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Abstract

Inflammatory bowel disease (IBD) has become a common global health problem as
prevalence continues to rise. It is often associated with increased risk of colorectal
cancer (CRC) development. Limitations in current IBD biomarker-based diagnosis
hinder the accuracy of early detection of CRC progression. Therefore, in this study,
we proposed the use of transcription factor (TF)-based biomarkers that can poten-
tially detect the transition of IBD to CRC. Various bioinformatic analysis and online
database validations, and RT-qPCR validations were performed to identify possible
diagnostic TFs. RUNXI was identified as a promising TF that regulates 106 IBD/
CRC-related genes. The incorporation of RUNXI in combination with currently
known IBD biomarkers, FEV+NFKBI1 + RELA, achieved a comparable sensitivity
and specificity scores of 99% and 87%, respectively, while RUNX! in combination
with known CRC markers, CEA+TIMPI1+ CA724+ CA199, achieved a sensitiv-
ity and specificity score of 97% and 99%, respectively. Furthermore, a small pilot
RT-qPCR-based analysis confirmed a demarcated shift in expression profiles in
CA724, CEA, RUNXI and TIMP] in IBD patients compared to CRC patients’ tissue
samples. Specifically, CA724 is noticeably elevated in IBD, while the levels of CEA,
RUNXI with TIMP1 are probable genes that may be employed in discerning IBD
progression to CRC. Therefore, these preliminary results once validated in large
patient cohorts could potentially have a significant impact on CRC disease stratifica-
tion, resulting in a more precise prediction for treatment and treatment outcomes,
especially in South African patients.
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Introduction

The progression to a global prevalence of inflammatory bowel disease (IBD)
spans a 250-year trajectory (Kaplan and Windsor 2021). Initially thought to be
confined to high income nations due to ethnic and geographical factors, shifting
epidemiological patterns displays an exponential increase in IBD cases particu-
larly in developing nations. Importantly, Sub-Saharan Africa is documented to be
the second most populus region in the world potentially leading to a public health
challenge in the near future (Watermeyer et al. 2020). IBD can be defined as an
idiopathic disorder of the gastrointestinal (GI) tract with two phenotypes; Crohn’s
disease (CD) and ulcerative colitis (UC) (Perler et al. 2019). CD leads to inflam-
mation that is known to affect multiple layers of the GI tract (most frequently the
ileum). Conversely, UC is characterized by inflammation limited to the mucosal
layer of colonic and rectal tissue (Barreiro-de Acosta et al. 2023). Symptoms
common to both conditions include diarrhoea, bowel urgency, abdominal pain,
GI bleeding and weight loss (Barreiro-de Acosta et al. 2023). The gold standard
protocol for the diagnosis of IBD is through an endoscopy (clinical intervention)
followed by tissue biopsy and histopathological analysis (Pagnini et al. 2021).
These methods are often complemented by radiological imaging approaches
including MRI, CT and ultrasonography (Shaban et al. 2022). Following diagno-
sis and an accurate assessment of disease severity, a treatment decision is made
and IBD patients are closely monitored to ascertain the severity of the inflamma-
tory lesions, disease progression and any further complications (Noiseux et al.
2019). Unfortunately, despite the benefits of existing IBD treatments, approxi-
mately 10-40% of patients present with primary non-responsiveness (Marsal
et al. 2022), with an estimated 23-46% of patients displaying non-responsiveness
after a 1-year treatment period (Cai et al. 2021). To combat this resistance, the
patient-specific treatment regimens require accurate patient stratification, the
use of effective biomarkers and the identification of the best clinical pathways
for different individuals (Denson et al. 2019). Additionally, chronic inflammatory
exposure of the intestinal mucosa plays a mechanistic role in the development
of IBD-related colorectal cancer (CRC) (Stidham and Higgins 2018). Chronic
persistent inflammation leads to the production of oxidative stress-induced DNA
damage promoting the formation of double-stranded breaks, leading to the accu-
mulation of replicative errors that contribute to the formation of a microsatellite
instable phenotype (Muller et al. 2020). The hampered fidelity of DNA integrity
further promotes the activation of tumour oncogenes and inactivation of tumour
suppressor genes. Driver genes that are frequently activated include APC, KRAS,
P53, PIK3CA, SMAD4, ARIDIA and MYC amongst others (Shah and Itzkowitz
2022). Consequently, P53 loss of heterozygosity is documented in more than 80%
of IBD-induced CRC patients and is postulated to be an early event in the trans-
formation to a cancerous state (Muller et al. 2020). Interestingly, loss of func-
tion to APC and KRAS is only documented in 15% and 20% of cases, respec-
tively, suggesting that IBD-induced CRC does not follow the classical APC
inactivation pathway towards carcinogenesis (Muller et al. 2020). Furthermore,
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the pro-inflammatory environment generated by the host immune response and
microbiome further exacerbate transformation to a neoplastic state by inducing
epigenetic alterations and consequent silencing of several Wnt/p-catenin-related
genes, suggesting their potential role in facilitating CRC development (Shah and
Itzkowitz 2022). Due to the strong link between inflammation and CRC develop-
ment, miR-26b was identified as a possible biomarker for inflammation-associ-
ated processes in the gastrointestinal system (Benderska et al. 2015; Farouk et al.
2023). However, the sensitivity and specificity of 12 miRNAs were reported to be
87% and 68.4%, respectively (Coleman and Kuwada 2024), and therefore, further
research is required.

Even though IBD-associated CRC accounts for 2% of all CRC cases, it con-
stitutes a major cause of death in IBD patients, amounting to 10-15% of all-
cause mortality (Stidham and Higgins 2018). It has been reported that patients
with chronic IBD have been found to have a greater chance of developing CRC,
where severe complications of long-term IBD are almost universally associated
with colitis-associated CRC (Zhou et al. 2023). This is further exacerbated by
the severity of inflammation and a family history of CRC (Taylor et al. 2020). It
is estimated that for every decade that a patient diagnosed with IBD lives, there
is an incremental increased risk of developing CRC, 2.9% after 10 years, 5.6%
after 20 years and 8.3% after 30 years (Taylor et al. 2020). From the above, it is
evident that the inflammation—dysplasia—carcinoma sequence of IBD-CRC is dis-
tinct from the classical-adenoma—adenocarcinoma sequence and confers a poorer
prognosis (Porter et al. 2021). This consequently highlights the incipient need
to develop accurate means of predicting disease trajectory to mitigate adverse
outcomes.

Over the last few decades, various biomarkers for IBD diagnosis have been
studied, and some of them are now used in clinical practice. The most commonly
employed tests assessing serum biomarkers of IBD include evaluating the levels of
C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) (Alghoul et al.
2022). CRP is an acute phase protein that is often upregulated under pro-inflamma-
tory conditions. Despite its widespread use in IBD diagnosis, CRP is upregulated in
the case of autoimmune disorders, infections, cardiovascular diseases, diabetes as
well as malignancies (Liu et al. 2022). Similar to CRP, ESR levels are also affected
by other inflammatory conditions and may be further influenced by physiological
factors such as age, gender and pregnancy status (Alghoul et al. 2022). In terms of
faecal-based biomarkers, these constitute faecal leukocyte proteins including calpro-
tectin, calgranulin C, lactoferrin and lipocalin-2, which are commonly employed for
IBD diagnosis. Faecal calprotectin and lactoferrin levels are increased due to the
increased presence of neutrophils in the GI tract of individuals diagnosed with IBD
(Ashton and Beattie 2024). Interestingly, lactoferrin plays a crucial role in regulat-
ing immune homeostasis and is upregulated in various inflammatory diseases and
cancers (Liu et al. 2022). Additionally, Calgranulin C is crucial to stimulating the
NFxp pathway leading to a pro-inflammatory environment but is also upregulated in
arthritis (Nakeeb et al. 2023). Lastly, lipocalin-2 is highly expressed by gut epithe-
lial cells in patients with IBD (Kim et al. 2022), thus challenging the sensitivity and
specificity of these markers.
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Although existing biomarkers have proven useful in differentiating IBD from
functional bowel disease, monitoring disease progression, the prediction of
recurrence and therapeutic efficacy, as well as clinical prognosis (Wagatsuma
et al. 2021), yet the sensitivity and specificity of these markers are influenced
by other co-existing disease modalities, whereas conventional diagnostic methods
are often invasive with limited sensitivity and incongruent with disease activity,
highlighting the crucial need to identify alternative biomarkers that may be useful
for early diagnosis (Dubinsky and Braun 2015; Scarpa et al. 2007). Additionally,
there are currently no biomarkers available that can monitor the progression of
IBD to CRC. To address this caveat, we focussed on transcription factor (TF)-
based markers as they accurately represent the dynamic regulatory mechanisms
that control disease-related gene expression and are more sensitive and informa-
tive for tracking disease development (Lee et al. 2019), therapy effectiveness and
personalized medicine approaches by collecting real-time information about a
cell’s reaction to changing conditions, as opposed to static gene markers (Dubi-
tzky et al. 2013). TFs regulate and control various gene sets, hence identifying
TFs that specifically regulate genes that are involved in IBD and leading to its
progression to CRC could serve as a potential way forward for early diagnosis or
prevention. In this study, to predict suitable biomarkers of IBD-related CRC, a
curated set of IBD genes was analysed, followed by the prediction of TFs poten-
tially controlling these IBD genes. In-silico validation of these biomarkers was
subsequently performed from online published databases using IBD and CRC
patient samples data. We utilized the combination of IBD and CRC biomarkers
to predict the early risk of disease progression from IBD to CRC and performed
validation of these biomarkers using in silico methods as well as a small number
of human patient-derived specimens.

