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Abstract: Background: Type 2 diabetes (T2DM) and colorectal cancer (CRC) are both
known to modulate gene expression patterns in peripheral blood leukocytes (PBLs).

Objective: As T2DM has been shown to increase the incidence of CRC, we were
prompted to check whether diabetes affects mRNA signatures in PBLs isolated from
CRC patients.

Methods: Twenty-two patients were recruited to the study and classified into four
cohorts (healthy controls; T2DM; CRC; CRC and T2DM). Relative expression levels of
573 cell signaling gene transcripts were determined by reverse transcription real-time
PCR assays run on low-density OpenArray platforms. Enrichment analysis was
performed with the g:GOSt profiling tool to order differentially expressed genes into
functional pathways.
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Results: 49 genes were found to be significantly up- or downregulated in tumorous

DOI: diabetic individuals as compared to tumor-free diabetic controls, while 11 transcripts

10.2174/1566524020666200504084626  \were differentially regulated in patients with CRC versus healthy, tumor-free and non-
diabetic controls. Importantly, these gene sets were completely distinct, implying that
diabetes exerts a profound influence on the transcription of signaling genes in CRC. The
top 5 genes showing the most significant expression differences in both contexts were
PCK2, MAPK9, CCND1, HMBS, TLR3 (p<0.0040) and CREBBP, PPIA, NFKBIL1,
MDM?2 and SELPLG (p<0.0121), respectively. Functional analysis revealed that most
significantly affected pathways were cytokine, interleukin and PI3K/Akt/mTOR signaling
cascades as well as mitotic regulation.

Conclusion: We propose that differentially expressed genes listed above might be
potential biomarkers of CRC and should be studied further on larger patient groups.
Diabetes might promote colorectal carcinogenesis by impairing signaling pathways in
PBLs.
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1. INTRODUCTION

The past decades have seen rampant increases in
the prevalence of both type 2 diabetes (T2DM) and
colorectal cancer (CRC) worldwide [1]. It is of note that

both diseases share common risk factors such as
obesity, high-sugar and high-fat diet as well as a
sedentary lifestyle [2]. Diabetes is a major health
burden worldwide as almost 10% of the human
population is affected and the vast majority of them
suffer from type 2 diabetes characterized by insulin
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resistance [3]. While it predisposes for a number of
cardiovascular and neurological complications,
diabetes has been shown to increase the incidence of
several malignancies [4]. A recent meta-analysis of
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numerous epidemiological studies has clearly shown
that the incidence of CRC is significantly elevated in
general [5] and that of proximal colon tumors in
particular [6] in type 2 diabetic individuals.
Hyperglycemic patients develop larger primary tumors
with lower tumor differentiation [7]. Moreover, type 2
diabetes has been shown to raise the cancer-specific
mortality of CRC by 12% and all-cause mortality of
CRC patients by 17% [8]. Importantly, the risk of CRC
seems to be modulated by therapeutic modalities as
insulin  therapy leads to elevated, while the
administration of the pleiotropic metabolic modulator,
mTOR inhibitor and AMPK activator metformin, to
reduced cancer incidence [9]. These observations
raised the possibility that perturbed energy-sensing
signaling pathways might underlie diabetes-induced
colorectal carcinogenesis. Epigenetic mechanisms
have also been suggested [10].

Tumor-promoting molecular pathomechanisms in
hyperglycemia and insulin resistance, however, remain
largely elusive. The prevailing view suggests that
oxidative stress, cytokine imbalance and inflammation
elicited by hyperglycemia activate several signaling
proteins including MAP kinases and the redox-sensitive
transcription factors Nrf2 and NFkB, well-known
mediators in malignancies [11]. Hyperinsulinemia-
induced mitogenic and antiapoptotic pathways might
also stimulate hyperproliferation and malignant
transformation of colon epithelial cells [12]. Recent
investigations have shed light on the diabetes-
dependent activation of key mitogenic mechanisms
including the Wnt/GSK3/B-catenin and epidermal
growth factor signaling pathways; well-known players in
colorectal carcinogenesis [13, 14]. Altered microRNA
levels have also been suggested to modulate diabetes-
specific gene expression changes in cancer cells [15,
16]. Genome-wide association studies have identified a
number of genetic polymorphisms as shared risk
factors of T2DM and CRC such as the TCF7L2
transcription  factor [17], ion channels and
transcriptional regulators [18].

