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Abstract

Background While the increased screening, changes in lifestyle, and recent advances in treatment regimen have
decreased colorectal cancer (CRC) mortality, metastatic disease and recurrence remains a major clinical challenge. In
the era of precision medicine, the identification of actionable novel therapeutic targets could ultimately offer an alter-
native treatment strategy for CRC.

Methods RNA-Seq was conducted using the illumina platform, while bioinformatics analyses were conducted using
CLC genomics workbench and iDEP951. Colony forming unit, flow cytometry, and fluorescent microscopy were

used to assess cell proliferation, cell cycle distribution, and cell death, respectively. The growth potential of CRC cells
under 3-dimensional (3D) conditions was assessed using Matrigel. STRING database (v11.5) and Ingenuity Path-

way Analysis (IPA) tool were used for network and pathway analyses. CRISPR-Cas9 perturbational effects database
was used to identify potential therapeutic targets for CRC, through integration with gene-drug interaction database.
Structural modeling and molecular docking were used to assess the interaction between candidate drugs and their
targets.

Results In the current study, we investigated the therapeutic potential of targeting TPX2, TTK, DDX39A, and LRPS,
commonly upregulated genes in CRC identified through differential expression analysis in CRC and adjacent non-
cancerous tissue. Targeted depletion of TPX2 and TTK impaired CRC proliferation, cell cycle progression, and organoid
formation under 3D culture conditions, while suppression of DDX39A and LRP8 had modest effects on CRC colony
formation. Differential expression analysis and bioinformatics on TPX2 and TTK-deficient cells identified cell cycle
regulation as the hallmark associated with loss of TPX2 and TTK. Elevated expression of TPX2 and TTK correlated

with an oncogenic state in tumor tissue from patients with colon adenocarcinoma, thus corroborating an oncogenic
role for the TPX2/TTK network in the pathogenesis of CRC. Gene set enrichment and pathway analysis of TPX2"9"/
TTK"9" CRC identified numerous additional gene targets as integral components of the TPX2/TTK network. Integra-
tion of TPX2/TTK enriched network with CRISPR-Cas9 functional screen data identified numerous novel dependencies
for CRC. Additionally, gene-drug interaction analysis identified several druggable gene targets enriched in the TPX2/
TTK network, including AURKA, TOP2A, CDK1, BIRC5, and many others.

Conclusions Our data has implicated an essential role for TPX2 and TTK in CRC pathogenesis and identified numer-
ous potential therapeutic targets and their drug interactions, suggesting their potential clinical use as a novel thera-
peutic strategy for patients with CRC.

Keywords Colorectal cancer, Precision medicine, TPX2, TTK, DDX39A, LRP8, Gene-drug-interaction

*Correspondence:

Nehad M. Alajez

nalajez@hbku.edu.qa

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-023-01290-2&domain=pdf

Shaath et al. Cell Communication and Signaling (2023) 21:265

Background

Despite the many advances in colorectal cancer (CRC)
management, it remains among the most common
malignancies in both men and women worldwide,
contributing to the overall increase in cancer disease
burden and mortality. It is estimated that 50% to 60%
of CRC patients will succumb to metastatic disease,
while the 5-year survival for those patients is approxi-
mately 14% [1]. In the era of precision medicine, recent
research efforts aim to provide a better understand-
ing of the molecular alterations in CRC and to provide
patients with novel targeted therapeutic interven-
tions, as single agents or in combination with stand-
ard therapies, such as chemotherapy, radiotherapy and
surgery. As our understanding of the complexity of
cancer networks expands, so do the potential routes
used for targeted therapy. The current landscape for
CRC-targeted therapy includes targeting the epidermal
growth factor receptor (EGFR) and its related path-
ways using monoclonal antibodies, such as cetuximab
and panitumumab. However, early studies have shown
no significant improvement in overall survival (OS) in
patients with RAS mutations, this is in addition to CRC
molecular heterogeneity [2], highlighting the impor-
tance of tailored therapy. More promising outcomes
were observed when cetuximab was used in combina-
tion with other therapies, including BRAF (such as
vemurafenib or dabrafenib) and HER2 inhibitors (tras-
tuzumab) [3]. Our recent investigations have unraveled
the transcriptional portraits of CRC from the Mid-
dle East and North Africa region and have identified
numerous deregulated networks in CRC [4-7].

In the current study, we aimed to delve deeper and
identify potential therapeutic targets based on our recent
transcriptomic profiling of CRC. Our data identified Tar-
geting protein for Xklp2 (TPX2) and TTK Protein Kinase
(TTK), among others, as potential therapeutic targets for
CRC, highlighting an essential role for those two genes
in the regulation of cell cycle processes and as essential
genes for CRC proliferation and organotypic growth.
Concordantly, a previous study by We et al., reported
TPX2 as novel biomarker for CRC growth and metas-
tasis [8], while Takahashi et al., reported the AURKA/
TPX2 axis to play an oncogenic role in colon cells
through cooperation with MYC [9]. Zhang et al., also
reported TTK to predict unfavorable prognosis and to
regulated proliferation of CRC cells [10]. In the current
study, expression of TPX2 and TTK was associated with
oncogenic state in colon adenocarcinoma (COAD), while
employing gene set enrichment analysis we constructed
the gene-drug network for potential therapeutic targeting
of TPX2/TTK networks and their potential implementa-
tion in CRC targeted therapy.
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Methods

Transcriptomic profiling of CRC cohort

Transcriptomic profiling methodology and the clinical
characteristics of our local CRC cohort are described in
details in our previous publication [6].

Maintenance of cancer cell lines

Human CRC (HCT116 and HT-29 cell lines) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM).
All culture media were supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin
(Thermo Scientific Inc., Rockford, IL, USA). Cells were
cultured as an adherent monolayer at 37°C under 5%
CO2 in a humidified incubator.

siRNA transfection of CRC cells

To investigate the functional role of selected gene targets
in CRC, HCT116 and HT-29 cell lines were transfected
with the indicated SMARTpool siRNAs and non-target-
ing control purchased from Dharmcon (Lafayette, CO,
USA). Transfection was performed using a reverse trans-
fection protocol, where siRNAs at a final concentration of
30 nM were diluted in 50 pL of Opti-MEM (s11058-021;
Gibco, Carlsbad, CA, USA), and 1.5 pL of Lipofectamine
2000 (cat. no. 52758; Invitrogen) were diluted in 50 pL
Opti-MEM. The diluted siRNAs and Lipofectamine 2000
were mixed together and incubated at ambient tempera-
ture for 20 min. Depending on the plate format, 800 pl
of transfection mixture were added to 6-well tissue cul-
ture plate, followed by the addition of 2.4 ml of HCT116
or HT-29 (0.168 x 10° cells/mL) in transfection medium.
Alternatively, 200 pl of transfection mixture were added
to each well in a 12-well tissue culture plate, and sub-
sequently 600 pl of HCT116 or HT-29 (0.168x10°
cells/mL) in transfection medium were added to each
well. Twenty-four hours later, each well was topped up
with transfection medium (complete DMEM without
antibiotics).