Materials and Methods
Workflow: Identification and in Silico Validation of IBD and CRC Biomarkers

We previously curated IBDDB database (https://www.cbrc.kaust.edu.sa/ibd/)
(Khan et al. 2021) of IBD genes. The promoter sets of these genes were obtained
and evaluated using Eukaryotic Promoter Database (EPDnew) (http://epd.vital-it.
ch) (Dreos et al. 2015). The promoters were subsequently examined for TF binding
sites (TFBS), which would serve as a link between genes and the respective TFs that
regulates these genes. The promoter sequences’ TFBS were then linked to position
frequency matrices (PFMs) in mammalian matrix models using JASPAR database
(https://jaspar2020.genereg.net/) (Khan et al. 2018) and OProf tool from EPDnew
database. We then predicted CRC progression from IBD by combining the known
CRC biomarkers with a selected IBD marker, and validated the selected gene sig-
nature biomarker set by employing gene expression atlas database (Papatheodorou
et al. 2020) along with preliminary validation in South African tissue samples using
RT-qPCR.
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IBD Genes Data Source, Promoter Sets and TFBSs Mapping

We previously manually curated a set of 289 experimentally verified IBD genes,
which are published as IBDDB database (https://www.cbrc.kaust.edu.sa/ibd/) (Khan
et al. 2021). The IBD genes were analysed to identify (transcription start site (TSS))
in their promoters in EPDnew (https://epd.expasy.org/epd/) for Homo sapiens. Pro-
moters were selected using -1000 to + 200 (upstream and downstream from the TSS,
respectively) in FASTA format. Subsequently, motif occurrences profile around TSS
was generated along with the plot displaying frequency of occurrences of TATA box
using Oprof tool under signal search analysis (SSA) server (https://epd.expasy.org/
ssa/oprof.php). Position-specific scoring matrices (PSSM) were used to represent
the specificities of TF binding to their homologous DNA binding motifs. Position
weight matrices (PWMs) or PSSM score of >85% were selected as a threshold for
predicted binding sites for vertebrates in the JASPAR (https://jaspar2020.genereg.
net/) database (Khan et al. 2018; Fornes et al. 2020). OPOSSUM version 3.0 was
used to predict TFBSs (http://opossum.cisreg.ca/oposusum3/). Selection of potential
TFs was based on one-tailed fisher exact probability score and TFBSs profiles with
fisher exact test score >7 was used as a cut-off score (Ho Sui et al. 2007).

Functional Annotation

Enrichment of IBD genes based on their annotated functions was performed using
Database for Annotation, Visualization and Integrated Discovery (DAVID, https://
david.nciferf.gov) (Dennis et al. 2003) and Kyoto Encyclopaedia of Genes and
Genomes (KEGG) database release 100.0, October 1, 2021 (https://www.kegg.jp)
(Kanehisa and Goto 2000).

CRC-Related Biomarkers

Four biomarkers carcinoembryonic antigen (CEA), tissue inhibitor of metallopro-
teases 1 (TIMP1), cancer antigen 724 (CA724) and cancer antigen 199 (CA199)
related to CRC were selected that are either in the clinical practice or have a plethora
of published literature emphasizing their role as biomarkers of CRC. These bio-
markers were used for in silico validation as explained below and were also sub-
jected to preliminary experimental validation using RT-qPCR on samples collected
from South African individuals.

IN SILICO Validation of Biomarkers, Gene Expression Profiling and Survival
Analysis

Datasets Gaedcke colorectal, Grauden’s colon, Hong colorectal and Ki colon
(Graudens et al. 2006; Ki et al. 2007; Gaedcke et al. 2010; Hong et al. 2010)
from the ONCOMINE database (https://www.oncomine.org/) were used to vali-
date the predicted biomarkers. To assess the difference in gene expression levels
between normal and tumour tissues, Colon Adenocarcinoma (COAD) and Rectal
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Adenocarcinoma (READ) datasets were employed. Additionally, these datasets were
also compared to The Cancer Genome Atlas Programme (TCGA) normal tissue
database and the Genotype-tissue Expression database (GTEX) (https://www.ebi.ac.
uk/gxa/home). The Overall Survival (OS) and Disease-Free Survival (DFS) plots
were generated using COAD-READ datasets with survival plot extension tool by
GEPIA 2 (http://gepia2.cancer-pku.cn/#analysis). Metatranscriptome Meta-Analysis
(IBD TaMMA) platform was used to generate RUNX! and TIMP1 expression graphs
in UC, CD and normal samples. The online database included a comprehensive col-
lection of 3,853 publicly available RNA-Seq datasets from 26 independent stud-
ies performed on IBD-derived and control samples across different tissues (https://
ibd-meta-analysis.herokuapp.com/) (Massimino et al. 2021). The expression levels
of RUNXI and TIMP1 in CRC were extracted from 2,137 tumour samples from 17
independent cohorts based on Affymetrix Human Genome U133A Arrays integrated
into Kaplan—Meier Plotter (Gyorfty 2024).

Statistical Evaluation of Biomarkers

Various parameters such as sensitivity or specificity of the markers (True Positive,
False positive, True Negative and False Negative), Likelihood ratio (LR), Positive
Predictive Value (PPV), pre- and post-test odds and receiver operating character-
istics (ROC) were calculated (Hoo et al. 2017; Ray et al. 2010; Saah and Hoover
1997; Shreffler and Huecker 2020), and interpretations were made according to
Table S1 in Supplementary file 1.

Combination of Multiple Biomarkers
To calculate the combined sensitivity and specificity of the identified biomarker

sets, the following formulae were used (Parikh et al. 2008):
For Sensitivity Test=

1= (1= SEN gropmrxert )X (1= SEN grosarxra )X (1= SEN proymrxirs )

For Specificity Test=

1- (1 - SPECBIOMARKERI))((1 - SPECBIOMARKERZ))((1 - SPECBIOMARKER3)

Data with CI>95% were selected for further analysis (Schober et al. 2018).

Validation of Selected TFs in Patient Colorectal Samples

Sample Collection: Normal, IBD and CRC

Patients (IBD and CRC) and for normal samples, the patients undergoing rou-
tine colonoscopies and colon-related procedures were consented and small biop-

sies (2 mm?) and cancer tissue were collected at the Wits Donald Gordon Medi-
cal Centre (Parktown, Johannesburg) after approval from the human research
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ethics committee (Medical), University of the Witwatersrand (Clearance Number:
M170391, M210233). Signed informed consent forms were obtained from each par-
ticipant prior to use.