While setting up the diagnosis of diabetes by
repeatedly checking fasting blood sugar levels or
performing a glucose tolerance test is a relatively
simple and cheap procedure, it is more problematic to
screen large populations by colonoscopy, the current
gold standard of CRC diagnosis [19]. Therefore, it
would be of great advantage to find easily and quickly
measurable, minimally invasive, blood-based detection
assays for the early diagnosis of CRC in diabetic

individuals. Recent findings imply that soluble
mediators released by colorectal cells modulate
transcriptomic  landscapes in  peripheral blood

mononuclear cells, providing the rationale for plenty of
studies aimed at finding CRC-specific molecular
markers — principally altered gene expression patterns
- in peripheral blood leukocytes for early diagnosis of
CRC in asymptomatic patients [20-22]. Chang et al.
performed a global gene expression analysis in PBMC
in CRC patients and identified a 5-strong battery of
potential biomarker genes (MDM2, DUSP6, CPEB4,
MMD, and EIF2S3) [20]. Later on, they completed a
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meta-analysis which revealed that expression patterns
of a set of 7 key genes (CPEB4, EIF2S3, MGC20553,
MS4A1, ANXAS3, TNFAIP6, IL2RB) confirm the
diagnosis of CRC with outstanding reliability and
specificity [21]. CRC markedly induced the expression
of a set of pro-inflammatory proteins (COX-2, TNF, NF-
kKB and IL-6) in human circulating leukocytes in vivo
[22]. Direct evidence for the assumption that CRC cells
influence leukocyte gene expression patterns via
soluble mediators released by tumor cells was provided
by Mohebbi et al. [23]. Their results showed that
conditioned media collected from cultured Caco-2
human colorectal cancer cells modulated the
production of pro- and anti-inflammatory cytokines in
vitro in monocytes isolated from normal human blood.

Co-morbidities such as postoperative intra-
abdominal infections following CRC surgery have been
shown to modulate PBL gene expression patterns [24],
indicating that special care should be taken when
selecting universal CRC-specific gene expression
biomarkers.

In light of the rising prevalence of T2DM among
patients afflicted by CRC and potential molecular
interactions between these devastating diseases, we
raised the question whether CRC-associated gene
expression signatures of white blood cells were
modulated by diabetes as co-morbidity. To address this
issue, the expression profiles of a set of signaling
genes were analyzed by low-density microarrays in
diabetic and non-diabetic CRC patients. Surprisingly, it
turned out that diabetes greatly influences these
molecular signatures, strongly arguing that the
presence of diabetes should be considered in our quest
for clinically reliable CRC biomarkers.

2. MATERIALS AND METHODS

2.1. Participants and Sample Collection

A total of 22 persons were recruited to the present
study of which 10 suffered from colorectal
adenocarcinoma (CRC), while 12 were tumor-free
control individuals. The presence or absence of CRC
was verified by colonoscopy in all cases at the 2"
Dept. of Internal Medicine, Semmelweis University,
Budapest, Hungary. The diagnosis of CRC was
corroborated by tissue sampling and subsequent
histopathological examination at the 1% Department of
Pathology and Experimental Cancer Research,
Semmelweis University, Budapest, Hungary. Control
subjects were free from inflammatory bowel disease
and intestinal polyposis, whereas CRC subjects were
free from any previously diagnosed inflammatory bowel
disease and familial adenomatous polyposis syndrome.
Individuals with previous malignancies, autoimmune,
infectious or metabolic disorders apart from type 2
diabetes (T2DM) as well as patients receiving any kind
of anticancer or immunosuppressive therapy were
excluded from the study. A summary of exclusion
criteria applied for each of the study cohorts is shown
in Supplementary Table 1.
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Half of both tumorous and non-tumor individuals (5
and 6 persons, respectively) had T2DM. Mean age %
standard deviation (SD) was 68 + 6.53, 63 + 7.37, 63
453 and 65 + 4.87 years in the non-tumor + non-
diabetic (cohort 1), tumor + non-diabetic (cohort 2),
non-tumor + diabetic (cohort 3) and tumor + diabetic
(cohort 4), respectively. As far as sex ratios are
concerned, cohort 1 comprised 2 males and 4 females,
cohort 2 consisted of 3 men and 2 women, cohort 3
contained 3 men and 3 women and the tumor +
diabetes group included 2 men and 3 women. The
diagnosis of T2DM was set up in line with the latest
WHO diagnostic criteria. These patients received
proper oral antidiabetic medication (Metformin) and had
HbAc levels below 8% at the time of CRC diagnosis.