Total RNA library preparation and NGS

The total RNA library preparation and sequencing pro-
cedure was followed as described before [11]. Total
RNA samples from transfected cells with a RIN >8 were
used as input for the library preparation using TruSeq
Stranded Total RNA Library Prep Gold kit (Cat #:
20020598) from Illumina following the manufacturer’s
protocol. In brief, 100 ng of total RNA was subjected to
rRNA depletion and then to fragmentation. The first-
strand cDNA synthesis was achieved with random hex-
amers and SuperScript II Reverse Transcriptase (Cat#:
18064014) from ThermoFisher Scientific. The second
c¢DNA strand synthesis was performed by substituting
dTTP with dUTP. The double-stranded cDNA is then
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end-repaired and adenylated. Barcoded DNA adapters
were ligated to both ends of the double-stranded cDNA
was then amplified. The quality of constructed libraries
was assessed on an Agilent 2100 Bioanalyzer system and
were quantified using Qubit 2.0 fluorometer (Invitrogen).
The libraries were pooled, clustered on a cBot platform,
and sequenced on an Illumina HiSeq 4000 at a minimum
of 50 million paired end reads (2xX75bp) per sample.

Bioinformatics and network analyses

FASTQ files were subsequently mapped and aligned
to the hg38 reference genome using built in RNA-seq
analysis module in CLC genomics workbench 20.0
with default settings. Normalized transcript per million
(TPM) expression values were subsequently subjected
to differential expression analysis using 2.0-fold change
and<0.05 false discovery rate (FDR)-adjusted p-value
cut-off in Altanalyze v.2.1.3. Transcripts with raw expres-
sion values<1.0 TPM were excluded from the analy-
sis. Hierarchical clustering was performed using cosine
for columns and cosine for rows. For network analysis,
genes of interest were used as input into the STRING v
11.5 database to highlight known protein—protein inter-
actions (PPI) between the corresponding proteins based
on text mining, experiments, databases, co-expression,
neighborhood, genes fusion, and co-occurrence evidence.
Differentially expressed genes in (DEGs) TPX2Meh vs
TPX2"" and TTK"&" vs TTK'Y were imported into the
ingenuity pathway analysis (IPA) software (Ingenuity Sys-
tems, Qiagen) and were used for functional annotations
and network analysis using canonical, upstream regula-
tor, and downstream effector analyses. The p-value is the
negative log of P and represents the possibility of focus
genes in the network being found together by chance.
IPA analyses were conducted as described before [12, 13].

Colony Formation Unit (CFU) assay

The proliferative ability of HCT116 and HT-29 cells
under the indicated treatment conditions was deter-
mined using a clonogenic assay using Crystal Violet,
(ACS reagent,>90.0% anhydrous basis, Sigma). Cells
were seeded in 12 well plate and on day 5 post siRNA-
mediated depletion of TPX2, TTK, DDX39A, and LRPS,
wells were washed and stained. Once dry, the plates were
imaged, and the number of colonies was observed under
an inverted microscope. To quantify the data, the wells
were covered with 10% SDS solution and left on a rocker
to dissolve the crystal violet. Once completely dissolved,
200 ul of the solution was transferred to a 96 well plate
(in duplicates) and absorbance was taken using a plate
reader (NanoQuant, Infinite M200 Pro, Tecan).
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Cell cycle analysis using flow cytometry

Cell cycle analyses were conducted on HCT116 and
HT-29 cells post siRNA transfection. On day 4 post
transfection, any floating cells were collected and pooled
with the adherent trypsinized cells, followed by washing
with PBS and fixing with 70% ethanol, added dropwise
while cells were on ice. Cells were then stored at -20°C
overnight. Before staining, cells were washed with PBS
twice and incubated in RNase A (100 mg/mL) and pro-
pidium iodide (PL; 50 mg/mL) staining solution and then
subjected to cell cycle analysis using BD LSRFortessa
X-20 flow cytometer (BD Biosciences, CA, USA) using
the FL3 channel. FCS files were exported and analyzed
using FlowJo software (FlowJo 10.7.2 © Becton Dickinson
& Company (BD)).

Detection of cell death using fluorescence microscopy

The acridine orange/ethidium bromide (AO/EtBr) fluo-
rescence staining method was used to assess apoptosis/
necrosis in treated CRC cells vs. control. In brief, CRC
cells in 12-well flat-bottom tissue culture plate were
washed twice with PBS on day 4 post transfection, and
were subsequently stained with dual fluorescent staining
solution containing 100 mg/mL AO and 100 mg/mL EtBr
(AO/EtBr, Sigma Aldrich, St. Louis, MO, USA) for 2 min;
subsequently, the cells were observed and imaged under
an Olympus IX73 fluorescence microscope (Olympus,
Tokyo, Japan). The differential uptake of AO/EtBr allows
the identification of viable and non-viable cells. Princi-
pally, AO/EtBr was used to visualize the number of cells
that had undergone apoptosis, while EtBr-positive cells
(red) indicated necrotic cells.

3D organoid culture

Cells were harvested on day 4 post transfection with
the indicated siRNAs and were suspended in Corning
Matrigel® Matrix®. Using 6 cm dishes, matrigel contain-
ing cells were pipetted into the center of the dish form-
ing 3 separate cell containing domes. Dishes were placed
in a humidified incubator to facilitate polymerization of
the Matrigel® (37 °C, 20 min) to solidify the domes and
growth medium (DMEM) was then added to the dish,
covering the domes. Organoid formation and growth
were monitored periodically and images were taken on
day 7 using EVOS cell imaging system.

Retrieval of RNA-Seq data and bioinformatics analysis

Raw RNA sequencing data were retrieved from the
sequence read archive database under accession no.
PRJNA413956, consisting of 10 CRC and 10 normal tis-
sues (NT). The Kallisto index was constructed by creat-
ing de Bruijn graph employing the GENCODE release
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(V33) reference transcriptome and 31 length k-mer.
FASTQ files were subsequently pseudo aligned to the
generated index using KALLISTO 0.4.2.1, as previ-
ously described [7, 14]. Differential expression analyses
were conducted using AltAnalyze v.2.1.3 software as we
described before [15].

The gene expression data (TPM) in COAD from the can-
cer genome atlas (TCGA) dataset were retrieved from the
UCSC https://xena.ucsc.edu/. Differential expression and
GO enrichment analysis were conducted using iDEP.951
(http://bioinformatics.sdstate.edu/idep95/). Briefly, the
normalized TPM expression values were imported into
iDEP951 and were subjected to log transformation, and
low abundant transcripts (<1 TPM) were excluded from
the analysis. The cohort was then divided into high and
low based on TPX2 or TTK median expression. DEGS
(1.5 fold-change (fc) and p<0.05 FDR-adjusted) were
then subjected to GO enrichment analysis in iDEP.951, as
described before [16]. Oncoprint for the eight genes inves-
tigated in the current study was generated using the cBio-
Portal database as described before [17]. Stage-plot and
survival analysis were conducted using GEPIA2 database
as described before [5, 18].

Construction of gene-drug interaction networks

The identified gene list from TPX2/TTK network from
COAD was imported into the drug gene interaction
database (https://www.dgidb.org/). The gene-drug
interaction matrix was then imported into Cytoscape
v3.10 and networks were constructed as described
before [19, 20]. Briefly, the drug IDs were used as
sources and gene IDs were used as targets. The edges
indicated the type of interaction. Only drugs with
inhibitory effects were used to construct the network.

Structural modeling and molecular docking

In this study we employed molecular docking to inves-
tigate the binding interactions of TTK kinase with three
drugs: BAY-1161909 (Bay-11), BAY-1217389 (Bay-12),
and Hesperadin (HES). The protein-ligand docking study
involved the preparation of the structures using Openba-
bel, a widely used software for molecular structure con-
version and preparation [21]. Subsequently, Site finder
tools were used to find the potential active residues of
selected protein, and then electrostatic surface maps
were created around these residues to define docking
sites [22]. The MOE tools were used to perform the dock-
ing of proteins with three compounds and subsequently
a triangular algorithm was used to find the 10 best poses
of docking molecules [23]. We applied London dg func-
tion and force fields refinement algorithms to create 10
best poses per molecule and then minimized them. These
top 3 molecules were selected based on their binding
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energies for further interaction analysis with active resi-
dues of selected protein. LigX tool of MOE was used to
prepare the two-dimensional (2D) plots of receptor-
ligand interactions focused on electrostatic/non-electro-
static interactions, hydrogen bonding, and hydrophobic
interactions. For complexes, these interactions assist in
validating the binding pattern of the compounds within
the active site of the protein [23].

