test (for normally distributed values) or Mann-
Whitney test (for non-normally distributed val-
ues) was used to compare the differences
between the control and the treated groups
using GraphPad Prism 8 and SPSS v27. A two-
tailed P-value < of 0.05 was considered statisti-
cally significant.

RNA isolation and real-time quantitative poly-
merase chain reaction (RT-qPCR): RNA isola-
tion was performed using the RNeasy® Plus
Micro Kit (Qiagen, UK) following the manufac-
turer’s instructions. The concentration and
purity of RNA were determined spectrophoto-
metrically by measuring its optical density
(260/280; 260/230 ratios) using a Nanodrop
ND-1000 (Labtech International, UK) [16].

Gene expression was assessed with RT-gPCR
using the AgPath-ID™ One-Step RT-PCR Rea-
gents mix (Life Technologies, UK) following the
manufacturer’s instructions. The reaction was
conducted in the Stratagene Mx3005P gPCR
machine (Agilent Technologies, USA). TagMan
assays (Life Technologies, UK) containing for-
ward and reverse primers as well as hydrolysis
probes were selected based on the criteria rec-
ommended by the Minimum Information for
Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines for PBX4
(Hs00257935_m1), CDH1 (Hs01023894_m1),
CDH2 (Hs00983056_m1), VIM (Hs001855-
84_m1), SNAI1 (Hs00195591_m1), SNAI2
(Hs00161904_m1), ZEB1 (Hs00232783_m1),
ZEB2 (Hs00207691_m1), TWIST (HsO0361-
186_m1), VEGFA (Hs00900055_m1) and
ACTB (Hs01060665_g1). The relative gene
expression was calculated using the 254t
method and ACTB was used as an endogenous
control gene [16].

Western blotting: Cells were lysed in cell lysis
buffer (Sigma, UK) supplemented with a prote-
ase inhibitor cocktail (Roche, UK) and were
quantified using the Pierce™ Rapid Gold BCA
Protein Assay Kit (Life Technologies, UK). Equal
amounts of whole-cell lysates were separated
using SDS-PAGE gels and mini-PROTEAN® ele-
ctrophoresis apparatus (Bio-Rad, UK). Proteins
were transferred onto polyvinylidene fluoride
(PVDF) membranes and were incubated with
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Figure 1. Study methodology flow chart of in vitro PBX4 overexpression in HCT116 cell line.
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primary antibodies: anti-rabbit PBX4 1:500
(PA5-104032) (Life Technologies, UK) and anti-
mouse B-actin 1:2000 (8H10D10) (Cell Sig-
nalling Technology), at 4°C overnight [17].
Detection was performed with IRDye 800CW
goat anti-rabbit IgG 1:12000 (926-32211) and
IRDye 680RD goat anti-mouse IgG 1:12000
(926-68070), (LI-COR Biosciences, UK). Mem-
branes were imaged using the Odyssey CLx
infrared system (LI-COR Biosciences, UK). The
expected size of PBX4 protein according to the
UniProt database was predicted to be 40,854
Da.

AlamarBlue proliferation assay: Cells were sub-
cultured 24-48 h post-transfection and were
seeded at 2500 cell density per well in 96 well
plates containing 100 pL of medium per well
and were placed for overnight incubation at
37°C at 5% CO,. AlamarBlue (Life Technolo-
gies, UK) was added to each well at a 1:9 ratio,
followed by incubation at 37°C for one hour.
Fluorescent measurements (Relative Fluores-
cent Units, RFU) were performed on the
SpectraMax i3 plate reader (Molecular De-
vices, UK) at 550 excitations and 590 emis-
sion wavelengths. Data were analysed by sub-
tracting the background containing no cells
from the overage fluorescence of each well-
containing cells.

Cistrome data browser and gene set enrich-
ment analysis (GSEA)

The Cistrome Data Browser (http://dbtoolkit.
cistrome.org/) was used to identify factors that
are predicted to bind the PBX4 promoter and
potentially regulate its transcription [18, 19].
Gene set enrichment analysis was performed
in the Enrichr server (https://maayanlab.cloud/
Enrichr/) to identify the biological processes
and collective pathways of the included genes
[20].