Peripheral blood samples were collected in
PAXgene® Blood RNA Tubes (Qiagen, Venlo, The
Netherlands) immediately after colonoscopy (the same
day) at the 2" Department of Internal Medicine,
Semmelweis University. Participation in the study was
voluntary. All participants signed a written informed
consent before blood sample collection. This study was
approved by the Semmelweis University Regional and
Institutional Committee of Science and Research
Ethics (permission no. 39/2014) and by the ETT-
TUKEB (permission No. 8573-9/2017/EUIG).

2.2. RNA Extraction and Quantification

Total RNA was isolated from peripheral blood
leukocytes using the MagMAX™ for Stabilized Blood
Tubes RNA Isolation Kit, according to the
manufacturer’s instructions. Reverse transcription was
performed using SuperScript VILO cDNA Synthesis Kit
(all reagents were from ThermoFisher Scientific,
Waltham, MA). Following cDNA synthesis, equal
amounts of samples were pooled in twosomes so that
3 pooled samples per each of the 4 groups were
prepared for gene expression analysis (in the case of
the five-strong tumor + non-diabetes and the tumor +
diabetes groups, two pools and one individual sample
were processed).

cDNA levels were quantitated by real-time PCR
using the TagMan™ OpenArray™ Human Signal
Transduction Panel for QuantStudio™ 12K Flex
(ThermoFisher Scientific). Reactions were performed in
triplicate. Expression levels were normalized to the
geometrical mean of 24 internal reference genes
included on the platform.

2.3. Statistical and Computer Analyses

Statistical analyses were carried out by means of
the Statistica software version 13.4.0.14 (TIBCO
Software Inc, http://tibco.com). Two-tailed unpaired
Student’'s t-test was used for assessing inter-group
differences in normalized gene expression values at
alpha = 0.05. Correction for multiple testing was
performed by the Benjamini-Hochberg False Discovery
Rate (FDR) method.

Enrichment analysis for gene sets showing
significant inter-group differences was performed using
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the g:GOSt functional profiling tool of g:Profiler
(http://biit.cs.ut.ee/gprofiler/) [25] with pathways of the
Reactome database (https://reactome.org/) [26] used
as a reference.

3. RESULTS

In order to analyze the effects of CRC and T2DM
alone or in combination on peripheral blood gene
expression patterns, four carefully selected, sex and
age-matched patient groups were assembled as
discovery samples for this pilot study. Total RNA was
prepared, reverse transcribed and cDNA levels were
quantified using a low-density OpenArray panel that
simultaneously interrogated 573 transcripts involved in
various signaling pathways. The reason for deploying
this microarray was that leukocyte transcriptional
signatures are known to be modulated by both
malignancies and T2DM [20-22; 27-31], but — to the
best of our knowledge — the combined impact of T2DM
and CRC on PBL mRNA levels of a large cohort of
signaling genes has not been addressed before.

Genes with statistically significant differential
expression levels are shown in Suppl. Table 2. Panel A
compares gene expression levels in tumorous vs.
tumor-free  diabetic patients, while the same
comparison among non-diabetic individuals is shown in
panel B. Finally, panel C displays fold changes
irrespective of the diabetes status of CRC patients.
Importantly, the majority of differentially expressed
genes were downregulated in patients with CRC, and
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Fig. (1). Overlap of genes showing differential
expression.