To analyze and visualize the docking results, the widely
employed molecular visualization tool Pymol was used
(https://pymol.org/2/#page-top). Pymol enabled the
interactive and 3D representation of the protein-ligand
complexes, facilitating the examination of ligand binding
orientations and interactions within the protein’s active
site. The sources of 3D structures are given in Table S1.

Statistical analyses

Statistical analyses and graphing were performed using
Microsoft Excel 365 and GraphPad Prism 9.0 software
(GraphPad, San Diego, CA, USA) or as an integral part of
the computational pipelines. The Benjamini—Hochberg
FDR method within AltAnalyze was used to calculate
adjusted p values.

Results

Identification and functional validation of selected
essential genes in CRC

Our initial analysis identified eight potential therapeutic
targets based on their upregulated expression in CRC
from our previous studies [4, 6] and the limited stud-
ies on their potential role in CRC. The expression of the
eight selected genes (TPX2, UBE2C, CDCA7, MELK,
NFE2L3, TTK, DDX39A, and LRP8) in CRC and adjacent
non-tumor tissue (NT) is illustrated in Fig. 1a. Concord-
antly, the expression of the same gene panel was validated
in the PRINA413956 dataset (Fig. 1b) as well as in COAD
TCGA dataset using cBioPortal as shown in Fig. 1c,
which confirmed their elevated expression in COAD,
thus corroborating their potential use as therapeutic tar-
gets. The correlation between the expression of the indi-
cated genes and clinical staging and survival is provided
in Figs. S1, S2, and S3.

Targeted depletion of TPX2, TTK, DDX39A, and LRP8
reduces CRC cell proliferation

To gain a better understanding of the potential role of
the identified gene targets in CRC, the expression of the
respective genes was suppressed in HCT116 and HT-29
CRC models employing siRNA-mediated gene silenc-
ing, and subsequently, we assessed their ramifications
on CRC cellular proliferative. Suppression of TPX2 and
TTK impaired CRC CFU potential in both HCT116 and
HT-29 CRC models, which was less remarkable upon
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Fig. 1 Expression of selected genes in CRC. a Elevated expression of TPX2, UBE2C, CDCA7, MELK, NFE2L3, TTK, DDX39A, and LRP8 in CRC compared
to normal tissue (NT) from our local cohort. b Validation of the expression of the same gene panel in CRC compared NT from the PRINA413956
CRC dataset (c) Oncoprintillustrating the expression of the eight selected genes in COAD from the TCGA dataset. Color legend indicated gene

alterations

DDX39A and LRP8 suppression (Fig. 2a). Quantitative
analysis of CFU data under different treatment condi-
tions is provided in Fig. 2b. Suppression of UBE2C,
CDCA7, MELK, and NFE2L3 had modest effects on CRC
proliferation (Fig. S4).

We subsequently employed FACS analysis to assess the
effects of TPX2, TTK, DDX39A, and LRP8 depletion on
the cell cycle progression of CRC cells. Our data revealed
the most remarkable effects for TPX2 and TTK depletion,
where the cells exhibited impairment in the progression
through the cell cycle compared to the control siRNA-
transfected cells (Fig. 2c). Suppression of DDX39A and
LRP8 also affected cell cycle distribution, although not
as remarkable as TPX2 and TTK suppression (Fig. 2c). A

higher number of cells were detected in the sub GO/G1
(apoptotic) and polyploidy in HCT116 and HT-29 CRC
cells depleted of TPX2 and TTK (Fig. 2c). The percent-
ages of cells in each stage of the cell cycle under each
treatment condition are provided in Table S2.

Effects of TPX2, TTK, DDX39A, and LRP8 depletion on CRC
cell viability

To explore the mode of cell death and morphological
changes in response to siRNA-mediated gene silencing
of TPX2, TTK, DDX39A and LRP8, we subsequently
employed the dead-live AO/EtBr staining assay as we
described before [13]. Concordant with the cell cycle
data, the cellular growth was reduced in both TPX2
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Fig. 2 Targeted depletion of TPX2, TTK, DDX39A and LRP8 impairs CRC proliferation. a Representative CFU images of HCT116 and HT-29 cells

on day 7 post-knockdown of the indicated genes. b Quantitative analysis of CFU formation in HCT116 and HT-29 from (a) under different
treatment conditions. Data are presented as mean+S.EM, n=4. *p <0.05, ***p <0.0005. ¢ Representative cell cycle analysis of HCT116 and HT-29
under the indicated treatment conditions

and TTK-depleted CRC cells, employing the HCT116
and HT-29 CRC models (Fig. 3). AO staining of treated
cells revealed chromatin shrinkage compared to siRNA
control treated cells. Increased numbers of necrotic
cells, staining positive with EtBr (red), were also seen in
TPX2 and TTK depleted CRC cells (Fig. 3). Notably, we
observed a fewer number of cells to stain with EtBr in the
siTPX2 condition, possibly due to its devastating effects
on survival and proliferation, in addition to the fact that
many of these cells had lifted off the plate at the time of
analysis. DDX39A and LRP8 depletion also increase the
number of dead cells, concordant with CFU data.

Suppression of TPX2 and TTK impairs CRC growth under 3D
organotypic culture condition

Given their remarkable effects on CRC proliferation and
cell cycle progression, the remaining experiments were
focused on TPX2 and TTK. To assess the effects of TPX2
and TTK depletion on the ability of CRC cells to form
colonies under conditions that recapitulate the 3D tumor
environment, HCT116 and HT-29 were treated with
siRNAs targeting TPX2, TTK, or control siRNAs and
were subsequently grown in matrigel under 3D culture
conditions. Data presented in Fig. 4 revealed significant

voB0 204

suppression of organoid formation of both cell models in
response to TPX2 and TTK depletion, thus highlighting
an essential role for the two genes for CRC survival under
2D and 3D culture conditions. In addition to the reduced
number of colonies, organoids formed by TPX2 and TTK
depleted CRC cells were considerably smaller in size and
showed less cell integrity when compared to organoids
formed by siRNA control treated cells.

Transcriptional landscape of TPX2 and TTK depleted CRC
cells

To gain more insight into the role of TPX2 and TTK in
promoting CRC tumorigenesis, HCT116 and HT-29
CRC cells were transfected with siRNAs targeting the
respective genes and were subsequently subjected to
whole transcriptome analysis on day 3 post transfection.
HT-29 cells depleted of TPX2 and TTK showed profound
changes in gene expression compared to the control cells
(Fig. 5a, and Tables S3 and S4). Gene ontology (GO)
enrichment analysis revealed regulation of cell cycle (cell
cycle checkpoint, G1/S transition, DNA strand elonga-
tion), and regulation of apoptosis, as the most suppressed
GO functional categories in TPX2 and TTK depleted
HT-29 cells (Fig. 5a). This data would be concordant with
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Fig. 3 Dead-live staining of HT-29 and HCT116 CRC models in response to TPX2, TTK, DDX39A and LRP8 depletion. Representative fluorescence
images for CRC cells post-siRNA-mediated knockdown of TPX2, TTK, DDX39A or LRP8. Cells were stained on day 4 with AO/EtBr to detect live (green)
cells (first panel) and dead cells (red; necrotic) shown in the second panel. Third panel shows the merged images

presented data from the CFU, cell cycle, 3D organoid cul-
ture, and AO/EtBr staining.