Results

Differential expression of PBX gene family in
CRC

The differential transcriptional expression of
PBX1, PBX2, PBX3, and PBX4 genes between
normal colon and CRC was analysed using the
TCGA database. There were 644 primary solid
tumours and 51 normal samples available in
the combined TCGA COAD and READ data-
sets. Bioinformatics analysis showed that the
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RNA levels of PBX1 (P<0.0001) and PBX3
(P<0.0001) were significantly downregulated,
whereas PBX4 was the only gene that was sig-
nificantly upregulated in CRC in comparison
with NC (P<0.0001), as shown in Figure 2A-E.
ONCOMINE platform data mining findings were
in alignment with the bioinformatics analysis
results. Specifically, most reporters showed
that PBX1 and PBX3 genes are downregulated
in CRC vs. NC whereas mixed findings exist for
PBX2, as shown in Figure 2F-H. Nevertheless,
all ONCOMINE reporters showed that PBX4
seems to be upregulated in CRC tissue vs. NC,
as shown in Figure 2I. The UALCAN web-server
revealed that the methylation status of PBX1
and PBX3 promoters appear to be significantly
increased in CRC vs. normal tissues (P=3.8e-
04 and P=3.2e-07, respectively), whereas no
difference was observed in the PBX2 promoter
methylation (P=0.070). On the contrary, the
methylation status of the PBX4 promoter was
shown to be significantly decreased in CRC tis-
sues (P=1.4e-07).

Association of PBX genes with OS in CRC

We investigated the clinical significance of the
PBX gene family by exploring their association
with OS in the TCGA COADREAD patient cohort
(n=639). Since PBX genes are known as HOX
co-factors and usually interact with HOX genes
we added HOX genes in the survival analysis.
All genes passed the filtering criteria except
HOXB1, HOXC12 and HOXC13. Univariable Cox
regression model identified that age, presence
of metastatic disease, HOXA1, HOXC4, HOXCS,
HOXC9, HOXC10, HOXC11, HOXD4, HOXD9,
HOXD10, HOXD11, HOXD13 and PBX4 gene
were significantly related to OS rates in
patients with CRC, as shown in Table 1. The
multivariable analysis showed that high PBX4
expression (HR 1.46, 95% Cl: 1.14-1.88,
P=0.003), as well as the presence of metasta-
ses (HR 4.9, 95% CI: 3.02-7.83, P=7.7E-11),
were associated with the highest increased
risk for worse OS rates in both models, as
shown in Table 1. Kaplan-Meier analysis also
showed that patients with high PBX4 expres-
sion had worse OS rates in comparison with
those with low expression (P=0.029).

Impact of PBX4 overexpression in CRC pro-
gression in vitro

To explore the potential oncopromoting role of
PBX4 we conducted mechanistic in vitro stud-
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Figure 2. Differential expression of PBX genes in CRC vs. normal tissue. A. Heatmap of PBX1, PBX2, PBX3 and PBX4 gene expression across TCGA COADREAD
samples. B-E. Box plots of differential expression of PBX1, PBX2, PBX3 and PBX4 in CRC (n=644) vs. normal tissue (n=51) from TCGA COADREAD datasets. Y-axis
represents the expression level as Log2counts per million (Log2CPM). F-I. Fold change (FC) of differential PBX genes expression in CRC vs. normal tissue using the
ONCOMINE platform. Bars represent the findings from different reporters.
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Table 1. Univariable and multivariable Cox survival analysis of PBX genes with HOX genes in the TCGA
COADREAD patient cohort