RNA Extraction, cDNA synthesis, qPCR

RNA was extracted from patient-derived specimens using the RNeasy Mini Kit
(Qiagen, Germany) as per the manufacturers protocol. First strand cDNA synthe-
sis was completed using the RevertAid First Strand cDNA Synthesis Kit (Ther-
moFisher Scientific, USA) according to the manufacturer’s protocol. RT-qPCR was
performed on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA)
using the Luna Universal gPCR Master Mix (New England Biolabs, USA) employ-
ing appropriate controls, where p-actin (ACTB) was used as a house keeping control.
Relative changes in mRNA expression were analysed using the 2722 method and
compared with the healthy control group. Statistical analysis employed included the
Kruskal-Wallis test to assess significance across all three patient groups (healthy,
IBD and CRC).

Results
Enrichment Analysis of IBD Genes

Functional enrichment through GO and KEGG pathway analysis was performed
on all 289 genes using Cluster profiler (Fig. 1). The enriched pathways with
p value<0.01 are represented in the plots. The most significant terms with p
value < 0.05 in biological processes was positive regulation of cytokine production,
while inflammatory response, T-Cell activation and adhesion were also enriched.
Additionally, cytokine-related molecular processes were found to be enriched, and
interestingly, KEGG pathways related to IBD and cancer (Jak-STAT, PD1-check-
point, and HIF-1 pathways) were enriched. This demonstrates the involvement of
multiple pathways intersecting IBD and cancer, and points towards the involvement
of IBD-related genes in promoting a cancer phenotype.

Identification of TFs Regulating IBD Genes as Putative Biomarkers for IBD

A total of 11 TFs were identified to have binding sites (with Fisher score of >7) in
289 IBD genes (Supplementary file 1, Table S2). Using a combination of a greater
number of gene hits and a higher Fisher score, seven biomarkers were selected for
downstream testing, and the results are presented in Table 1.

These TFs regulate a large number of IBD-related genes, for example, SPIB regu-
lates 154 out of 289 i.e. 53% of genes, while RUNX1 regulates 106 genes out of 289
genes, i.e. 36% of 289 IBD genes. Thus, the identified TFs can be considered at the
hub of the gene network linked to IBD. Therefore, the change in expression level of
one TF will affect the network of hundreds of genes linked with a disease.
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Fig. 1 GO annotations and KEGG enrichment Pathway analysis of 289 IBD-related genes Biological
processes,Cellular components,Molecular functions and KEGG Pathways found to be enriched. The size
of the black circles represents the relative number of genes showing enrichment of a process/pathway.
Red/blue bars represent the statistical significance at p<0.01 for KEGG pathways, whereas p <005 rep-

resents the significance cut-off for GO annotations

Table 1 Top-ranked seven

; Transcription fac-  Gene hits TFBS hits Fisher score

TFs regulating 289 IBD genes tors (TFs)

sorted by number of gene hits

and higher Fisher score (>7) as SPIB 154 593 11710

identified through OPOSSUM3 )
ELF5 136 401 9.706
SPI1 134 341 13.088
FEV 130 309 14.132
RUNX1 106 196 12.942
NFKB1 69 108 11.856
RELA 57 80 13.501

Diagnostic Parameters of Predicted IBD Biomarkers

An in-silico approach was used to confirm the role of selected TFs in the develop-
ment of the IBD and its progression through mining of biological databases such
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as ONCOMINE, TCGA and Gene Expression Atlas. Various parameters (Table 2)
were calculated. Out of seven biomarkers, RUNX1 had both high sensitivity and
specificity (77% and 66%, respectively) in comparison to other biomarkers (SPIB,
ELF5, SPI1, FEV, NFKB1 and RELA). Additional assessments on RUNX1 and
other predicted biomarkers of IBD, using various statistical tests such as LR, PPV,
NPV, accuracy, pre-test and post-test probability odds, and AUC indicated that
RUNX1 scored the highest test values among all the other biomarkers (Table 2) with
an AUCgqc value of 0.74, which exceeded the AUC values of the other IBD bio-
markers. The PPV value of this biomarker is high, 92% as compared to all the other
biomarkers. The LR is used to determine a diagnostic test’s efficacy and to assist
in the selection of the optimal diagnostic tests. LR has a significant advantage over
sensitivity and specificity in that it is less likely to modify with disorder prevalence
and may be used to aggregate the findings of many diagnostic tests to assess the
likelihood of a target disorder being diagnosed (Hayden and Brown 1999). The LR
for RUNX1 is LR+2.21 and LR- is 0.38. Here, LR- 0.38 indicates that value 0.38
decreases the probability of disease about 25% but it still presents a disease. As LR-
should be between 0 and 0.1 and not 1.0. It also suggests that a person without IBD
is about 3 times (= 1/0.38) more likely to have a negative test results than someone
with IBD (Mathioudakis et al. 2018). Hence considering all the aspects of a diag-
nostic biomarker, RUNX1 can be considered as a putative TF-based biomarker of
IBD.

Combination Evaluation of IBD Biomarkers

Although RUNXI1 displayed 77% sensitivity and 66% specificity (Table 2), it is still
insufficient to stratify patients. Therefore, to improve the accuracy of the diagnosis
of IBD, we tested various combinations of the biomarkers as shown in Table 3.

It is clear from Table 3 that the five biomarkers gene signature set (SPIB +ELF5
+ SPI1 + FEV + RUNX1) can provide better diagnosis with a sensitivity of 99% and
specificity of 95%.

We further validated the expression levels of the predicted seven IBD biomarkers
in patient samples through a manual search through Gene Expression Atlas Database
(https://www.ebi.ac.uk/gxa/home) as shown in Table 4. This table summarizes the rep-
resentative expression levels of genes/proteins in various sample types which can be
measured using various experimental techniques in both IBD and CRC samples, which
can vary among studies included in the database Interestingly, the expression of almost
all seven TF biomarkers was found to be increased in IBD while decreased in CRC
especially in CRC, depending on the sample type used, e.g. the expression of RUNXI
was increased in tissues while decreased in platelets. The variable expression in IBD
vs. CRC suggests that these biomarkers may have the potential to monitor progression
from IBD to CRC. It must be noted here that no single database hosts all the published
studies performed on a disease, and the expression values can change depending on the
experimental design, sample type, assay technology used, disease state and many other
technical procedures involved in the processing and storage of samples. Therefore, the
expression values presented here are not claimed to be the absolute true reflection of
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Table 3 Evaluation of sensitivity and specificity of various combinations of predicted biomarkers of IBD

Combinations tested Markers Sensitivity Specificity
Seven Markers SPIB + ELF5+SPI1 + FEV+NFKB1  99.9% 87%
+RUNXI1+RELA
Five markers, below a and b
(a) Excluded: NFKB1, RELA SPIB + ELF5 + SPI1 + FEV +RUNX1 99% 95%
(b) Excluded: SPI1, FEV NFKB1+RUNXI +RELA + SPIB 99% 81%
+ELF5
Four Markers FEV +NFKB1 +RELA +RUNX1 99% 87%
Three Markers, below a-d
(a) Excluded: SPIB, ELF5, SPI1, NFKB1 +RELA + RUNX1 97% 74%
FEV
(b) Excluded: FEV, NFKBI1, SPIB + ELF5 + SPI1 93% 68%
RUNXI1, RELA
(¢) Excluded: RELA, SPIB, ELF5, FEV + NFKB1 +RUNX1 95% 86%
SPI1
(d) Excluded: ELF5, SPI1, NFKB1, RELA+SPIB +FEV 96% 55%
RUNX1

the expression of predicted biomarkers. However, the other diagnostic statistical param-
eters shown above (Table 2) demonstrate that RUNXI has the best diagnostic capabili-
ties. Therefore, RUNXI was combined with four well-known CRC biomarkers to test
if a gene signature biomarker set can be developed for further testing to predict the
progression from IBD to CRC.