Graphical representation of data presented in Supplementary
Table 1. Sets represent the number of differentially
expressed genes in tumor vs. tumor-free samples in diabetic
patients (Set A: cohort 3 vs. cohort 4); in non-diabetic
subjects (Set B: cohort 1 vs. cohort 2); and in merged groups
(Set C: all tumorous compared to all tumor-free individuals,
that is, cohorts 2 + 4 vs. cohorts 1 + 3). Numbers in the
overlapping segments correspond to genes found to be
differentially expressed in more than one sets.
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Table 1. The top 5 transcripts with the most significant expression differences between tumorous and tumor-free
individuals in the diabetic (panel A), non-diabetic (B) and merged groups (C).
Panel A (diabetic group) Panel B (non-diabetic group) Panel C, merged groups (all tumor vs. all
tumor-free patients)
TaqMan® assay Gene p value TaqMan® assay Gene p value TaqMan® assay Gene p value
Hs00388934_m1 PCK2 0.0012 Hs00231733_m1 CREBBP 0.0058 Hs00765553_m1 CCND1 0.0024
Hs00177102_m1 MAPK9 0.0017 Hs04194521_s1 PPIA 0.0073 Hs00176481_m1 CDKN2D 0.0056
Hs00765553_m1 CCND1 0.0024 Hs00428211_m1 NFKBIL1 0.0084 Hs00174114_m1 L2 0.0063
Hs00609293_g1 HMBS* 0.0028 Hs01066938_m1 MDM2* 0.0109 Hs00231733_m1 CREBBP 0.0077
Hs01551078_m1 TLR3 0.0040 Hs00380945_m1 SELPLG 0.0121 Hs00177957_m1 MAPKAPK3 0.0089

Statistical significance between mRNA expression in individuals with or without CRC was assessed with a two-tailed unpaired t-test. Transcripts
with the most significant expression differences are shown. Genes whose expression was analyzed by two different assays are denoted by an
asterisk (*). Transcripts upregulated in tumor vs. tumor-free blood samples are shown in bold, while those downregulated are in italics.

the expression of a few genes was altered more than
twofold in any direction. The most striking finding of the
study was that there was no overlap at all between the
transcriptomic profiles of signaling genes in diabetic
and non-diabetic individuals, as illustrated in Fig. 1.
(Note that Fig. 1 shows the number of genes but not
that of transcripts; that is why there are fewer genes
indicated here than transcripts enlisted in
Supplementary Table 2). These results argue that the
presence or absence of diabetes largely influences the
gene expression profiles of peripheral blood leukocytes
in CRC patients. In light of these results, the top 5
genes with the most significant expression differences
were selected in all three cohorts and displayed in
Table 1. These gene cohorts deserve further
investigation as potential CRC marker genes in
diabetic, non-diabetic or in the general population,
respectively.

Finally, a g:GOSt gene enrichment analysis was
implemented to identify functionally related gene
cohorts among differentially expressed genes, that is,
to classify them into functional pathways corresponding
to terms in the Reactome database.

Adjusted p values in Table 2 stand for results
obtained after multiple testing correction using the
g:SCS algorithm optimized specifically for enrichment
analyses, taking into account that multiple tests are not
independent of each other. Genes associated with a
specific term are implicitly associated with parent terms
in the terminology hierarchy and functionally annotated
gene sets are unevenly distributed. The query gene
sets were all the genes showing significant expression
difference by t-test between tumor and non-tumor
individuals in the diabetic group (A) and the non-
diabetic group (B). With regard to the diabetic group, 7
from the total 49 genes could not be included in the
analysis (TGFBR3 and TGFBRAP1 were not listed in
the database at all, DUSP74 had no match for Homo
sapiens, while MAP3K4, TGFBI, MAP4K1 and CREM
had matches as “protein” and/ or “interactor” but no
matches for “reaction” or “pathway”). In the non-
diabetic group, 1 of the total 11 genes found as
significant by the t-test was unanalyzable (NFKBIL1
was not found in the database). The wide variety of

pathways disturbed in diabetic CRC patients was
remarkable as compared to the far fewer number of
terms in the non-diabetic cohort. Similarly to the gene
sets presented in Fig. 1, the identified terms did not
overlap at all between cohorts A and B, providing
further evidence that diabetes profoundly modulated
the signaling pathways in peripheral blood leukocytes
of CRC patients.