Variable

Univariable Analysis
HR (95% Cl), P-value

Multivariable Model 1
HR (95% Cl), P-value

Multivariable Model 2
HR (95% Cl), P-value

Age

Gender (M vs. F)
Location (right vs. left)
Metastases (yes vs. no)
PBX1

1.03 (1.01-1.04), 3.1E-4

1.0 (0.73-1.5), 0.84
1.4 (0.93-2.0), 0.110
3.8(2.6-5.6), 9.5E-12
1.1 (0.89-1.3), 0.530

1.03 (1.02-1.05), 1.5E-4

4.35 (2.85-6.64), 1.06E-11

1.04 (1.02-1.05), 1.8E-4

0.98 (0.65-1.49), 0.933
1.41 (0.85-2.35), 0.184
4.9 (3.02-7.83), 7.7E-11

PBX2 1.3 (0.96-1.7), 0.094

PBX3 1.1 (0.84-1.3), 0.660

PBX4 1.3 (1-1.6), 0.020 1.34 (1.07-1.69), 0.012 1.46 (1.14-1.88), 0.003
HOXA1 1.1 (0.92-1.2), 0.40

HOXA2 1(0.93-1.2), 0.480

HOXA3 1.1 (0.92-1.2), 0.420

HOXA4 1.2 (1-1.4), 0.047 1.03 (0.87-1.22), 0.730 1.02 (0.85-1.23), 0.813
HOXA5 1(0.93-1.2), 0.510

HOXA6 1(0.94-1.2), 0.410

HOXA7 1(0.93-1.1), 0.590

HOXA9 1(0.91-1.1), 1.0

HOXA10 1(0.89-1.1), 0.910

HOXA11 1(0.87-1.1), 0.970

HOXA13 0.97 (0.9-1.1), 0.490

HOXB2 1.1 (0.96-1.3), 0.180

HOXB3 1.1 (0.92-1.2), 0.430

HOXB4 1.1 (1-1.3), 0.0580

HOXB5 1.1 (0.96-1.3), 0.160

HOXB6 1.1 (0.95-1.2), 0.240

HOXB7 1.1 (0.89-1.3), 0.540

HOXBS 1.1 (0.96-1.2), 0.280

HOXB9 1(0.92-1.1), 0.620

HOXB13 0.97 (0.9-1.1), 0.510

HOXC4 1.2 (1.1-1.3), 0.00035 1.03 (0.83-1.27), 0.791 1.1 (0.86-1.39), 0.453
HOXC6 1.1 (1.1-1.2), 0.00015 1.15 (0.95-1.39), 0.165 1.1 (0.91-1.42), 0.279
HOXCS 1.2 (1.1-1.3), 0.0012 1.0 (0.76-1.31), 0.998 1.07 (0.79-1.44), 0.679
HOXC9 1.1 (1-1.3), 0.006 0.86 (0.67-1.12), 0.285 0.74 (0.56-0.99), 0.047
HOXC10 1.1 (1-1.2), 0.024 1.03 (0.89-1.19), 0.638  0.96 (0.82-1.13), 0.649
HOXC11 1.1 (1-1.1), 0.29 1.03 (0.94-1.12), 0.554 1.06 (0.96-1.17), 0.242
HOXD1 1.1 (0.98-1.2), 0.130

HOXD3 1(0.88-1.2), 0.880

HOXD4 1.2 (1-1.4), 0.0084 1.06 (0.88-1.27), 0.554 1.06 (0.87-1.29), 0.557
HOXDS8 1.1 (0.98-1.3), 0.098

HOXD9 1.1 (1-1.3), 0.013 1.09 (0.89-1.32), 0.396 1.09 (0.88-1.36), 0.411
HOXD10 1.1 (1-1.2), 0.034 1.01 (0.79-1.29),0.928  0.99 (0.76-1.28), 0.934
HOXD11 1.1 (1-1.2), 0.027 0.96 (0.74-1.25), 0.774 1.01 (0.76-1.34), 0.952
HOXD13 1.1 (1-1.2), 0.0072 1.07 (0.98-1.18), 0.149 1.05 (0.94-1.17), 0.397

ies in the HCT116 cell line which has low en-
dogenous PBX4 gene expression. Gain-of-func-

tion experiments showed that PBX4 overex-
pression significantly increased cell prolifera-
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B
Time post transfection  HCT116-empty vector HCT116-pPBX4 P-value
48h 769.0£56.5, (n=56) 865.5+75.8, (n=52) 0.105
RFU
72h 1303.4490.7, (n=40) 1787.0+£141.5, (n=40) 0.0005
(mean + SEM),
96h 3103.5+233.3, (n=54) 4275.0+£337.4, (n=54) 0.0009
replicates (n)
120h 10808.1£620.5, (n=46) 14290.6+1078.8, (n=56) 0.0017
C PBX4 mRNA D
6000 NC NC ut ut UT  pPBX4 pPBX4 pPBX4 pPBX4
c
]
w 250kDa S 0
]
5 4000 130kDa  — R =
3 wme g e pad
@ 100kDa —
c i v -—
Q .
{=)] - W g gp—
E 2000 = 55kDa - - — ——— —--
E = — — e D SR G G—
Q e — —
[+4 ETOTI -
T TN W ctin
0 T T
NC PBX4

tion in the overexpressing group in comparison
with the control group over 5 days post-trans-
fection, as shown in Figure 3.