Potential Biomarkers to Predict Progression from IBD to CRC

Four known CRC biomarkers (CEA, TIMP1, CA724 and CA199) were subjected to
diagnostic parameter analysis and the results are shown in Table 5. CEA had a diagnos-
tic sensitivity of 46% and specificity of 80%. TIMP1 demonstrated a sensitivity of 52%
and specificity of 60%, while CA724 and CA199 had sensitivity of 45% and 14.39%,
and specificity of 97% and 89%, respectively (Table 5). Overall, their accuracy was
comparatively lower than RUNX1, but had reasonably higher PPV and LR for some of
these markers. Therefore, we looked at the expression patterns of these four biomarkers
along with RUNX1 in the IBD and CRC patient samples as shown in Table 6. There
was a distinct difference in serum levels as well as gene expression levels in IBD vs
CRC samples. Since the individual diagnostic capability of each marker is limited, this
suggests that the combination of these biomarkers may have the potential to enhance
diagnostic accuracy and provide information about the progression of IBD from CRC.
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Combination of a Predicted IBD Biomarker (RUNX1) with CRC Biomarkers
to Predict Progression to CRC

Various combination sets and their sensitivity and specificity values are shown in
Table 7, from which it can be inferred that the combination of a four-marker set
(CEA + TIMP1 + CA724 + RUNX1) displayed similar diagnostic capability relative
to the five-markers set (CEA + TIMP1 + CA724 +RUNX1 + CA199). Therefore, to
reduce the cost and time of testing, the four-marker set may be employed without
compromising the diagnostic capabilities. To establish this further, survival analysis
was performed.

To test the effectiveness of 4 biomarkers gene signature vs. 5 biomarkers gene sig-
nature on OS and DFS of the patients, GEPIA2 was used to generate Kaplan—-Meier
plots using CRC COAD-READ datasets. The 5 biomarkers grouped together as a
signature (multi-gene) showed that patients with high expression of these biomark-
ers were primarily associated with shorter OS (p value=0.2) and short DFS (p
value=0.028) as shown in (Fig. 2 a, b). In comparison, 4 biomarkers gene signa-
ture set (CEA +TIMP1 + CA724+RUNX1) was also associated with shorter OS (p
value=0.076) with short DFS (p value=0.014) (Fig. 2 c, d). These data suggest that
4 markers gene set may act as a predictor of CRC and survival in patients.

Preliminary Experimental Validation in South African Patient Samples

Following the in silico identification of the 4 biomarkers gene signature set (CEA,
TIMP1, CA724 and RUNX1), RT-qPCR was performed to validate these findings
(Fig. 3). RNA was extracted from patient tissue specimens obtained from IBD-diag-
nosed subjects (n=3) and CRC diagnosed subjects (n=3), which were subsequently
normalised to the healthy group (n=3). The Kruskal-Wallis test was employed for
statistical analysis to assess significance across all three patient groups (healthy, IBD
and CRC) which proved a significant difference does exist between these groups.
Importantly, relative gene expression analysis indicated that CA724 was exclusively
expressed at a significantly higher levels in the IBD patient group when compared to
the CRC group (p <0.05), thus suggesting that CA724 can act as diagnostic biomarker
for IBD. In contrast to this, CEA was sufficiently expressed in the CRC patient group
with very low levels detectable in the IBD patient group. Interestingly, both RUNX]

Table 7 Evaluation of sensitivity and specificity of various combinations of RUNX1 (a predicted bio-
marker of IBD) with known CRC markers

Combinations Markers Sensitivity  Specificity
Five Markers CEA +TIMP1 +CA724+RUNX1+CAI199  97% 99%

Four Markers CEA +TIMP1+CA724 + RUNX1 96.5% 99.9%

(a) (Excluded: CA199) CEA +CA724+RUNX1 + CA199 94% 99%

(b) (Excluded: TIMP1)

Three Markers CEA +CA724+4+RUNX1 93% 99.7%

(Excluded: TIMP1, CA199)
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Fig.2 Kaplan—-Meier Plots depicting OS and DSF for the 5 biomarkers gene signature set and
4 biomarkers gene signature set The combination of 5 biomarkers (CEA+TIMPI+CA724+R
UNX1+CA199) expression was associated with a worse OS, hazard ratio (HR)=1.3, log rank
P=0.2 and b worse DFS, HR=1.6, log rank P=0.028. The combination of 4 biomarkers gene set
(CEA +TIMP1 + CA724 4+ RUNXI1) expression was associated with ¢ worse OS, hazard ratio (HR)=1.8,
log rank P=0.2 and d worse DFS, HR=2.1, log rank P=0.014

and TIMP1 were commonly expressed in both groups with higher levels detected in
the CRC group. These results show that when combined, these markers can help to
predict progression of IBD to CRC through regular monitoring (once a year), where
reducing expression of CA724 in an IBD patient combined with increasing expression
of RUNX1 and TIMPI may be an alarm to perform additional testing for CRC, whereas
expression of CEA may help confirm onset of an early CRC phenotype.

Validation of RUNX1 and TIMP1 Expression in Large Patient Cohorts Through In
Silico Analysis

Due to the small patient sample size (Fig. 3) used for the testing of predicted
biomarkers, we further performed additional in silico analysis using previously
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Fig.3 In vitro validation of in silico markers identified using South African Patient samples Relative
gene expression profile of CA724, CEA, RUNXI and TIMPI in IBD (n=3) and CRC patients (n=3)
obtained by RT-qPCR analysis. Endogenous expression of these genes was employed to normalise the
data to the healthy patient group (n=3). Data represent the mean + standard deviation (S.D) (n=6). The
Kruskal-Wallis test was employed for statistical analysis to assess significance across all three patient
groups (healthy, IBD and CRC) which proved a significant difference does exist between these groups,
where p <0.05 (*) and ns is non-significant as represented above

published IBD and CRC datasets housed in various online databases. For analysis
of biomarkers in IBD, we used Metatranscriptome Meta-Analysis (IBD TaMMA)
platform (Massimino et al. 2021). Two of the biomarkers CEA and CA724 were
not present in this database, whereas TIMPI was found to have slightly higher
expression than RUNX]I in the colon of UC and CD samples, and their overall
expression was also slightly higher than the control samples (Fig. 4a).

To evaluate expression levels in CRC, the combined colon cancer database
integrated into Kaplan—Meier Plotter (Gyorffy 2024) was mined, which includes
data from 2,137 tumour samples from 17 independent cohorts, based on Affym-
etrix Human Genome U133A Arrays. Figure 4b shows the density plot of expres-
sion patterns of TIMPI and RUNXI genes in normal, tumour and metastatic
samples. The plot demonstrates an increase in expression levels of the genes as
the disease progresses. Figure 4c shows the expression levels of both genes com-
bined (signature expression RUNXI + TIMPI), where tumour samples have 4.17
Log,FC in expression vs normal, and metastatic samples have 1.87 FC in expres-
sion vs tumour samples with Kruskal Wallis p value=1.08"1%% It is clear from
the data presented in Fig. 4d, that expression of RUNXI and TIMP] is slightly
higher in IBD patients as compared to normal, whereas the expression of both
genes increases three- to fourfolds as CRC develops and progresses and follow
the following expression pattern: normal < IBD < tumour < metastasis, thus pro-
viding a capability to monitor progression of IBD to CRC.
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and TIMPI using FDR<1"'? as a default cut-off. b represents the expression profiles of RUNXI and TIMPI
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one in the database, d shows the comparison of Log,FC in IBD and CRC samples using two databases. FDR,
false discovery rate, CD Crohn’s disease, UC ulcerative colitis, /BD inflammatory bowel disease, CRC colorec-

tal cancer, FC fold change
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Discussion