Similarly, RNA-Seq analysis of HCT116 model also
highlighted a drastic effect on global transcription pat-
terns after TPX2 and TTK depletion (Fig. 5b and Tables
S5 and S6). Remarkably, the downregulation of TPX2
suppressed several biological functions, including cell
division, DNA replication DNA repair, G1/S transition,
DNA strand elongation, and ATP binding. TPX2 and
TTK depleted cells shared similar downregulation of
transcripts related to histone exchange, chromatin con-
densation and remodeling, and shared downregulated
negative regulation of cell migration (Fig. 5b). Figure 5¢
illustrates the PPI network among common downregu-
lated genes in TPX2 depleted cells for both cell mod-
els using STRING database, mostly affecting cell cycle
processes.

Differential expression and gene set enrichment analysis

in TPX2Mi9h and TTKM9" COAD

To gain a better understanding of the function of TPX2
and TTK in the context of CRC tumors, we retrieved

transcriptomic data from the TCGA COAD cohort
(n=512) and grouped the patients into high vs. low based
on median TPX2 or TTK expression. Differential expres-
sion analysis (1.5 fc,<0.05 FDR) revealed distinct cluster-
ing of TPX2Me" vs TPX2'°¥ COAD, thus corroborating
functional differences in relation to TPX2 expression
(Fig. 6a). GO enrichment analysis revealed an associa-
tion between elevated expression of TPX2 and functional
categories related to mitotic cell cycle, while COAD with
reduced TPX2 expression were more associated with
immune responses as illustrated in the GO enrichment
tree (Fig. 6b). Concordantly, IPA analysis on the DEGS
in the TPX2Meh s TPX 2! group revealed strong enrich-
ment in canonical pathways related to cellular growth,
proliferation, and development as illustrated in Fig. 6c.
Highest enrichment was for genes in SPINK1 General
Cancer and the Kinetochore Metaphase Signaling Path-
way, which would be concordant with the known role for
TPX2 in mitosis (Table S7).

Similar patterns of clustering were also seen in TTK"h
vs. TTK®" COAD (Fig. 7a). GO enrichment tree high-
lighted activation of cell cycle associated processes as the
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siControl

HCT116

HT-29

hallmark of TTK"&" COAD (Fig. 7b). IPA analysis on the
DEGS in TTK'e" yvs TTK®Y COAD revealed significant
association with cellular growth, proliferation and devel-
opment canonical pathway as illustrated in Fig. 7c. High-
est enrichment was for genes belonging to the Cell Cycle
Control of Chromosomal Replication and Kinetochore
Metaphase Signaling canonical pathways (Table S8).
Taken together, our data highlighted significant enrich-
ment in cell cycle processes as the hallmark of TPX2Meh
and TTK"" COAD.

Construction of TPX2/TTK enriched networks and their
drug interactions

We subsequently sought to identify the TPX2 and TTK
enriched network in CRC and explore their therapeu-
tic potential, given the limited number of small molecule
inhibitors targeting both genes. Data presented in Figs. 6
and 7 had identified 498 genes associated with TPX2 or
TTK expression in COAD (Table S9). To explore the ther-
apeutic potential of TPX2/TTK enriched networks, we
retrieved essentiality gene data from CRISPR-Cas9 func-
tional screening in CRC cell models from the Achilles pro-
ject [24]. Data presented in Fig. 8a depicts the gene effect
score for each of the identified gene targets in a panel of
CRC cell models. We subsequently explored the Drug Gene
Interaction Database and identified currently available
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SiTPX2

i
Fig. 4 Effects ofTPXZ and TTK depletlon on 3D organ0|d formatlon of CRC cells. Representatlve images of organoid formation by CRC cell models
post-siRNA-mediated knockdown of TPX2 and TTK, compared to siRNA control treated cells. Cells were imaged on day 7 post transfection

small molecule inhibitors targeting genes from the TPX2/
TTK network (Table S10). Our analysis identified three
currently available drugs targeting TTK, however no drugs
were found to target TPX2 (Fig. 8b). Nonetheless, our anal-
ysis identified numerous drugs targeting other components
of the TPX2/TTK network, including small molecules tar-
geting AURKA, TOP2A, CDK1, ADRM1, TOP1, PSMA?7,
RRM2, KIF11, CHEK1, CDC7, XPO1, PPAT, PLK4, and
BIRC5 (Fig. 8b), suggesting targeting those genes as an
alternative therapeutic strategy for CRC.

Structural modeling and molecular docking of TTK
interacting drugs

To provide more in-depth understanding of the inter-
action between TTK and the three identified drugs
(BAY-1161909 (Bay-11); BAY-1217389 (Bay-12); and
Hesperadin (HES)), molecular docking simulations were
employed to predict the binding affinity and modes of
ligands within the active site of TTK. Our results reveal
unique binding poses for each drug and shed light on
their potential interactions with TTK kinase (Fig. 9a-f).
Zoomed images of the interactions between the three
drugs and TTK are shown in Fig. S5. All three molecules
demonstrated a strong binding interaction with TTK
kinase with Bay-11, Bay-12, and HES exhibiting an affin-
ity of -12.08, -11.84, and -13.49 kcal/mol respectively.
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Based on our investigation, HES exhibited the highest
binding affinity and most favorable fit, suggesting stable
interactions within TTK active site.

Discussion

Given the aggressive nature and limited therapeutic
options for CRC, in this study, we explored the thera-
peutic potential of several candidate genes identified

through our differential expression analysis of CRC and
adjacent unaffected tissue [4, 6, 7]. Our current data
identified TPX2, TTK, DDX39A, and LRP8 as essen-
tial genes in CRC, where targeted depletion of those
genes impaired cell proliferation, 3D organoid forma-
tion, and cell cycle progression. Transcriptomic profil-
ing of TPX2 and TTK depleted CRC cells corroborated
a role for both genes in cell cycle regulation, which was
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further validated in a large cohort of COAD transcrip-
tomic data from the TCGA dataset.

TPX2, encoded by the TPX2 gene, is one of the spin-
dle assembly factors and plays a key role in microtu-
bule assembly during the M phase of the cell cycle.
TPX2 recruits a plus-end directed motor protein, Xlp2,
a protein that is required in early mitosis and localizes

to spindle poles, to microtubule minus ends of asters.
Because of its integral role in microtubule assembly and
therefore mitosis, TPX2 is found to be overexpressed
in different types of human cancers including hepato-
cellular carcinoma [25], medullary thyroid cancer [26],
bladder carcinoma [27, 28], prostate cancer [29] and
estrogen receptor-positive metastatic breast cancer [30],



Shaath et al. Cell Communication and Signaling (2023) 21:265 Page 12 of 17

a 2-
o+
(S
G— . :
(]
b BAY-1217389
TOPOTECAN BAY-1161909
IRINOTECAN IRINOTECAN
SUCROSOFATE
IRINOTECAN ETIRINOTECAN PEGOL
HYDROCH%
HYDRATE MLNgpOS4 RG1530
BARASERTIB / \ /
HESPERADIN TAP)
JINJ-7708621 OZASERTIB GATARBRSEN
DANUSERTIB l
BECATECARIN | o usiciN
DAUNGRUBICIN HYDROGHLORIDE
ENMD-981693
HYDROCHLORIDE ETOPOSIDE
ILORASERTIB LITRONESIE
ENMD-2076 AMGZ900
ETOPOSIDE PHOSPHATE SELINEXOR
MITOXANTRONE ALISERTIB
HYDROCHL