Relative gene expression of important EMT
molecules and the angiogenesis marker
VEGFA was compared between the PBX4-
overexpressing group and the control group.
The EMT molecular markers VIM (P<0.0001),
CDH1 (P<0.0001), CDH2 (P=0.0002), ZEB1
(P=0.007) and SNAI1 (P=0.001) were signifi-
cantly upregulated when the PBX4 gene was
overexpressed, as shown in Figure 4. Regard-
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ing ZEB2 (P=0.105) and TWIST (P=0.129), no
difference was observed between the two
groups. On the contrary SNAI2 (P=0.022) was
found to be downregulated. PBX4 overexpres-
sion was additionally found to markedly upre-
gulate the expression of the VEGFA angiogenic
marker (P<0.0001) in vitro.

In silico transcriptional regulation prediction of
PBX4 and related biological processes

Overall, the Cistrome DB Toolkit identified 111
factors that potentially bind the promoter of
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work (P<0.0001) were signifi-
cantly enriched. Additionally,
pathways related to CRC
such as the MYC pathway
(P<0.0001), pB-catenin (P<
0.0001), and WNT pathway
(P<0.0001) were also mark-
edly enriched. A full interac-
tive GSEA analysis in the Enri-
chr server is available through
the following link: https://
maayanlab.cloud/Enrichr/enri
ch?dataset=32108d2a9ff52c¢
53b3cd948328a7bac8.

Discussion

ViM CDH1 CDH2 ZEB1 ZEB2 SNAIL1 SNAIL2 TWIST VEGFA
EMT markers

Figure 4. Impact of PBX4 overexpression on EMT and angiogenesis mark-
ers in vitro. RNA fold change expression of EMT-related and angiogenesis
markers in HCT116 overexpressing PBX4 vs. empty vector (control) group.
Data are presented as mean + SEM from three independent experiments
analysed in triplicates. "P<0.05, *P<0.01, *"P<0.001, ***P<0.0001. VIM:
Vimentin; CDH1: Cadherin-1; CDH2: Cadherin-2; ZEB1: Zinc Finger E-Box
Binding Homeobox 1; ZEB2: Zinc Finger E-Box Binding Homeobox 2; SNAI1:
Snail Family Transcriptional Repressor 1; SNAI2: Snail Family Transcriptional
Repressor 2; TWIST: Twist Family BHLH Transcription Factor 1; VEGFA: Vas-

cular Endothelial Growth Factor A.

PBX4 and are predicted to regulate its expres-
sion. Nineteen genes (IRF1, JUN, JUND, CEBPB,
E2F3, SP1, RAD21, MED12, NR1H3, HEXIM1,
MAX, POLR2A, PAF1, CDK8, SMC3, H2AZ,
FOSL1, HOXA4 and TCF7L2) were identified in
the Cistrome Chromatin Immunoprecipitation
sequencing (ChlP-seq) experimental datasets
to bind the PBX4 promoter in CRC, as shown in
Table 2. GSEA of these 19 factors showed that
biological processes related to the regulation of
cell cycle and cell proliferation were enriched
with GO:0051726 (CDKS8, JUN, JUND, and IRF1)
being highly significant (P=0.001). Additionally,
amongst the related predicted pathways, the
Activator Protein-1 (AP-1) transcription network
(FOSL1, JUN, JUND, TCFL2, and SP1) was found
to be the most highly enriched (P<0.0001). A
full interactive GSEA analysis in the Enrichr
server is available through the following link:
https://maayanlab.cloud/Enrichr/enrich?datas
et=3bb2aca99def224443639fbbalb34389.