In this study, a bioinformatics approach was employed to identify putative TF bio-
markers for the early diagnosis of IBD as well as biomarkers that can predict pro-
gression from IBD to CRC. We identified seven TFs i.e. SPIB, FEV, ELF5, SPI1,
NFKBI1, RUNXI1 and RELA through our in silico investigations, and validated
these in publicly available gene expression patient datasets by assessing their
performance through various diagnostic parameters. We identified RUNX1 as a
promising TF-based biomarker for IBD because of its high sensitivity and speci-
ficity as 77% and 66%, respectively, in comparison to other biomarkers. Addi-
tionally, RUNX1I had TF binding sites in 106 out of 289 curated IBD genes, thus
indicating its ability to regulate expression of 36% of all investigated IBD genes.
RUNX1 is a tumour suppressor and is crucial for the formation of the GI tract’s
epithelium and for maintaining the balance of the intestinal stem/progenitor cell
population (Chuang et al. 2020). Importantly, the combination of RUNXI with
four additional biomarkers, namely, SPIB, ELF5, SPI1 and FEV, enhanced diag-
nostic accuracy exhibiting a sensitivity of 99% and specificity of 95% (Table 3).
SPIB also displays tumour suppressive activity which is facilitated by the activa-
tion of NFkf and JNK signalling (Zhao et al. 2021). On this basis, the upregula-
tion of SPIB is justified based on the crucial role of the NFxf and JNK pathways
in the induction of the expression of pro-inflammatory cytokines and chemokines
stimulating an inflammatory response (Liu et al. 2017; Zhao et al. 2016). The
identification of ELF5 as a potential biomarker is quite a novel finding and may
be justified by a recent study documenting demethylation in the promoter regions
of ELF5 when modelling chronic submergence damage that leads to an IBD state
(Rees et al. 2022). It should be noted that ELF5 belongs to ELF family of ETS
family of TFs whose binding status is inherently sensitive to the methylation sta-
tus of the sequence (Yin et al. 2017). Moreover, SPI1 has known roles in the reg-
ulation of cytokine signalling and was also seen to be significantly upregulated
in a European cohort of individuals diagnosed with IBD when compared relative
to the controls (Nowak et al. 2022). A novel finding of a recent study (Nowak
et al. 2022) implicates SPII as a key regulator of Th9 immunity, where Th9 cells
are known to induce several inflammatory diseases including IBD through the
production and secretion of IL-9 (Vyas and Goswami 2018). Interestingly, the
emergence of FEV as a potential IBD biomarker requires further investigation as
the conventional role of this TF is in the serotonergic pathway and neurodevelop-
ment (Kriegebaum et al. 2010). Moreover, deregulated expression, transcriptional
activity or chromosomal translocation implicate FEV in carcinogenesis (Cooper
et al. 2015), which might make it an interesting marker to further incorporate in a
biomarker panel studying the progression of IBD to CRC.

IBD patients with long-term severe inflammation of the gut are more likely
to acquire CRC (Majumder et al. 2022). UC patients had a risk of 5.7 times
that of the general population, according to population-based research (Mann
et al. 2022). To identify a set of biomarkers suitable for monitoring progres-
sion of IBD to CRC, RUNX1 was further tested in combination with four
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known CRC biomarkers (CEA, TIMP1, CA724, CA199). These markers
were tested in various combinations (Table 7), where the set of 4 biomarkers
(CEA +TIMPI1 + CA724 + RUNX1) displayed an increased sensitivity of 96.5%
and increased specificity of 99.9%. This set of 4 biomarkers displayed a similar
diagnostic capability to the set of 5 biomarkers and was consequently validated
by employing patient-derived specimens from South African individuals diag-
nosed with IBD or CRC.

CEA is an oncofetal antigen that indicates the existence of a variety of tumours
(Kankanala and Mukkamalla 2022). It is often detected in blood at very low levels
in non-diseased adults (Hao et al. 2019). Increased CEA levels are linked to cancer,
which makes it a potential biomarker for prognostic and diagnostic evaluations in
CRC patients (Ma et al. 2022; Ming-Sheng et al. 2022). In our study, CEA was seen
to be almost exclusively expressed in CRC patients indicating that it could serve as
a good diagnostic marker for CRC patients. This corresponds well to previous stud-
ies where preoperative CEA levels can act as an independent prognostic marker for
stages I-III in CRC, and can further predict the early risk of CRC in UC patients
(Zhen et al. 2018). Furthermore, preoperative CEA assessment is beneficial since
it can provide autonomous prognostic information, assist with surgical administra-
tion and serve as a baseline for later findings (Xie et al. 2022). It is recommended
that CEA levels should be assessed every few months at least for five years after
diagnosis in patients with CRC stage II or III illness who may be candidates for liver
resection (Nicholson et al. 2015). Matrix metalloproteinases (MMPs) and TIMP1
are the main enzymes responsible for regulating collagen degradation and extracel-
lular matrix remodelling (Qin et al. 2021). TIMP1 can regulate apoptosis, angio-
genesis and proliferation in an MMP-independent manner and plays a role in CRC
carcinogenesis, according to multiple compelling findings (Tuomisto et al. 2019).
Many studies show that TIMP1 can be used as a prognostic as well as a diagnostic
biomarker for CRC patients (Macedo et al. 2022; Meng et al. 2018). This corre-
sponds well to data obtained in the current study where TIMP1 expression is drasti-
cally increased in CRC patients. Furthermore, the in silico analysis (Fig. 4) follows
the same trend of expression profiles of TIMPI as shown in the patient samples,
thus further validating the diagnostic capability of the investigated biomarkers in
this study. TIMP1 sustains the major diagnostic and prognostic implications for the
progression of CRC, particularly, serving as a useful marker for differentiating CRC
from colorectal adenomas (Lukaszewicz-Zajac and Mroczko 2021). It was reported
that the intestinal mucosa of patients with UC exhibited notably diminished levels
of TIMP1 which is well represented in our study. Interestingly, a strong correlation
between TIMP1 expression and a number of immune cell markers was established
(Pan et al. 2023) which could potentiate employing this marker as a possible indica-
tor of immunotherapy responsiveness.

CA199 and CA724 are found on the surface of many cancer cells, including those
with hepatocellular carcinoma, ovarian cancer, gastric cancer and CRC. CA199 anti-
gen is identified as a tumour marker recognized as a diagnostic, prognostic and as a
surveillance marker for CRC (Yamashita and Watanabe 2009; Kuang et al. 2020).
The monoclonal antibody NS19-9, is used in clinical settings as a traditional tumour
marker against CA-199 (Thurin 2021). Despite increased levels of CA724 in several
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cancers, many emerging studies are now documenting conflicting results as to the
reliability of employing this marker for CRC diagnosis as this marker is not a unique
product of cancer cells. In particular, CA724 is significantly increased in inflamma-
tory diseases such as gout (Zhang et al. 2019), gastric ulcers and polyps, and also
atrophic gastritis (Hu et al. 2019) and may consequently justify the increased expres-
sion of CA724 in IBD patients. This marker is seen to be influenced by regional
variation (Jing et al. 2019) and may potentially explain the mismatch in the in silico
data and in vitro data obtained. This finding, however, is preliminary and should be
validated on a larger patient cohort. Consequently, the ability of CA724 to classify
IBD patient may potentially be restricted to South African populations. Expression
of RUNXI1 seems to vary from study to study where it has been found to be down-
regulated (Wu et al. 2020), or upregulated in CRC tissues (similar to our preliminary
validation as well as the in silico validation (Fig. 3, 4) and its variants to be associ-
ated with increased risk for colon and rectal carcinogenesis (Zhou et al. 2017).

Consequently, factoring in the limitations of each of these biomarkers individu-
ally, it can be stated that none of these markers may be used in isolation to accu-
rately predict IBD to CRC progression and our study posits that the combination of
these biomarkers has the potential to greatly improve the diagnostic accuracy. Addi-
tionally, these biomarkers could also be used to monitor the progress of CRC from
tumour development to metastasis. It will be intriguing to investigate the effect of
chemotherapeutic drugs on the expression profiles of these two markers in the IBD
and CRC patients.

IBD and its progression to CRC need to be further explored due to its multifac-
eted nature. This study further highlights the translational implications of European
population data to African populations and points out the incipient need to explore
African disease-specific biology using a larger cohort of patients in an IBD—CRC
context in order to identify reliable and accurate diagnostic markers. Findings
obtained further reinforce the fact that the use of individual markers to predict IBD
to CRC diagnosis is unreliable due to their low sensitivity (Zhang et al. 2023) and a
combination of markers instead proves more effective in enhancing accuracy. Based
on the nature of molecular genetics research, both sporadic and hereditary CRC are
caused by certain unfavourable mutations. Consequently, it is suggested that screen-
ing tests should be more sensitive and precise than currently unavailable screening
tests, and confirmation of a putative biomarker set will offer genetic information on
malignancy and metastatic progression (Singh et al. 2017).