PREXASERTIB ‘
RABUSERTIB
RG-760:

AZD-4877 OPRQZOMIB

DEXRAZOXANE

RA
2
ALl
HYDROCHLORIDE UCN-01
AMRUBICIN XL-844
AMSACRINE  11yDROCHLORIDE / ‘

CHEMBL2203843—

ALSTERPAULLONE l\RZﬂ-7762
DINACICLIB
SCH-900776

RG-547

AZD5438
PF-00477736
RIVICICLIB RG@r41
LY-2¢
ZOTIRACICLIB QP63cs IXAZOMIB CITRATE

RGB 286638
o MARIZOMIB
AZATHIOPRINE
ATZ BORTEZOMIB
/ RONIGICLIB MERCAPTOPURINE
GEMCITABINE
CHIRG8021 ACHB322 CLADRIBINE

ALVOCIDIB
SELICICLIB
GALLIUM NITRATE
MiLCICLIB

SIMUROSERTIB /
NMS-1116354 RXDB103 TEZAGITABINE
\ \\//sBM-seazss

Fig. 8 CRC dependency map and their drug interactions in TPX2/TTK enriched networks. a Dot plot illustrating the essentiality of 498 identified
genes from TPX2/TTK enriched networks, employing CRISPR-Cas9 functional screening data. X-axis represent the gene, y-axis resent the gene effect
score, while each dot represents a single CRC cell model. b Network illustrating the interaction between the indicated genes and corresponding
drugs retrieved from the drug-gene interaction database

CAREILZOMIB

AZATHIOPRINE SODIUM

FLUDARABINE

\/PHO'SF'HATE

CLOFARABINE

HYDROXYUREA GEMCITABINE
HYDROCHLORIDE




Shaath et al. Cell Communication and Signaling (2023) 21:265 Page 13 of 17

Q

BAY-1161909

(¢}

BAY-1217389

(1]

Hesperadin

Fig.9 Structural modeling and molecular docking of TTK interacting drugs. Docking pose of TTK protein in gold with the corresponding drugs
in cyan (a) Bay-11, ¢ Bay-12 and e HES. 2D plots of receptor-ligand interactions are shown with their amino acid positions represented as beads

for (b) Bay-11, d Bay-12 and f HES. Hydrophobic amino acids (Ala, Met, Val, Leu, lle, Phe) in green, other amino acids in pink while charged amino
acids (Asp, Glu, Lys, Arg) are presented with dark rings

contributing to tumor growth and metastasis. In one normal tissue. TPX2 overexpression also correlated with
study, TPX2 was significantly overexpressed in 129 of clinical staging, vessel invasion, metastasis, and worse
203 (60.8%) CRC metastatic lesions when compared to  overall and metastasis free survival [8]. Such differential
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expression of TPX2 offers a therapeutic window in CRC.
Consistent with our findings, TPX2 suppression inhibited
proliferation and tumorigenicity, migration and invasion
ability of CRC cells both in vitro and in vivo; mechanisti-
cally associated with AKT-mediated MMP2 activity [8].
Our recent data also implicated a role for TPX2 in tri-
ple negative breast cancer (TNBC) [31]. Concordantly,
Matson et al., reported high TPX2 nuclear expression to
strongly correlate with high-grade morphology, elevated
clinical stage, negative ER and PR status, and with both
disease-specific and overall survival. Increased TPX2
nuclear expression was also correlated with elevated
ploidy, supernumerary centrosomes, and TP53 mutation
[32].

The elevated expression of TPX2 was also reported in
multiple cancer types. For instance, high TPX2 expres-
sion correlated with poor prognosis in prostate cancer.
Depletion of TPX2 significantly inhibited cell viability
and migration in vitro as well as tumor growth in vivo.
Interestingly, the observed phenotypic changes were
restored after rescuing TPX2, which could be further
inhibited using the CDK1 inhibitor, RO-3306 [33].
Employing multiple datasets, elevated expression of
TPX2 was implicated in multiple cancer types, including
Hepatic cell cancer [34], lung adenocarcinoma [35], and
non-small cell lung cancer [36], thus corroborating an
essential function for TPX2 in multiple cancers.

The second investigated gene in our study, TTK,
encodes a dual protein kinase that can phosphorylate
tyrosine, serine and threonine residues, first identified
through screening T cell expression libraries with anti-
phosphotyrosine antibodies. TTK is a highly conserved
kinase with the highest expression in highly prolifera-
tive cells such as the testis and thymus [37]. Survival and
tumor recurrence data related to TTK expression lev-
els in gastric cancer patients found TTK expression to
negatively correlate with survival and tumor recurrence,
while the knockdown of TTK inhibited proliferation and
increased apoptosis. Mechanistically, TTK was found to
regulate the proliferation and apoptosis of tumor cells
through the Akt-mTOR pathway, where TTK knock-
down inhibited its activation [38]. Due to its essential
role in chromosome alignment at the centromere during
mitosis and its requirement for centrosome duplication,
high TTK expression was observed in multiple cancer
types, including neuroblastoma, where TTK was associ-
ated with poor overall survival. Silencing TTK promoted
cell apoptosis via the caspase-dependent mitochondrial
apoptotic pathway, where cells underwent mitotic catas-
trophe following polyploidization/aneuploidization [39].
Interestingly, we observed similar findings in CRC, where
TTK depleted cells were largely apoptotic and showed an
increased percentage of polyploidy. Other studies also
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reported elevated expression of TTK in prostate cancer
[40] and lung adenocarcinomas [41].

Our gene-drug interaction analysis identified three
drugs targeting TTK, namely: BAY-1161909, BAY-
1217389, and Hesperadin. Modeling and docking anal-
yses revealed strong interactions between the three
identified drugs and TTK. Interestingly, BAY-1161909,
BAY-1217389 were previously shown to exhibit anti-
tumor activity against multiple cancer models in vitro
and in vivo as single agent or in combination with pacli-
taxel [42, 43]. Although identified as a TTK inhibitor in
this study, Hesperadin was previously shown to suppress
tumorigenicity through inhibition of Aurora B kinase [44,
45]. Inhibition of TTK via siRNA or CFI-402257, a highly
selective TTK inhibitor, promoted apoptosis and inhib-
ited cell proliferation. Such TTK inhibitors are currently
being evaluated in clinical trials in TNBC due to their
effect on inducing apoptosis and potentiating aneuploidy,
possibly through the accelerated progression through
mitosis, thus inducing mitotic segregation errors [46].
In addition, CFI-402257-mediated inhibition of TTK in
malignant mesothelioma in vitro resulted in overturning
the mitotic checkpoint, premature progression through
mitosis, marked aneuploidy and mitotic catastrophe [47].
In another study, oral administration of CFI-402257 as
single agent or in combination with anti-programmed
cell death 1 (PD-1) antibody was proven efficient at
tumor inhibition and was well tolerated in mouse models
[48]. This small molecule inhibitor is currently in clinical
testing as a single agent in advanced solid tumors and in
combination with Fulvestrant in advanced breast cancer
patients. Additionally, BOS172722, a potent TTK inhibi-
tor, is currently being investigated in a Phase 1/1b study
in combination with Paclitaxel in patients with advanced
solid malignancies (https://clinicaltrials.gov/). Another
small-molecule inhibitor, NMS-P715 has previously been
shown to inhibit TTK expression in medulloblastoma,
resulting in suppression of cell growth and clonogenic
potential, as well as induction of apoptosis, further reaf-
firming our findings from the current study [49]. There
are limited studies on TTKs’ role specifically in CRC,
however, one study by Zhang et al.,, found TTK expres-
sion to be higher in CRC patients than in normal tissues,
which was related to the unfavorable prognosis of these
patients. Their study showed that TTK could activate the
PKCa/ERK1/2 signaling pathway to influence prolifera-
tion and inactivate the PI3K/AKT pathway to inhibit the
expression of MUC2 and TFF3. In basal-like breast can-
cer, genetic and pharmacological inhibition of TTK was
found to radiosensitize cancerous cells through inhibi-
tion of homologous recombination [50].