4. DISCUSSION

Recent advances in the field of high-throughput
assays made it possible to monitor the entire or partial
gene expression signatures in various biological
samples [32, 33]. Blood, an easily accessible tissue
known to be in contact with all aerobic organs, is an
ideal candidate for gene expression studies as several
human diseases exert influence on total mRNA
landscapes of circulating leukocytes [22, 27, 34]. The
aim of the present study was to screen the
transcriptome of over half a thousand signaling genes
in peripheral blood leukocytes to find easily accessible
but reliable diagnostic markers for colorectal carcinoma
against the background of type 2 diabetes mellitus, a
co-morbidity known to promote cancer development
and progression.

Albeit the transcriptomics of both diseases has been
studied extensively but separately [20, 31], here we
elucidated their combined effect on gene expression
using a high-throughput approach. Here, we
acknowledge the endeavor of Cui and co-workers [35]
who have already conducted a similar study on PBL
gene expression in diabetic and CRC individuals, but
they focused on five genes only (GRP78, NOX1,
CEACAMS, HSP60 and HDACT) which were not
included on our signal transduction platform, making
their results not directly comparable to ours.
Nevertheless, it is of note that all genes mentioned
above showed significantly different expression levels
(p<0.05) when tumorous or tumor-free hyperglycemic
or normoglycemic patient cohorts were systematically
compared.

NFKBIL1, a member of the IkB superfamily, was
significantly downregulated in leukocytes isolated from
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Table 2. Reactome database terms with enriched genes showing significant expression differences between tumor
and tumor-free individuals.

Panel A
Term Adjusted | Term Query|intersection Intersections (genes)
p value | size | size size
MAPK9, CCND1, BIRC3, CD86, IL2, FGF2, IL12A, BIRC2, CTF1, FASLG,
Cytokine Signaling in Immune system 8.73E-08 | 680 | 42 17 SOD2, UBE2N, SOS1, CD80, CCL2, EDARADD, PIK3R1
MAPK9, CCND1, CD86, IL2, FGF2, IL12A, CTF1, FASLG, SOD2, UBE2N,
Signaling by Interleukins 4.34E-07 | 461 | 42 14 SOS1, CD80, CCL2, PIK3R1
CD28 dependent PI3K/Akt signaling 6.39E-06 | 22 | 42 5 CD86, AKT3, CD80, PIK3R1, MTOR
CD28 co-stimulation 4.02E-05 | 31 42 5 CD86, AKT3, CD80, PIK3R1, MTOR

CCND1, BIRC3, CD86, PTGDR, IL2, AKT3, BMPR1A, FGF2, GNAS, FZD2,
Signal Transduction 1.90E-04 | 2670 42 26 EPOR, SMAD5, ADRB2, BIRC2, TBP, FASLG, SOS1, CCNE1, CD80, PORCN,
SMAD4, PIK3R1, MTOR, E2F1, DVL2, RASA1