Limitations and Strengths

Study strengths include that this is the first study to explore TF-based biomarkers in
a South African patient group to infer IBD to CRC progression. The study empha-
sizes the potential clinical utility of tested biomarkers to have a significant impact
on patients’ health care specifically in regions with less available resources. While
computational approaches and in silico studies along with preliminary validation in
patient samples are useful for preliminary screening, additional validation is required
by employing a greater sample size to verify the obtained findings and the clinical
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application of these biomarkers to the broader South African population and glob-
ally. Although the study finds possible diagnostic biomarkers, it does not investigate
their function in therapeutic monitoring or treatment decisions, which is a crucial
area for future research. In addition, despite the in-silico validation demonstrated a
clear shift in the expression of RUNXI and TIMP1 between UC and CD in compari-
son to the normal tissue, due to our limited sample size and medical information, it
hindered the comparison of data between UC and CD within our IBD samples and
thus could be an interesting avenue to explore in the future. Furthermore, increas-
ing research has shown that IBD is being detected more in younger populations,
and therefore, it would be worthwhile validating our findings in a younger patient
cohort. In terms of the ability to predict TFBS, this depends on the TF models that
are available. We hope that as additional verified models are added to databases like
JASPAR, the prediction will become more accurate in the future. Nonetheless, the
study highlights the importance of combining several biomarkers to develop panels
of gene signature that would provide higher sensitivity and specificity of testing as
compared to individual markers.

Conclusion

In summary, this study has identified promising TF-based biomarkers for the
early detection of IBD and for predicting the progression from IBD to CRC. Nota-
bly, when assessed by in silico analysis and then validated in patients’ samples,
CEA+TIMPI + CA724+ RUNXI demonstrated excellent diagnostic potential. Fur-
ther validation of these biomarkers was performed in a small South African cohort.
Despite this observation, the expression trends obtained through the patient samples
could potentially serve as a non-invasive means of predicting disease progression
when performed using blood and could serve as a predictive biomarker panel fol-
lowing validation in a larger patient cohort. Consequently, when fully validated in
the future, the knowledge provided by this study can offer clinicians and patients
more convenience to diagnose IBD and CRC in both adults and children without
the need to undergo invasive endoscopic procedure and bowel preparation prior to
the surgery. From an economic standpoint, this biomarker panel can serve as a cost-
efficient tool improving access to the developing countries.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10528-024-10917-z.

Acknowledgements Financial support from the National Research Foundation (NRF) CPRR grant num-
ber 129356 and National Research Foundation, grant no: CSUR23043099795 to MK, NRF Scarce skills
and Innovations funding to LG (PDG210503598764), CSIR DST inter-programme postgraduate bursary
to NA and NRF Postgraduate scholarship to TLdP (PMDS22062426893) are acknowledged.

Author Contributions FK: Computational investigation, data collection and analysis, writing- original
draft preparation, tissue sample collection. NA, TLdP and LG: Tissue sample collection, RT-qPCR and
data analysis, writing and editing. KK, PB, BB at Wits Donald Gordon Medical Centre: Provided human
colon tissue samples in the study. MK: Conceptualisation, data analysis, writing, editing, supervision,
funding acquisition.

@ Springer


https://doi.org/10.1007/s10528-024-10917-z
https://doi.org/10.1007/s10528-024-10917-z

Biochemical Genetics (2025) 63:3717-3743 3739

Funding Open access funding provided by University of the Witwatersrand. Financial support from
the National Research Foundation (NRF) CPRR grant number 129356 and National Research Foun-
dation, grant no: CSUR23043099795 to MK, NRF Scarce skills and Innovations funding to LG
(PDG210503598764), CSIR DST inter-programme postgraduate bursary to NA and NRF Postgraduate
scholarship to TLdP (PMDS22062426893) are acknowledged.

Data Availability All data is available from the authors upon request.

Declarations
Conflict of interest The authors declare no competing interests.

Ethics Approval Ethics approval was obtained from the human research ethics committee (Medical), Uni-
versity of the Witwatersrand (Clearance Number: M170391).

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 permis-
sion directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

References

Alghoul Z, Yang C, Merlin D (2022) The current status of molecular biomarkers for inflammatory bowel
disease. Biomedicines 10:1-17

Ashton JJ, Beattie RM (2024) Inflammatory bowel disease: recent developments. Arch Dis Child
109:370-376

Barreiro-de Acosta M, Molero A, Artime E et al (2023) Epidemiological, clinical, patient-reported and
economic burden of inflammatory bowel disease (ulcerative colitis and crohn’s disease) in Spain: a
systematic review. Adv Ther 40:1975-2014

Benderska N, Dittrich A-L, Knaup S et al (2015) miRNA-26b overexpression in ulcerative colitis-associ-
ated carcinogenesis. Inflamm Bowel Dis 21:2039-2051

Cai Z, Wang S, Li J (2021) Treatment of inflammatory bowel disease: a comprehensive review. Front
Med 8:1-24

Cao H, Zhu L, Li L et al (2023) Serum CA724 has no diagnostic value for gastrointestinal tumors. Clin
Exp Med 23:2433-2442

Christensen 1J, Briinner N, Dowell B et al (2015) Plasma TIMP-1 and CEA as markers for detection of
primary colorectal cancer: a prospective validation study including symptomatic and non-sympto-
matic individuals. Anticancer Res 35:4935-4941

Chuang LSH, Osato M, Ito Y (2020) The RUNX1 enhancer element eR1: a versatile marker for adult
stem cells. Mol Cells 43:121-125

Coleman D, Kuwada S (2024) miRNA as a biomarker for the early detection of colorectal cancer. Genes
15:338

Cooper CD, Newman JA, Aitkenhead H et al (2015) Structures of the Ets protein DNA-binding domains
of transcription factors Etvl, Etv4, Etv5, and Fev: determinants of DNA binding and redox regula-
tion by disulfide bond formation. J Biol Chem 290:13692-13709

Danese S, De La Motte C, Fiocchi C (2004) Platelets in inflammatory bowel disease: clinical, pathogenic,
and therapeutic implications. Off ] Am Coll Gastroenterol 99:938-945

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

3740 Biochemical Genetics (2025) 63:3717-3743

Dennis G, Sherman BT, Hosack DA et al (2003) DAVID: database for annotation, visualization, and inte-
grated discovery. Genome Biol 4:1-11

Denson LA, Curran M, McGovern DP et al (2019) Challenges in IBD research: precision medicine.
Inflamm Bowel Dis 25:S31-S39

Dreos R, Ambrosini G, Périer RC, Bucher P (2015) The eukaryotic promoter database: expansion of
EPDnew and new promoter analysis tools. Nucleic Acids Res 43:D92-D96

Dubinsky M, Braun J (2015) Diagnostic and prognostic microbial biomarkers in inflammatory bowel
diseases. Gastroenterology 149:1265-1274

Dubitzky W, Wolkenhauer O, Cho K-H, Yokota H (2013) Encyclopedia of systems biology. Springer,
New York, NY, USA

El Nakeeb NAER, Samir Elbaz H, Rasmy HS, Ismael MFM (2023) The role of serum calgranulin C as a
non-invasive marker for inflammatory bowel disease. QJM: Int ] Med 116:1

Farouk S, El-Shenawy R, Khairy AM, Bader El-Din NG (2023) Overexpression of miRNA 26a and
26b with MMP-9 are valuable diagnostic biomarkers for colorectal cancer patients. Biomark Med
17:159-169

Fornes O, Castro-Mondragon JA, Khan A et al (2020) JASPAR 2020: update of the open-access database
of transcription factor binding profiles. Nucleic Acids Res 48:D87-D92

Gaedcke J, Grade M, Jung K et al (2010) Mutated KRAS results in overexpression of DUSP4, a MAP-
kinase phosphatase, and SMYD3, a histone methyltransferase, in rectal carcinomas. Genes Chromo-
som Cancer 49:1024-1034

Graudens E, Boulanger V, Mollard C et al (2006) Deciphering cellular states of innate tumor drug
responses. Genome Biol 7:1-21

Gyorffy B (2024) Integrated analysis of public datasets for the discovery and validation of survival-asso-
ciated genes in solid tumors. The Innovation 5:1-9

Hao C, Zhang G, Zhang L (2019) Serum CEA levels in 49 different types of cancer and noncancer dis-
eases. Prog Mol Biol Transl Sci 162:213-227

Hayashi Y, Harada Y, Huang G, Harada H (2017) Myeloid neoplasms with germ line RUNX1 mutation.
Int J Hematol 106:183—-188