Our gene set enrichment analysis revealed TPX2 and
TTK not to work alone, but through a very intricate and
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complex network involving multiple partners. While cur-
rently, there are no available drugs to target TPX2, our
gene set enrichment analysis identified numerous players
within the TPX2/TTK network. Exploring the druggabil-
ity of genes from the TPX2/TTK network, we identified
several potentially therapeutic targets in CRC, includ-
ing AURKA, TOP2A, CDK1, ADRM1, TOP1, PSMA?7,
RRM2, KIF11, CHEK1, CDC7, XPO1, PPAT, PLK4, and
BIRCS5. In line with those observations, Sillars-Hardebol
et al., identified TPX2 and AURKA as two genes located
on distinct regions of chromosome 20q that promote 20q
amplicon-driven progression of colorectal adenoma to
carcinoma [51], concordant with our network analysis.
Several of the identified drugs in this study are currently
in clinical testing for different cancer types [52]. Wu
et al.,, reported targeting of the AURKA-CDC25C axis
to induce synthetic lethality in ARID1A-deficient CRC
cells in vitro and in vivo [53]. Numerous other studies
explored the therapeutic benefits of topoisomerase inhib-
itors [54, 55]. While currently there are no such clinical
trials for CRC, our data suggests targeting TOP2A, as
well as the other identified druggable targets, as a poten-
tial therapeutic strategy for CRC.

Conclusions

Our data, in line with published literature, revealed TPX2
and TTK as CRC essential genes and revealed a complex
network involving both genes in patient-derived tumors.
Therapeutic targeting of TPX2 and TTK impaired CRC
proliferation, colony formation, and growth under 3D
conditions. Employing multiple approaches and through
integration with patients’ derived transcriptomic data, we
identified numerous actionable gene targets based on the
TPX2/TTK network, and suggested their potential use in
the clinical management of CRC, which warrants further
investigations under preclinical and clinical settings.
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Pl Propidium iodide

AO Acridine orange

EtBr Ethidium bromide
COAD  Colon adenocarcinoma
GO Gene ontology

Page 150f 17

PPI Protein—protein interaction
TNBC Triple negative breast cancer
Bay-11  BAY-1161909

Bay-12 BAY-1217389

HES Hesperadin

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512964-023-01290-2.

Additional file 1: Table S1. The source of 3D structures of TTK and three
interacting drugs.

Additional file 2: Table S2. Percentage of cells at each stage of the cell
cycle in cells depleted of TPX2, TTK, DDX39A and LRPS.

Additional file 3: Table S3. Differentially expressed gene in HT-29 trans-
fected with siTPX2 (2.0 FC, FDR < 0.05).

Additional file 4: Table S4. Differentially expressed gene in HT-29 trans-
fected with siTTK (2.0 FC, FDR < 0.05).

Additional file 5: Table S5. Differentially expressed gene in HCT116
transfected with siTPX2 (2.0 FC, FDR < 0.05).

Additional file 6: Table S6. Differentially expressed gene in HCT116
transfected with siTTK (2.0 FC, FDR < 0.05).

Additional file 7: Table S7. Canonical pathway enrichment in differ-
entially expressed genes in TPX2 high vs TPX2 low COAD. Analysis was
conducted using IPA.

Additional file 8: Table S8. Canonical pathway enrichment in dif-
ferentially expressed genes in TTK high vs TTK low COAD. Analysis was
conducted using IPA.

Additional file 9: Table S9. List of enriched genes in TPX2 and TTK
network.

Additional file 10: Table $S10. Gene-Drug interactions for 198 essential
genes identified through integration of TPX2/TTK network and CRISPR-
Cas9 functional screen data from CRC cell models.

Additional file 11: Figure S1. Stage plot. Stage plot correlating the
expression of the indicated genes as function of COAD disease stage (, Il,
Ill,and IV). F and p values are indicated on each plot.

Additional file 12: Figure S2. Overall Survival (OS) analysis. The eight
genes identified in current study were subjected to Kaplan-Myer survival
analysis in a cohort of 270 patients with COAD from TCGA. Patients were
divided according to median gene expression. The log-rank test was used
for curve comparison.

Additional file 13: Figure S3. Disease-free Survival (DFS) analysis. The
eight genes identified in current study were subjected to Kaplan-Myer
survival analysis in a cohort of 270 patients with COAD from TCGA.
Patients were divided according to median gene expression. The log-rank
test was used for curve comparison.

Additional file 14: Figure S4. Effect of targeted depletion of UBE2C,
CDCA7, MELK, and NFE2L3 on CFU potential of CRC cells.

Additional file 15: Figure S5. Structural modeling and molecular dock-
ing. lllustration of the interaction between TTK and BAY-1161909 (a),
BAY-1217389 (b), and Hesperadin (c). Pymol was employed to visualize the
docking results.

Acknowledgements
We thank Dr. Khalid Ouararhni and QBRI genomic core for performing NGS.

Authors’ contributions

H.S. performed most of experiments and wrote first draft; RV. and RE.
performed experiments and edited manuscript; D.V. and PV.J. performed
structural modeling and molecular docking analysis; NMA conceptualized
the study, performed bioinformatics analysis, project administration, funding
acquisition and reviewed and finalized the manuscript.


https://doi.org/10.1186/s12964-023-01290-2
https://doi.org/10.1186/s12964-023-01290-2

Shaath et al. Cell Communication and Signaling (2023) 21:265

Funding
This work was supported by the Intramural Grant Program (IGP5-2022-006)
fund from Qatar Biomedical Research Institute (QBRI) for Nehad M. Alajez.

Availability of data and materials
All data are available in supplementary figures. Additional data can be pro-
vided upon request from the corresponding author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All contributing authors agree to publish this manuscript.

Competing interests
The authors declare no competing interests.

Author details

'Translational Cancer and Immunity Center (TCIC), Qatar Biomedical Research
Institute (QBRI), Hamad Bin Khalifa University (HBKU), Qatar Foundation (QF),
PO Box 34110, 00000 Doha, Qatar. °College of Health & Life Sciences, Hamad
Bin Khalifa University (HBKU), Qatar Foundation (QF), Doha, Qatar.

Received: 12 June 2023 Accepted: 21 August 2023
Published online: 28 September 2023

References

1. Davis LE. The evolution of biomarkers to guide the treatment of meta-
static colorectal cancer. Am J Manag Care. 2018;24:5107-17.

2. Van Cutsem E, Lenz HJ, Kohne CH, Heinemann V, Tejpar S, Melezinek
I, Beier F, Stroh C, Rougier P, van Krieken JH, Ciardiello F. Fluorouracil,
leucovorin, and irinotecan plus cetuximab treatment and RAS mutations
in colorectal cancer. J Clin Oncol. 2015;33:692-700.

3. XieYH, ChenYX, Fang JY. Comprehensive review of targeted therapy for
colorectal cancer. Signal Transduct Target Ther. 2020;5:22.

4. Vishnubalaji R, Hamam R, Abdulla MH, Mohammed MA, Kassem M,
Al-Obeed O, Aldahmash A, Alajez NM. Genome-wide mRNA and miRNA
expression profiling reveal multiple regulatory networks in colorectal
cancer. Cell Death Dis. 2015,6:e1614.