Enrichment analysis was expanded to include
all the identified predicted factors (n=111) that
bind the PBX4 promoter. Pathways related to
cell cycle regulation (G2/M, G1/S pathway, P<
0.01) and proliferation such as the AP-1 net-
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Since the identification of the
chimeric fusion oncoprotein
E2A-PBX1 that promotes the
progression of pre-B cell
acute lymphoblastic leukae-
mia, emerging evidence sug-
gests that the PBX gene fami-
ly become dysregulated and
plays an important role in the
development and progression
of many human cancers [21].
However, the expression profile of PBX genes in
CRC remains unknown. Herein, in our study
using TCGA and ONCOMINE analysis, we found
that PBX1 and PBX3 appear to be significantly
downregulated, whereas PBX4 is the only gene
that was found to be upregulated in CRC vs.
normal tissue. The mechanism of how PBX
genes become dysregulated in CRC is un-
known. As CRC evolves through genetic and
epigenetic changes, with aberrant DNA methyl-
ation being characterised as a cancer hall-
mark, we further explored the PBX gene meth-
ylation promoter status in cancer vs. normal
tissue [22]. Through the UALCAN database, we
observed, that the promoter methylation
status of the PBX gene family appears to align
with its dysregulation profile. Aberrant DNA
methylation leading to gene promoter hypo or
hypermethylation has been identified as an
important regulatory transcriptional mecha-
nism of HOX gene expression [22]. Since PBX
genes are largely known as HOX cofactors, as
they interact with HOX genes, it could be hy-
pothesised that PBX genes may become dys-
regulated through DNA methylation. However,
further studies are needed to explore this
hypothesis.
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Table 2. Putative PBX4 regulators from Cistrome DB

Factor Biosource RPS Description (https://www.genecards.org/)

IRF1 LoVo 0.79 Interferon Regulatory Factor 1. Tumour suppressor involved in cell proliferation, apoptosis, immune response, and DNA damage response

JUN LoVo 0.79 JUN proto-oncogene. It encodes a protein which interact with specific DNA sequences to regulate gene expression

CEBPB LS180 0.7 CCAAT Enhancer Binding Protein Beta. Transcription factor important in the regulation of genes involved in immune and inflammatory responses. It is associated is
Juvenile Polyposis

JUND HCT116 0.62 JunD Proto-Oncogene. The protein encoded is a member of the JUN family and has been proposed to protect cells from p53-dependent senescence and apoptosis

E2F3 LoVo 0.61 E2F transcription factor 3. The encoded protein is a member of a small family of transcription factors that recognises a specific sequence motif in DNA and interacts
directly with the retinoblastoma protein (pRB) to regulate the expression o of genes involved in the cell cycle

SP1 HCT116 0.57 Spl Transcription Factor. The encoded protein is involved in many cellular processes, including cell differentiation, cell growth, apoptosis, immune responses,
response to DNA damage, and chromatin remodelling

RAD21 HCT116 0.56 RAD21 Cohesin Complex Component. The encoded protein is a nuclear phospho-protein, which becomes hyperphosphorylated in cell cycle M phase. RAD21 is
involved in the repair of DNA double-strand breaks, as well as in chromatid cohesion during mitosis

MED12 LoVo 0.56 Mediator Complex Subunit 12. The encoded protein binds with CDK8 and other proteins involved in cell cycle including cyclin C. This subunit may regulate
transcription targets of the Wnt signalling pathway

POLR2A HCT116, DLD1, HT29 0.56 RNA Polymerase Il Subunit A. This gene encodes the largest subunit of RNA polymerase Il, the polymerase responsible for synthesizing messenger RNA in eukaryotes

NR1H3 HT29 0.55 Nuclear Receptor Subfamily 1 Group H Member 3. The protein encoded by this gene belongs to the NR1 subfamily of the nuclear receptor superfamily. The NR1
family members are key regulators of macrophage function, controlling transcriptional programs involved in lipid homeostasis and inflammation

HEXIM1 HCT116 0.54 HEXIM P-TEFb Complex Subunit 1. HEXIM1 is transcriptional regulator which functions as a general RNA polymerase Il transcription inhibitor

MAX HCT116 0.54 MYC Associated Factor X. The encoded protein is able to form homodimers and heterodimers with other family members, which include MAD and MYC, implicated in
cell proliferation, differentiation and apoptosis

PAF1 HCT116, DLD1 0.53 Polymerase Associated Factor 1. This gene encodes a subunit of the polymerase associated factor (PAF1) complex. The PAF1 complex interacts with RNA polymerase
Il and plays a role in transcription elongation as well as histone modifications. PAF1C is required for transcription of HOX and WNT target genes

CDK8 Colon 0.53 Cyclin Dependent Kinase 8. This gene encodes a member of the cyclin-dependent protein kinase (CDK) family. CDK family members are known to be important
regulators of cell cycle progression

SMC3 HCT116 0.53 Structural Maintenance of Chromosome 3. The encoded protein is a component of the multimeric cohesin complex that holds together sister chromatids during
mitosis, enabling proper chromosome segregation