Hayden SR, Brown MD (1999) Likelihood ratio: a powerful tool for incorporating the results of a diag-
nostic test into clinical decisionmaking. Ann Emerg Med 33:575-580

Ho Sui SJ, Fulton DL, Arenillas DJ et al (2007) oPOSSUM: integrated tools for analysis of regulatory
motif over-representation. Nucleic Acids Res 35:W245-W252

Hong Y, Downey T, Eu KW et al (2010) A ‘metastasis-prone’signature for early-stage mismatch-repair
proficient sporadic colorectal cancer patients and its implications for possible therapeutics. Clin Exp
Metas 27:83-90

Hoo ZH, Candlish J, Teare D (2017) What is an ROC curve? Emerg Med J 34:357-359

Hu P-J, Chen M-Y, Wu M-S et al (2019) Clinical evaluation of CA72-4 for screening gastric cancer in a
healthy population: a multicenter retrospective study. Cancers 11:1-8

Jing J, Ge M, Yang Z, Li P (2019) Spatial distribution characteristics of tumor marker CA724 reference
values in China. Cancer Med 8:4465-4474

Kanehisa M, Goto S (2000) KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res
28:27-30

Kankanala VL, Mukkamalla SKR (2022) Carcinoembryonic antigen

Kaplan GG, Windsor JW (2021) The four epidemiological stages in the global evolution of inflammatory
bowel disease. Nat Rev Gastroenterol Hepatol 18:56—66

Kapsoritakis AN, Kapsoritaki Al, Davidi IP et al (2008) Imbalance of tissue inhibitors of metalloprotein-
ases (TIMP)-1 and—4 serum levels, in patients with inflammatory bowel disease. BMC Gastroen-
terol 8:1-8

Khan A, Fornes O, Stigliani A et al (2018) JASPAR 2018: update of the open-access database of tran-
scription factor binding profiles and its web framework. Nucleic Acids Res 46:D260-D266

Khan F, Radovanovic A, Gojobori T, Kaur M (2021) IBDDB: a manually curated and text-mining-
enhanced database of genes involved in inflammatory bowel disease. Database 00:1-13

Ki DH, Jeung H, Park CH et al (2007) Whole genome analysis for liver metastasis gene signatures in
colorectal cancer. Int J Cancer 121:2005-2012

Kim SL, Shin MW, Seo SY, Kim SW (2022) Lipocalin 2 potentially contributes to tumorigenesis from
colitis via IL-6/STAT3/NF-«B signaling pathway. Biosci Rep 42:1-14

Kriegebaum CB, Gutknecht L, Bartke L et al (2010) The expression of the transcription factor FEV in
adult human brain and its association with affective disorders. J Neural Transm 117:831-836

@ Springer



Biochemical Genetics (2025) 63:3717-3743 3741

Kuang J, Gong Y, Xie H et al (2020) The prognostic value of preoperative serum CA724 for CEA-normal
colorectal cancer patients. PeerJ 8:1-16

Lee H, Jeong AJ, Ye S-K (2019) Highlighted STAT3 as a potential drug target for cancer therapy. BMB
Rep 52:415-423

Liang H, Yang X (2022) Correlation of serum CA242, CA724, and TPA levels with clinicopathological
features and prognosis in patients with inflammatory bowel disease complicated with rectal cancer.
J Oncol 2022:1-7

Liu T, Zhang L, Joo D, Sun S-C (2017) NF-xB signaling in inflammation. Signal Transduct Target Ther
2:1-9

Liu D, Saikam V, Skrada KA et al (2022) Inflammatory bowel disease biomarkers. Med Res Rev
42:1856-1887

Lukaszewicz-Zajac M, Mroczko B (2021) Circulating biomarkers of colorectal cancer (CRC)—their
utility in diagnosis and prognosis. J Clin Med 10:1-15

Ma Y, Zhang Y, Bi Y et al (2022) Diagnostic value of carcinoembryonic antigen combined with
cytokines in serum of patients with colorectal cancer. Medicine 101:1-5

Macedo FC, Cunha N, Pereira TC et al (2022) A prospective cohort study of TIMP1 as prognostic
biomarker in gastric and colon cancer. Chin Clin Oncol 11:43-43

Majumder S, Shivaji UN, Kasturi R et al (2022) Inflammatory bowel disease-related colorectal can-
cer: Past, present and future perspectives. World J Gastrointest Oncol 14:547-567

Mann S, Jess T, Allin K, Elmahdi R (2022) Risk of cervical cancer in inflammatory bowel disease: A
meta-analysis of population-based studies: Risk of cervical cancer in IBD. Clin Transl Gastroen-
terol 13:1-9

Marsal J, Barreiro-de Acosta M, Blumenstein I et al (2022) Management of non-response and loss of
response to anti-tumor necrosis factor therapy in inflammatory bowel disease. Front Med 9:1-14

Massimino L, Lamparelli LA, Houshyar Y et al (2021) The inflammatory bowel disease transcriptome
and metatranscriptome meta-analysis (IBD TaMMA) framework. Nat Comput Sci 1:511-515

Mathioudakis NN, Everett E, Routh S et al (2018) Development and validation of a prediction model
for insulin-associated hypoglycemia in non-critically ill hospitalized adults. BMJ Open Diabetes
Res Care 6:1-10

Meng C, Yin X, Liu J et al (2018) TIMP-1 is a novel serum biomarker for the diagnosis of colorectal
cancer: a meta-analysis. PLoS ONE 13:1-15

Ming-Sheng F, Mei-Ling D, Xun-Quan C et al (2022) Preoperative neutrophil-to-lymphocyte ratio,
platelet-to-lymphocyte ratio, and CEA as the potential prognostic biomarkers for colorectal can-
cer. Can J Gastroenterol Hepatol 2022:3109165

Muller M, Hansmannel F, Arnone D et al (2020) Genomic and molecular alterations in human inflam-
matory bowel disease-associated colorectal cancer. United Eur Gastroenterol J 8:675-684

Nicholson BD, Shinkins B, Pathiraja I et al (2015) Blood CEA levels for detecting recurrent colorec-
tal cancer. Cochrane Database Sys Rev. https://doi.org/10.1002/14651858.CD011134.pub2

Noiseux I, Veilleux S, Bitton A et al (2019) Inflammatory bowel disease patient perceptions of diag-
nostic and monitoring tests and procedures. BMC Gastroenterol 19:1-11

Nowak JK, Adams AT, Kalla R et al (2022) Characterisation of the circulating transcriptomic land-
scape in inflammatory bowel disease provides evidence for dysregulation of multiple transcrip-
tion factors including NFE2, SPI1, CEBPB, and IRF2. J Crohn’s Colitis 16:1255-1268

Pagnini C, Di Paolo MC, Mariani BM et al (2021) Mayo endoscopic score and ulcerative colitis endo-
scopic index are equally effective for endoscopic activity evaluation in ulcerative colitis patients
in a real life setting. Gastroenterol Insights 12:217-224

Pan Z, Lin H, Fu Y et al (2023) Identification of gene signatures associated with ulcerative colitis and
the association with immune infiltrates in colon cancer. Front Immunol 14:1-11

Papatheodorou I, Moreno P, Manning J et al (2020) Expression atlas update: from tissues to single
cells. Nucleic Acids Res 48:D77-D83

Parikh R, Mathai A, Parikh S et al (2008) Understanding and using sensitivity, specificity and predic-
tive values. Indian J Ophthalmol 56:45-50

Perler BK, Ungaro R, Baird G et al (2019) Presenting symptoms in inflammatory bowel disease:
descriptive analysis of a community-based inception cohort. BMC Gastroenterol 19:1-8

Porter RJ, Arends MJ, Churchhouse AM, Din S (2021) Inflammatory bowel disease-associated colo-
rectal cancer: translational risks from mechanisms to medicines. Journal of Crohn’s and Colitis
15:2131-2141

@ Springer


https://doi.org/10.1002/14651858.CD011134.pub2

3742 Biochemical Genetics (2025) 63:3717-3743

Qin J-C, Yu W-T, Li H-X et al (2021) Cold exposure and capsaicin promote 1, 2-dimethylhyrazine-
induced colon carcinogenesis in rats correlates with extracellular matrix remodeling. World J
Gastroenterol 27:6615-6630