5. Elsafadi M, Manikandan M, Almalki S, Mahmood A, Shinwari T, Vish-
nubalaji R, Mobarak M, Alfayez M, Aldahmash A, Kassem M, Alajez
NM. Transgelin is a poor prognostic factor associated with advanced
colorectal cancer (CRC) stage promoting tumor growth and migration in
a TGFbeta-dependent manner. Cell Death Dis. 2020;11:341.

6.  Shaath H, Toor SM, Nair VS, Elkord E, Alajez NM. Transcriptomic analyses
revealed systemic alterations in gene expression in circulation and
tumor microenvironment of colorectal cancer patients. Cancers (Basel).
2019;11:1994.

7. Shaath H, Toor SM, Nada MA, Elkord E, Alajez NM. Integrated whole tran-
scriptome and small RNA analysis revealed multiple regulatory networks
in colorectal cancer. Sci Rep. 2021;11:14456.

8. WeiP Zhang N, Xu Y, Li X, Shi D, Wang Y, Li D, Cai S. TPX2 is a novel
prognostic marker for the growth and metastasis of colon cancer. J Transl
Med. 2013;11:313.

9. Takahashi, Sheridan P, Niida A, Sawada G, Uchi R, Mizuno H, Kurashige J,
Sugimachi K, Sasaki S, Shimada 'Y, et al. The AURKA/TPX2 axis drives colon
tumorigenesis cooperatively with MYC. Ann Oncol. 2015;26:935-42.

10. Zhang L, Jiang B, Zhu N, Tao M, Jun'Y, Chen X, Wang Q, Luo C. Mitotic
checkpoint kinase Mps1/TTK predicts prognosis of colon cancer patients
and regulates tumor proliferation and differentiation via PKCalpha/
ERK1/2 and PI3K/Akt pathway. Med Oncol. 2019;37:5.

11. Shaath H, Vishnubalaji R, Elango R, Khattak S, Alajez NM. Single-cell long
noncoding RNA (IncRNA) transcriptome implicates MALATT in triple-
negative breast cancer (TNBC) resistance to neoadjuvant chemotherapy.
Cell Death Discov. 2021;7:23.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

2.

Page 16 of 17

Kramer A, Green J, Pollard J Jr, Tugendreich S. Causal analysis approaches
in ingenuity pathway analysis. Bioinformatics. 2014;30:523-30.

. Vishnubalaji R, Abdel-Razeq H, Gehani S, Albagha OM, Alajez NM.

Identification of a gene panel predictive of triple-negative breast cancer
response to neoadjuvant chemotherapy employing transcriptomic and
functional validation. Int J Mol Sci. 2022;23:10901.

. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-

seq quantification. Nat Biotechnol. 2016;34:525-7.

. Emig D, Salomonis N, Baumbach J, Lengauer T, Conklin BR, Albrecht M.

AltAnalyze and DomainGraph: analyzing and visualizing exon expression
data. Nucleic Acids Res. 2010;38:W755-762.

Elango R, Rashid S, Vishnubalaji R, Al-Sarraf R, Akhtar M, Ouararhni K, Decock
J, Albagha OME, Alajez NM. Transcriptome profiling and network enrichment
analyses identify subtype-specific therapeutic gene targets for breast cancer
and their microRNA regulatory networks. Cell Death Dis. 2023;14:415.

. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun'Y,

Jacobsen A, Sinha R, Larsson E. Integrative analysis of complex cancer
genomics and clinical profiles using the cBioPortal. Sci Signal. 2013;6:pl1.

. Tang Z,Kang B, Li C, ChenT, Zhang Z. GEPIA2: an enhanced web server

for large-scale expression profiling and interactive analysis. Nucleic Acids
Res. 2019;47:W556-60.

. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin

N, Schwikowski B, Ideker T. Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res.
2003;13:2498-504.

Vishnubalaji R, Alajez NM. Epigenetic regulation of triple negative breast
cancer (TNBC) by TGF-beta signaling. Sci Rep. 2021;11:15410.

O'Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, Hutchison
GR. Open Babel: an open chemical toolbox. J Cheminform. 2011;3:33.
Innis CA. siteFINDER|3D: a web-based tool for predicting the location of
functional sites in proteins. Nucleic Acids Res. 2007;35:W489-494.

Vilar S, Cozza G, Moro S. Medicinal chemistry and the molecular operat-
ing environment (MOE): application of QSAR and molecular docking to
drug discovery. Curr Top Med Chem. 2008;8:1555-72.

Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS,
Gill S, Harrington WF, Pantel S, Krill-Burger JM. Defining a cancer depend-
ency map. Cell. 2017;170:564-76 e516.

Zhang P, Feng J, Wu X, Chu W, Zhang Y, Li P. Bioinformatics analysis of can-
didate genes and pathways related to hepatocellular carcinoma in China:
a study based on public databases. Pathol Oncol Res. 2021;27:588532.
Yang X, Liu G, Xiao H, Yu F, Xiang X, Lu Y, Li W, Liu X, Li S, Shi Y. TPX2 over-
expression in medullary thyroid carcinoma mediates TT cell proliferation.
Pathol Oncol Res. 2014,20:641-8.

Yan L, Li Q Yang J, Qiao B. TPX2-p53-GLIPR1 regulatory circuitry in cell
proliferation, invasion, and tumor growth of bladder cancer. J Cell Bio-
chem. 2018;119:1791-803.

Yan L, Li S, Xu C, Zhao X, Hao B, Li H, Qiao B. Target protein for Xklp2
(TPX2), a microtubule-related protein, contributes to malignant pheno-
type in bladder carcinoma. Tumour Biol. 2013;34:4089-100.

Pan HW, Su HH, Hsu CW, Huang GJ, Wu TT. Targeted TPX2 increases chro-
mosome missegregation and suppresses tumor cell growth in human
prostate cancer. Onco Targets Ther. 2017;10:3531-43.

Geiger TR, Ha NH, Faraji F, Michael HT, Rodriguez L, Walker RC, Green

JE, Simpson RM, Hunter KW. Functional analysis of prognostic gene
expression network genes in metastatic breast cancer models. PLoS One.
2014;,9:¢111813.

Elango R, Vishnubalaji R, Shaath H, Alajez NM. Molecular subtyping and
functional validation of TTK, TPX2, UBE2C, and LRP8 in sensitivity of TNBC
to paclitaxel. Mol Ther Methods Clin Dev. 2021;20:601-14.

Matson DR, Denu RA, Zasadil LM, Burkard ME, Weaver BA, Flynn C, Stuken-
berg PT. High nuclear TPX2 expression correlates with TP53 mutation and
poor clinical behavior in a large breast cancer cohort, but is not an inde-
pendent predictor of chromosomal instability. BMC Cancer. 2021;21:186.
Zhang B, Zhang M, Li Q, Yang Y, Shang Z, Luo J. TPX2 mediates prostate
cancer epithelial-mesenchymal transition through CDK1 regulated
phosphorylation of ERK/GSK3beta/SNAIL pathway. Biochem Biophys Res
Commun. 2021;546:1-6.

Zhu H, Liu J, Feng J, Zhang Q, Bian T, Li X, Sun H, Zhang J, Liu Y. Over-
expression of TPX2 predicts poor clinical outcome and is associated



Shaath et al. Cell Communication and Signaling

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

(2023) 21:265

with immune infiltration in hepatic cell cancer. Medicine (Baltimore).
2020;99:e23554.

Huo C, Zhang MY, Li R, Zhou XJ, Liu TT, Li JP, Liu X, Qu YQ. Comprehensive
analysis of TPX2-related ceRNA network as prognostic biomarkers in lung
adenocarcinoma. Int J Med Sci. 2020;17:2427-39.