TICAM1, RIP1-mediated IKK complex

recruitment 2.62E-04 | 19 | 42 4 TLR3, BIRC3, BIRC2, UBE2N
PI3K/AKT Signaling in Cancer 3.82E-04 | 88 | 42 6 CD86, AKT3, FGF2, CD80, PIK3R1, MTOR
Diseases of signal transduction 4.77E-04 | 373 | 42 10 CD86, AKT3, FGF2, SOS1, CD80, PORCN, SMAD4, PIK3R1, MTOR, RASA1
Interleukin-4 and Interleukin-13 signaling 1.49E-03 | 111 | 42 6 CCND1, FGF2, IL12A, FASLG, CCL2, PIK3R1
Costimulation by the CD28 family 2.05E-03 | 67 | 42 5 CD86, AKT3, CD80, PIK3R1, MTOR
MAPK9, CCND1, TLR3, BIRC3, CD86, MALT1, IL2, AKT3, FGF2, IL12A,
Immune System 2.39E-03 | 2034 | 42 21 BIRC2, CTF1, FASLG, SOD2, UBE2N, SOS1, CD80, CCL2, EDARADD,
PIK3R1, MTOR
Mitotic G1-G1/S phases 7.78E-03 | 148 | 42 6 CCND1, AKT3, PCNA, CDKN2C, CCNE1, E2F1
Disease 8.63E-03 | 1033| 42 14 TLR3, CD86, AKTSST\AifrDz4TSiSF;/;\S'I\_ﬁOSROIéiSSAC:m CD80, PORCN,
Interleukin-10 signaling 9.35E-03 | 45 | 42 4 CDs86, IL12A, CD80, CCL2
Toll Like Receptor 3 (TLR3) Cascade 9.72E-03 | 92 | 42 5 MAPK9Y, TLR3, BIRC3, BIRC2, UBE2N
Negative regulation of the PI3K/AKT network | 1.13E-02 | 95 42 5 CD86, AKT3, FGF2, CD80, PIK3R1
Regulation of necroptotic cell death 1.25E-02 | 17 42 3 BIRC3, BIRC2, FASLG
Signaling by FGFR3 point mutants in cancer | 1.49E-02 | 18 | 42 3 FGF2, SOS1, PIK3R1
Signaling by FGFR3 in disease 149E-02 | 18 | 42 3 FGF2, SOS1, PIK3R1
Regulated Necrosis 1.77E-02 | 19 | 42 3 BIRC3, BIRC2, FASLG
RIPK1-mediated regulated necrosis 1.77E-02 | 19 42 3 BIRC3, BIRC2, FASLG
Downstream signaling of activated FGFR3 1.77E-02 | 19 42 3 FGF2, SOS1, PIK3R1
CTLA4 inhibitory signaling 2.07E-02 | 20 | 42 3 CD86, AKT3, CD80
IKK complex recruitment mediated by RIP1 2.78E-02 | 22 42 3 BIRC3, BIRC2, UBE2N
Constitutive Signaling by Aberrant PI3K in 313E-02 | 61 42 4 CD86, FGF2, CD80, PIK3R1
Cancer
Downstream signaling of activated FGFR4 | 3.19E-02 | 23 42 3 FGF2, SOS1, PIK3R1
Signaling by Erythropoietin 3.64E-02 | 24 | 42 3 EPOR, SOS1, PIK3R1
Downstream signaling of activated FGFR2 | 3.64E-02 | 24 42 3 FGF2, SOS1, PIK3R1
Downstream signaling of activated FGFR1 3.64E-02 | 24 42 3 FGF2, SOS1, PIK3R1
FOXO-mediated transcription 4.26E-02 | 66 | 42 4 AKT3, FASLG, SOD2, SMAD4

Interleukin receptor SHC signaling 4.65E-02 | 26 42 3 IL2, SOS1, PIK3R1
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Panel B
Term Adjusted | Term Query|lntersection Intersections (genes)
p value | size | size size
TP53 Regulates Transcription of Cell Death

Genes 1.96E-03 | 44 | 10 3 CREBBP, BIRC5, CASP1

Signaling by Interleukins 8.11E-03 | 461 | 10 5 PPIA, MAPKAPK3, BIRC5, RHOU, CASP1

Transcriptional regulation by RUNX3 2.00E-02 | 95 10 3 CREBBP, MDM2, SRC
Panel C
Term Adjusted | Term Query|intersection Intersections (genes)
p value | size | size size
CCND1, IL2, MAPKAPK3, SOCSS5, IL10RA, TOLLIP, CD80, PPIA, IFNB1,
Cytokine Signaling in Immune system 1.16E-03 | 680 | 33 1 EDARADD, IRAK1
Mitotic G1-G1/S phases 1.66E-03 | 148 | 33 6 CCND1, CDKN2D, AKT3, CDK2, CDKN2C, CCNA1
Signaling by Interleukins 2.43E-03 | 461 | 33 9 CCND1, IL2, MAPKAPK3, SOCSS5, IL10RA, TOLLIP, CD80, PPIA, IRAK1
Cellular Senescence 7.58E-03 | 193 | 33 6 CDKN2D, MAPKAPK3, CDK2, CDKN2C, IFNB1, CCNA1
G2 Phase 2.79E-02 | 5 33 2 CDK2, CCNA1
Cyclin E associated events during G1/S
transition 3.63E-02 | 83 | 33 4 CCND1, AKT3, CDK2, CCNA1
Cyclin A:Cdk2-associated events at S phase
entry 3.99E-02 | 85 | 33 4 CCND1, AKT3, CDK2, CCNA1
PTK6 Regulates Cell Cycle 417E-02 | 6 33 2 CCND1, CDK2
CCND1, IL2, CREBBP, MAPKAPKS3, SOCS5, AKT3, IL10RA, CALM1, PTPRC,
Immune System 4.27E-02 | 2034 | 33 16 TOLLIP, CD80, PPIA, MALT1, IFNB1, EDARADD, IRAK1