H2AZ HCT116 0.51 Variant histone H2A. The encoded protein plays a central role in transcription regulation, DNA repair, DNA replication and chromosomal stability

FOSL-1 HCT116 0.51 FOS Like 1, AP-1 Transcription Factor Subunit. The Fos gene family consists of 4 members: FOS, FOSB, FOSL1, and FOSL2. These genes encode leucine zipper
proteins that can dimerize with proteins of the JUN family, thereby forming the transcription factor complex AP-1. As such, the FOS proteins have been implicated as
regulators of cell proliferation and differentiation

HOXA4 LoVo 0.51 Homeobox A4

TCF7L2 HCT116 0.51 Transcription Factor 7 Like 2, This gene encodes a high mobility group (HMG) box-containing transcription factor that plays a key role in the Wnt signalling pathway
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The clinical significance of PBX dysregulation is
still unknown and few studies have investigat-
ed the association of PBX dysregulation with
OS rates in cancer. For instance, PBX1 was
found to be upregulated in breast cancer and it
was shown that high expression levels were
correlated with worse survival in patients with
oestrogen-receptor (ER)-positive, luminal A and
luminal B subtypes of breast cancer [9].
Similarly, high PBX2 expression appears to be
related to a worse prognosis in gastric cancer
and oesophageal squamous cell carcinoma
[23]. Studies regarding CRC have focused on
PBX3, showing that protein overexpression is
associated with advanced disease stage and
worse survival rates in CRC patients [8]. To the
best of our knowledge, no previous study has
comprehensively analysed the impact of PBX
genes dysregulation in OS. For the first time,
our study explored the PBX gene association
with OS in the TCGA COADREAD patient cohort,
including all PBX and HOX genes in our univari-
able and multivariable analysis. Interestingly,
the multivariable survival analysis showed that
only high PBX4 expression levels appeared to
be associated with an increased risk for worse
OS in patients with CRC in both models. This
association remained significant after being
adjusted for the clinicopathological variable
and HOX genes. Advanced age, as well as the
presence of metastatic disease, is well-estab-
lished prognostic factors in patients with CRC
[24, 25]. The fact that in our study, high PBX4
levels appeared to potentially increase the like-
lihood of worse OS, highlights the importance
of PBX4 as a prognostic risk factor. Additional-
ly, the survival analysis findings suggest that
PBX4 may play an oncopromoting role in CRC.

We aimed to further explore our hypothesis on
the potential role of PBX4 as an oncopromoter
in CRC by conducting in vitro mechanistic stud-
ies. We selected as the main outcome, the cell
proliferation in vitro and as a secondary aim,
we evaluated the changes in gene expression
of EMT and angiogenesis markers. Our ratio-
nale for choosing these outcomes is based on
the revisited Hallmarks Il theory of cancer by
Fouad et al. The Hallmarks Il theory proposes
seven cancer hallmarks: proliferative advan-
tage, altered stress response favouring overall
survival of tumour cells, vascularisation, inva-
sion and metastasis, metabolic rewiring, an
abetting tumour microenvironment (TME) and
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immune modulation. Increased proliferation,
activation of invasion/metastasis and vascu-
larisation are characterised as the corner-
stones of cancer progression and are present
in every hallmark of cancer theory [26-28].
Therefore, cell proliferation was selected as
the main outcome and gene expression of EMT
and angiogenesis markers were also evaluated
as additional outcomes to explore our hypoth-
esis on PBX4 as a potential promoter of CRC
progression in vitro.

We have shown that PBX4 overexpression sig-
nificantly increased cell proliferation in HCT116
cells. This study firstly reports the potential role
of PBX4 in cancer cell proliferation ability which
is an important hallmark in cancer. Among the
PBX gene family, studies regarding CRC have
focused on PBX3 and have reported that it may
increase cell proliferation by regulating the
expression of p53 through the suppression of
its promoter activity [29]. The mechanism
through which PBX4 may promote cell prolifera-
tion remains unknown. Given the lack of rele-
vant information in the literature, to shed more
light on the potential role of PBX4 in CRC we
aimed to identify factors that bind to the pro-
moter of PBX4 and are predicted to regulate
its transcription from an established portal
(Cistrome) containing ChiP-seq experimental
information. We speculated that PBX4 is likely
to be involved in the same pathways as those
of its regulators. Interestingly, among the most
highly predicted PBX4 regulators were proteins
involved in the AP-1 transcription network such
as JUN and JUND, which are known to be linked
with cellular growth control and malignant
transformation [27]. There is evidence that the
JUN and JUND oncoproteins contribute to
tumorigenesis and progression in CRC and that
targeting the AP-1 components has thera-
peutic potential in CRC patients [30, 31]. Our
GSEA included all putative PBX4 regulators and
revealed that biological processes and path-
ways related to cell cycle regulation and prolif-
eration were enriched, suggesting that PBX4
could affect cell growth by being an important
molecular component or the target gene of
these pathways.