Zhou F, Wang M, Aibaidula M, Zhang Z, Aihemaiti A, Aili R, Chen H,

Dong S, Wei W, Maimaitiaili A. TPX2 promotes metastasis and serves as a
marker of poor prognosis in non-small cell lung cancer. Med Sci Monit.
2020,26:€925147.

Mills GB, Schmandt R, McGill M, Amendola A, Hill M, Jacobs K, May C,
Rodricks AM, Campbell S, Hogg D. Expression of TTK, a novel human
protein kinase, is associated with cell proliferation. J Biol Chem.
1992;267:16000-6.

Huang H, Yang Y, Zhang W, Liu X, Yang G. TTK regulates proliferation and
apoptosis of gastric cancer cells through the Akt-mTOR pathway. FEBS
Open Bio. 2020;10:1542-9.

Simon Serrano S, Sime W, Abassi Y, Daams R, Massoumi R, Jemaa M.
Inhibition of mitotic kinase Mps1 promotes cell death in neuroblastoma.
Sci Rep. 2020;10:11997.

Chen S, Wang J, Wang L, Peng H, Xiao L, Li C, Lin D, Yang K. Silencing TTK
expression inhibits the proliferation and progression of prostate cancer.
Exp Cell Res. 2019;385:111669.

Zheng L, Chen Z, Kawakami M, Chen Y, Roszik J, Mustachio LM, Kurie JM,
Villalobos P, Lu W, Behrens C, et al. Tyrosine threonine kinase inhibition
eliminates lung cancers by augmenting apoptosis and polyploidy. Mol
Cancer Ther. 2019;18:1775-86.

Wengner AM, Siemeister G, Koppitz M, Schulze V, Kosemund D, Klar U,
Stoeckigt D, Neuhaus R, Lienau P, Bader B, et al. Novel Mps1 Kinase inhibi-
tors with potent antitumor activity. Mol Cancer Ther. 2016;15:583-92.
Schulze VK, Klar U, Kosemund D, Wengner AM, Siemeister G, Stockigt D,
Neuhaus R, Lienau P, Bader B, Prechtl S, et al. Treating cancer by spindle
assembly checkpoint abrogation: discovery of two clinical candidates,
BAY 1161909 and BAY 1217389, targeting MPS1 Kinase. J Med Chem.
2020;63:8025-42.

Wavelet-Vermuse C, Odnokoz O, Xue 'Y, Lu X, Cristofanilli M, Wan Y.
CDC20-Mediated hnRNPU ubiquitination regulates chromatin condensa-
tion and anti-cancer drug response. Cancers (Basel). 2022;14:3732.
Zhang Y, Wu J, FuY,Yu R, Su H, Zheng Q Wu H, Zhou S, Wang K, Zhao J.
Hesperadin suppresses pancreatic cancer through ATF4/GADDA45A axis at
nanomolar concentrations. Oncogene. 2022;41:3394-408.

Thu KL, Silvester J, Elliott MJ, Ba-Alawi W, Duncan MH, Elia AC, Mer AS,
Smirnov P, Safikhani Z, Haibe-Kains B, et al. Disruption of the anaphase-
promoting complex confers resistance to TTK inhibitors in triple-negative
breast cancer. Proc Natl Acad Sci U S A. 2018;115:E1570-7.

Szymiczek A, Carbone M, Pastorino S, Napolitano A, Tanji M, Minaai M,
Pagano |, Mason JM, Pass HI, Bray MR, et al. Inhibition of the spindle
assembly checkpoint kinase Mps-1 as a novel therapeutic strategy in
malignant mesothelioma. Oncogene. 2017,36:6501-7.

Mason JM, Wei X, Fletcher GC, Kiarash R, Brokx R, Hodgson R, Beletskaya |,
Bray MR, Mak TW. Functional characterization of CFI-402257, a potent and
selective Mps1/TTK kinase inhibitor, for the treatment of cancer. Proc Natl
Acad Sci U S A.2017;114:3127-32.

Alimova I, Ng J, Harris P, Birks D, Donson A, Taylor MD, Foreman NK, Ven-
kataraman S, Vibhakar R. MPS1 kinase as a potential therapeutic target in
medulloblastoma. Oncol Rep. 2016;36:2633-40.

Chandler BC, Moubadder L, Ritter CL, Liu M, Cameron M, Wilder-Romans
K, Zhang A, Pesch AM, Michmerhuizen AR, Hirsh N, et al. TTK inhibition
radiosensitizes basal-like breast cancer through impaired homologous
recombination. J Clin Invest. 2020;130:958-73.

Sillars-Hardebol AH, Carvalho B, Tijssen M, Belien JA, de Wit M, Delis-van
Diemen PM, Ponten F, van de Wiel MA, Fijneman RJ, Meijer GA. TPX2 and
AURKA promote 20q amplicon-driven colorectal adenoma to carcinoma
progression. Gut. 2012;61:1568-75.

Du R, Huang C, Liu K, Li X, Dong Z. Targeting AURKA in Cancer: molecu-
lar mechanisms and opportunities for Cancer therapy. Mol Cancer.
2021;20:1-27.

Wu C, Lyu J, Yang EJ, LiuY, Zhang B, Shim JS. Targeting AURKA-CDC25C
axis to induce synthetic lethality in ARID1A-deficient colorectal cancer
cells. Nat Commun. 2018;9:3212.

LiWP, Zhu T, Hu MX, Yang M, Ji F, Gao HF, Yang CQ, Zhang LL, Cheng

MY, Xu FP, Wang K. Comparison of the efficacy and safety of the EC-T

55.

Page 17 of 17

(epirubicin/cyclophosphamide followed by docetaxel) and TCb (doc-
etaxel/carboplatin) neoadjuvant regimens in early TOP2A-normal stage
[I-ll breast cancer. Neoplasma. 2020,67:1409-15.

Ejlertsen B, Tuxen MK, Jakobsen EH, Jensen MB, Knoop AS, Hojris |, Ewertz
M, Balslev E, Dano H, Vestlev PM, et al. Adjuvant cyclophosphamide and
docetaxel with or without epirubicin for early TOP2A-normal breast
cancer: DBCG 07-READ, an open-label, phase Ill, randomized trial. J Clin
Oncol. 2017;35:2639-46.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Therapeutic targeting of the TPX2TTK network in colorectal cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Transcriptomic profiling of CRC cohort
	Maintenance of cancer cell lines
	siRNA transfection of CRC cells
	Total RNA library preparation and NGS
	Bioinformatics and network analyses
	Colony Formation Unit (CFU) assay
	Cell cycle analysis using flow cytometry
	Detection of cell death using fluorescence microscopy
	3D organoid culture
	Retrieval of RNA-Seq data and bioinformatics analysis
	Construction of gene-drug interaction networks
	Structural modeling and molecular docking
	Statistical analyses

	Results
	Identification and functional validation of selected essential genes in CRC​
	Targeted depletion of TPX2, TTK, DDX39A, and LRP8 reduces CRC cell proliferation
	Effects of TPX2, TTK, DDX39A, and LRP8 depletion on CRC cell viability
	Suppression of TPX2 and TTK impairs CRC growth under 3D organotypic culture condition
	Transcriptional landscape of TPX2 and TTK depleted CRC cells
	Differential expression and gene set enrichment analysis in TPX2high and TTKhigh COAD
	Construction of TPX2TTK enriched networks and their drug interactions
	Structural modeling and molecular docking of TTK interacting drugs

	Discussion
	Conclusions
	Anchor 33
	Acknowledgements
	References