Pathways and biological processes identified as significantly altered between tumor and non-tumor individuals by the g:Profiler tool are shown in
the diabetic (A), in the non-diabetic (B) and in the merged groups (C). “Term size” stands for the number of genes associated with a specific term
in the Reactome database, “Query size” stands for the number of genes analyzed and “Intersection size” indicates the number of matches
between the query and a specific term. Transcripts recommended for CRC screening (shown in Table 1) are typed in bold italics.

non-diabetic CRC patients in our study, also implying
enhanced NF-kB signaling as suggested by Alamro et
al. [22].

Toll-like receptor 3 was found to be significantly
downregulated in tumorous diabetic individuals as
compared to tumor-free diabetics in our study (Table
1), and some genes from the TLR3 signaling cascade
were differentially expressed (Table 2). This finding
harmonizes well with the results of Madhumitha and
co-workers [36] who observed impaired toll-like
receptor signaling in peripheral B lymphocytes of
untreated diabetic individuals. Modulation of the Toll-
like receptor pathway in CRC was also reported by Xu
etal. [37].

In line with the results of Chang et al. [20], we could
also confirm the diagnostic importance of MDM2 as it
was significantly altered in our non-diabetic sample,
while DUSP14 (but not DUSP6) and /L2 (but not
IL2RB) showed differential expression both in the
diabetic and total samples. The rest of their diagnostic
genes were either unchanged or not included in our
signal transduction panel array.

Our results convincingly show that type 2 diabetes
mellitus as a comorbidity in CRC dramatically alters
signaling activites in PBLs as the spectra of
differentially regulated genes were totally different in

diabetic vs. non-diabetic CRC subjects (Fig. 1 and
Table 2) [24]. The specificity of altered transcriptomic
signatures in PBL can be further increased by including
a set of genes in the expression analysis and
combining transcriptomic data with the determination of
serum protein tumor markers such as carcinoem-
bryonic antigen (CEA) and CYFRA21-2 [38].

CONCLUSION

Taken together, we propose that genes shown in
Table 1 (PCK2, MAPK9, CCND1, HMBS, TLRS3,
CREBBP, PPIA, NFKBIL1, MDM2 and SELPLG), might
be potential biomarkers for CRC in diabetic and non-
diabetic individuals, underscoring the distinguished role
of diabetes in the molecular diagnostics of CRC and
should deserve further investigation. CCND1 (cyclin
D1) and MAPK9 (JNK) are well-known regulators of
cell proliferation, while upregulation of PCK2 (the
mitochondrial phosphoenolpyruvate carboxykinase
isoform) in diabetic CRC patients might be a common
link between diabetes and cancer as it has been shown
to promote both gluconeogenesis and tumor formation
[39]. In light of the huge impact of diabetes on the
expression of a panoply of signaling genes and
cascades including cytokine, interleukin and PI3K/
Akt/mTOR signaling as well as cell cycle regulation, our
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results implicate that diabetes-induced inflammation
might contribute to the higher incidence and prevalence
of CRC among diabetic individuals.

Please note that in our study we measured mRNA
levels of a set of signaling genes only, so it was not a
transcriptome-wide global gene expression study. The
sample size was rather small, mainly due to the strict
inclusion criteria and that we insisted on working with
reliable, age-matched groups. This reduced statistical
power, hence some genes with small effects are likely
to have remained undetected. Finally, it remains
elusive whether similar alterations could be observed in
mMRNA profiles of the tumor tissue per se. To test this
issue, we plan to perform the same profiling in
surgically removed tumor tissues to see whether gene
expression changes observed in PBL are paralleled by
similar alterations in tumor samples too.
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