Post-translational modification [PTM] could be
theoretically another potential mechanism with
which PBX4 may be associated with cell prolif-
eration. In cancer cells, oncogenes produce
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proliferative signals by adjusting the state of
PTMs of proteins that are involved in the regula-
tion of cell cycle and growth [32]. It is recog-
nised that HOX transcription factors undergo
significant PTMs and since PBX proteins act as
HOX co-factors, they may be also subjects to
multiple forms of PTMs. A recent review by
Reichlmeir et al. reported that PBX proteins are
subjected to several PTMs such as phosphory-
lation, ubiquitination, and methylation with the
former being the most common PTM [33, 34].
Specifically for PBX4, phosphorylation appear-
ed to be the most common PTM. Several stud-
ies have identified phosphorylated tyrosine,
serine and threonine residues in the PBX family
raising the possibility that PBX proteins could
be substrates of pro-oncogenic kinases which
play an important role in the progression of
various tumours [33, 35]. Our western blot
showed multiple bands which could raise the
possibility of the presence of PTMs in PBX4
overexpressing protein [36]. Additionally, ur in
silico analysis identified cyclin-dependent
kinase 8 (CDKS8), which is recognised as an
oncoprotein and cell cycle regulator in CRC, as
a putative PBX4 regulator. CDKs have been
found to be important for efficient PTM of
human proteins and especially phosphoryla-
tion which may affect the cell cycle [37, 38].
Nevertheless, there is no current direct experi-
mental evidence on the mechanistic explana-
tion of how PBX4 protein may promote cell pro-
liferation by undergoing PTMs through protein-
dependent kinases which highlights the need
for further research to explore if PBX4 protein
is subjected to PTMs and the potential impact
of these PTMs on its functionality and the sub-
sequent effect on CRC proliferation.

In furtherance to the observation of several
protein bands, it is worth highlighting the poten-
tial proteomic diversity which may occur as a
result of alternative splicing. Despite that little
is known regarding the PBX4 gene, it has been
found that it contains 5 exons and alternatively,
spliced variants have been observed according
to the Ensemble genome browser database
[39]. A recent systematic review by Zhang et al.
provided cumulative evidence on the potential
role of alternative splicing in the development
of cancer and its progression [40]. Alternative
splicing may regulate cell proliferation through
the formation of different protein isoforms [41].
For instance splicing of the epidermal growth
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factor 2 has been found to promote cell prolif-
eration whereas its variant A16HER2 was
found to inhibit cell growth in breast cancer
[41]. Stadler et al. showed that HOXA9 which
is a well-known oncogene in haematopoietic
malignancies relies on alternative splicing
to mediate leukemogenesis [42]. Alternative
splicing could only be speculated as a poten-
tial mechanism of the PBX4 gene to promote
cell proliferation as no relevant data are avail-
able from either the literature or our study.
Nevertheless, since alternative splicing may
play an important impact in the development
and progression of cancer its role in PBX4 is
worth being investigated further.