Ray P, Manach YL, Riou B et al (2010) Statistical evaluation of a biomarker. J] Am Soc Anesthesiol
112:1023-1040

Rees WD, Telkar N, Lin DT et al (2022) An in vitro chronic damage model impairs inflammatory and
regenerative responses in human colonoid monolayers. Cell Rep 38:1-17

Saah AJ, Hoover DR (1997) “Sensitivity” and “specificity” reconsidered: the meaning of these terms
in analytical and diagnostic settings. Am Coll Phys. https://doi.org/10.7326/0003-4819-126-1-
199701010-00026

Scarpa M, D’Inca R, Basso D et al (2007) Fecal lactoferrin and calprotectin after ileocolonic resection
for Crohn’s disease. Dis Colon Rectum 50:861-869

Schober P, Bossers SM, Schwarte LA (2018) Statistical significance versus clinical importance of
observed effect sizes: what do P values and confidence intervals really represent? Anesth Analg
126:1068-1072

Shaban N, Hoad CL, Naim I et al (2022) Imaging in inflammatory bowel disease: current and future
perspectives. Frontline Gastroenterol 13:e28-e34

Shah SC, Itzkowitz SH (2022) Colorectal cancer in inflammatory bowel disease: mechanisms and
management. Gastroenterol 162:715-730

Shreffler J, Huecker MR (2020) Diagnostic testing accuracy: Sensitivity, specificity, predictive values
and likelihood ratios

Singh MP, Rai S, Suyal S et al (2017) Genetic and epigenetic markers in colorectal cancer screening:
recent advances. Expert Rev Mol Diagn 17:665-685

Stidham RW, Higgins PD (2018) Colorectal cancer in inflammatory bowel disease. Clin Colon Rectal
Surg 31:168-178

Su B-B, Shi H, Wan J (2012) Role of serum carcinoembryonic antigen in the detection of colorectal
cancer before and after surgical resection. World J Gastroenterol: WJG 18:2121-2126

Taylor CC, Millien VO, Hou JK, Massarweh NN (2020) Association between inflammatory bowel
disease and colorectal cancer stage of disease and survival. J Surg Res 247:77-85

Thurin M (2021) Tumor-associated glycans as targets for immunotherapy: the Wistar institute experi-
ence/legacy. Monoclon Antib Immunodiagn Immunother 40:89-100

Tobi M, Steinberg W, Henry J, Nochomovitz L (1991) Cancer associated antigen CA19-9 in colonic
effluent of patients with neoplasia of the colon and inflammatory bowel disease. Cancer Lett
60:9-13

Tuomisto AE, Mikinen MJ, Viyrynen JP (2019) Systemic inflammation in colorectal cancer: Under-
lying factors, effects, and prognostic significance. World J Gastroenterol 25:4383-4404

Voora D, Rao AK, Jalagadugula GS et al (2016) Systems pharmacogenomics finds RUNX1 is an aspi-
rin-responsive transcription factor linked to cardiovascular disease and colon cancer. EBioMedi-
cine 11:157-164

Vyas SP, Goswami R (2018) A decade of Th9 cells: role of Th9 cells in inflammatory bowel disease.
Front Immunol 9:1-4

Wagatsuma K, Yokoyama Y, Nakase H (2021) Role of biomarkers in the diagnosis and treatment of
inflammatory bowel disease. Life 11:1-21

Wannhoff A, Rupp C, Friedrich K et al (2017) Carcinoembryonic antigen level in primary scleros-
ing cholangitis is not influenced by dominant strictures or bacterial cholangitis. Dig Dis Sci
62:510-516

Watermeyer G, Epstein D, Adegoke O et al (2020) Epidemiology of inflammatory bowel disease in
sub-Saharan Africa: a review of the current status. S Afr Med J 110:1006-1009

Wu T, Mo Y, Wu C (2020) Prognostic values of CEA, CA19-9, and CA72-4 in patients with stages
I-III colorectal cancer. Int J Clin Exp Pathol 13:1608-1614

Xie W, Huang X, Wei C et al (2022) Preoperative neutrophil-BMI ratio as a promising new marker for
predicting tumor outcomes in colorectal cancer. Technol Cancer Res Treat 21:1-10

Yamashita K, Watanabe M (2009) Clinical significance of tumor markers and an emerging perspective
on colorectal cancer. Cancer Sci 100:195-199

Yin Y, Morgunova E, Jolma A et al (2017) Impact of cytosine methylation on DNA binding specifici-
ties of human transcription factors. Science 356:1-16

Zhang Y, Zhang M, Bai X et al (2019) Increased serum CA724 levels in patients suffering gout vs
cancers. Prog Mol Biol Transl Sci 162:177-186

@ Springer


https://doi.org/10.7326/0003-4819-126-1-199701010-00026
https://doi.org/10.7326/0003-4819-126-1-199701010-00026

Biochemical Genetics (2025) 63:3717-3743 3743

Zhang X, Tan X, Wang P, Qin J (2023) Application of polypyrrole-based electrochemical biosensor
for the early diagnosis of colorectal cancer. Nanomaterials 13:1-27

Zhao J, Wang L, Dong X et al (2016) The c-Jun N-terminal kinase (JNK) pathway is activated in
human interstitial cystitis (IC) and rat protamine sulfate induced cystitis. Sci Rep 6:1-8

Zhao X, Li L, Yuan S et al (2021) SPIB acts as a tumor suppressor by activating the NFkB and JNK
signaling pathways through MAP4K1 in colorectal cancer cells. Cell Signal 88:1-14

Zhen Y, Luo C, Zhang H (2018) Early detection of ulcerative colitis-associated colorectal cancer.
Gastroenterology Report 6:83-92

Zhou Y, Zhang X, Zhang J et al (2017) LRG1 promotes proliferation and inhibits apoptosis in colorec-
tal cancer cells via RUNX1 activation. PLoS ONE 12:1-14

Zhou RW, Harpaz N, Itzkowitz SH, Parsons RE (2023) Molecular mechanisms in colitis-associated
colorectal cancer. Oncogenesis 12:1-11

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

Authors and Affiliations

Farhat Khan' - Naaziyah Abdulla’® - Thea-Leonie du Plessis' © - Kay Karlsson? -
Peter Barrow? - Brendan Bebington? - Liang Gu'® - Mandeep Kaur'

< Mandeep Kaur
mandeep.kaur@wits.ac.za

School of Molecular and Cell Biology, University of the Witwatersrand, Private Bag 3,
Johannesburg WITS-2050, South Africa

2 Wits Donald Gordon Medical Centre, Park Town, Johannesburg 2193, South Africa

@ Springer


http://orcid.org/0000-0003-0328-8866
http://orcid.org/0000-0001-7452-8439
http://orcid.org/0000-0002-4766-0650
http://orcid.org/0000-0002-9757-4048

	Identification and Validation of Biomarkers to Predict Early Diagnosis of Inflammatory Bowel Disease and Its Progression to Colorectal Cancer
	Abstract
	Introduction
	Materials and Methods
	Workflow: Identification and in Silico Validation of IBD and CRC Biomarkers
	IBD Genes Data Source, Promoter Sets and TFBSs Mapping
	Functional Annotation
	CRC-Related Biomarkers
	IN SILICO Validation of Biomarkers, Gene Expression Profiling and Survival Analysis
	Statistical Evaluation of Biomarkers
	Combination of Multiple Biomarkers
	Validation of Selected TFs in Patient Colorectal Samples
	Sample Collection: Normal, IBD and CRC​
	RNA Extraction, cDNA synthesis, qPCR


	Results
	Enrichment Analysis of IBD Genes
	Identification of TFs Regulating IBD Genes as Putative Biomarkers for IBD
	Diagnostic Parameters of Predicted IBD Biomarkers
	Combination Evaluation of IBD Biomarkers
	Potential Biomarkers to Predict Progression from IBD to CRC​
	Combination of a Predicted IBD Biomarker (RUNX1) with CRC Biomarkers to Predict Progression to CRC​
	Preliminary Experimental Validation in South African Patient Samples
	Validation of RUNX1 and TIMP1 Expression in Large Patient Cohorts Through In Silico Analysis

	Discussion
	Limitations and Strengths

	Conclusion
	Acknowledgements 
	References