EMT is a hallmark in cancer and a pivotal step
in the natural history of metastases in CRC.
EMT is a transcriptional programme that leads
cancer cells to show less epithelial differentia-
tion in favour of a mesenchymal morphology
enabling them to gain motility, invade adjacent
tissues and metastasise [43]. This programme
is regulated by important transcription factors,
such as the ZEB and SNAIL family and is char-
acterised by a decrease in the epithelial marker
E-cadherin with a subsequent increase in mes-
enchymal markers Vimentin and N-cadherin
known as the “cadherin switch” [43]. Studies
have shown that PBX3 can promote cancer
invasion and metastases by inducing EMT
through its regulatory pathways such as WNT,
MAPK and AKT signalling, causing the upregu-
lation of EMT transcription factors [44, 45].
However, no studies have examined the role of
PBX4 in EMT to date. We noted that PBX4 over-
expression upregulated important EMT mole-
cules and increased the gene expression
encoding for the mesenchymal markers
N-cadherin and Vimentin. Although the down-
regulation of CDH2 was not observed as one
would expect in the case of a “cadherin switch”,
important EMT activators were upregulated,
indicating that PBX4 may be important in the
EMT process. Furthermore, it is worth highlight-
ing that EMT and its opposite process, mesen-
chymal-epithelial transition (MET) are not clear
binary processes but instead, they may co-exist
in cancer cells and potentially may enable them
to exhibit more aggressive behaviour [43]. An
exciting additional finding was that we noticed a
marked upregulation of the angiogenic marker
VEGFA in the PBX4 overexpressing cell group,
indicating a potentially novel role of PBX4 in
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promoting angiogenesis in CRC. Our in vitro
finding was in agreement with a complementa-
ry in silico correlation analysis based on the
TCGA COADREAD datasets (data not shown).
No relevant information exists on the potential
role of PBX4 in activating angiogenesis through
VEGFA. However, considering the fact that HOX
genes have been found to promote angiogene-
sis in cancer it would be reasonable to hypoth-
esise that their PBX co-factors may also play an
important role in angiogenesis promotion [34].
Indeed, further research is warranted to explore
this research field.

The strength of this study is that it provides the
first investigation of PBX genes in colorectal
cancer. The prognostic role of the PBX4 gene in
CRC has not been previously reported and no
data exist with regard to its role, not only in CRC
but also in other types of cancers. Our study is
novel; however, it has limitations that should be
considered in the context of the interpretation
of its findings. Firstly, to explore the differential
expression of the PBX family we performed
cancer to normal analysis at an mRNA level. As
changes at the RNA level do not always corre-
spond to a phenotypic change, a differential
expression at a protein level is indeed impor-
tant. However, to overcome this limitation and
obtain more evidence on their dysregulation
profile we expanded our initial TCGA analysis by
including ONCOMINE analysis from all report-
ers as well as by looking at the PBX gene pro-
moter methylation status. Secondly, it is known
that variables including Body Mass Index,
lymph node status and tumour depth are also
important prognostic factors in CRC. However,
these data were not available in the TCGA to be
included in the analysis. Nevertheless, our find-
ings were adjusted for age, tumour location,
gender and metastases and we also consid-
ered the impact of HOX genes. Another limita-
tion of our study is that our in vitro results
derive from only one cell line [HCT116].
However, in our methodology-optimisation peri-
od, we have explored 2 other cell lines [HT29
and SW620] and we found that both CRC cell
lines were of a limited transfection efficiency
which made these cell lines unsuitable for in
vitro gene expression modulation experiments.
It should be noted that based on our literature
search and in silico analysis, the HCT116 is the
most widely used CRC cell line amongst studies
[29, 44, 46]. An additional limitation of our
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study is that only the changes in RNA levels of
EMT and angiomarkers were reported. To
obtain more evidence into the role of PBX4 in
the ability of CRC cells to metastasise, the phe-
notypic changes need to be explored in the con-
text of protein analysis as well as with invasion
and migration functional assays [15]. In the
present study, we have selected cell prolifera-
tion as our main outcome while we evaluated
the changes in gene expression of EMT and
angiogenesis markers as a secondary analysis.
We found our initial results from our supple-
mentary analysis interesting, and we believe
that they enhance the hypothesis that PBX4
potentially may have oncopromoting proper-
ties. It is worth investigating this field further
with additional research to explore further the
potential impact of PBX4 in the CRC metastatic
process. Nevertheless, our study provides early
evidence and sets an important foundation for
future investigation on the role of PBX4 in CRC
progression and highlights that further research
is needed to obtain more evidence on the pro-
posed oncopromoting role of PBX4 in CRC.
Lastly, we investigated putative regulators of
PBX4 to explore its potential involvement in sig-
nalling pathways. Investigation of the target
genes through chromatin immunoprecipitation
experiments could further reveal the underlying
biological processes and pathways in which
PBX4 is involved.

In conclusion, this study investigates the PBX
gene family in CRC for the first time and sug-
gests that PBX4 may be a potential novel pro-
moter of CRC progression and is associated
with worse survival. This study highlights the
need to further explore the specific role of PBX4
in the hallmarks of CRC.
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