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Background: Longstanding ulcerative colitis (UC) bears a high risk for development of UC-associated colorectal carcinoma (UCC). The inflammatory
microenvironment influences microRNA expression, which in turn deregulates target gene expression. microRNA-26b (miR-26b) was shown to be
instrumental in normal tissue growth and differentiation. Thus, we aimed to investigate the impact of miR-26b in inflammation-associated colorectal
carcinogenesis.

Methods: Two different cohorts of patients were investigated. In the retrospective group, a tissue microarray with 38 samples from 17 UC/UCC patients
was used for miR-26b in situ hybridization and quantitative reverse transcription polymerase chain reaction analyses. In the prospective group, we
investigated miR-26b expression in 25 fresh–frozen colon biopsies and corresponding serum samples of 6 UC and 15 non-UC patients, respectively. In
silico analysis, Ago2-RNA immunoprecipitation, luciferase reporter assay, quantitative reverse transcription polymerase chain reaction examination, and
miR-26b mimic overexpression were employed for target validation.

Results: miR-26b expression was shown to be upregulated with disease progression in tissues and serum of UC and UCC patients. Using miR-26b and
Ki-67 expression levels, an UCC was predicted with high accuracy. We identified 4 novel miR-26b targets (DIP1, MDM2, CREBBP, BRCA1). Among
them, the downregulation of the E3 ubiquitin ligase DIP1 was closely related to death-associated protein kinase stabilization along the normal mucosa-
UC-UCC sequence. In silico functional pathway analysis revealed that the common cellular pathways affected by miR-26b are highly related to
cancerogenesis and the development of gastrointestinal diseases.

Conclusions: We suggest that miR-26b could serve as a biomarker for inflammation-associated processes in the gastrointestinal system. Because miR-
26b expression is downregulated in sporadic colon cancer, it could discriminate between UCC and the sporadic cancer type.

(Inflamm Bowel Dis 2015;21:2039–2051)
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C olorectal cancer (CRC) is one of the leading malignancies in
Western Europe.1 A subset of CRC is known to be etiopatho-

logically linked with chronic inflammatory bowel disease (IBD), in

particular to ulcerative colitis (UC). Statistically, 30% of patients
with a long history of UC develop gastrointestinal cancer,2 and UC
is therefore considered a premalignant condition.3 The pathogenesis

Supplemental digital content is available for this article. Direct URL citations appear in the printed text and are provided in the HTML and PDF versions of this article on
the journal’s Web site (www.ibdjournal.org).

Received for publication March 2, 2015; Accepted March 24, 2015.

From the *Department of Experimental Tumor Pathology, Institute of Pathology, Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany; †Institute of
Pathology, Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany; ‡First Department of Medicine, Friedrich-Alexander University Erlangen-Nürnberg, Erlangen,
Germany; Departments of §Urology and kPediatrics and Adolescent Medicine, Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany; ¶Stratifyer Molecular
Pathology GmbH, Cologne, Germany; **Faculty of School of Chemical and Biotechnology, SASTRA University, Thanjavur, India; ††Institute of Pathology, University
Regensburg, Regensburg, Germany; and ‡‡Department of Basic Biomedical Sciences, Laboratory of Biology, School of Medicine, University of Athens, Athens, Greece.

Supported by the Interdisciplinary Center for Clinical Research (grant number IZKF-D18 to R. Schneider-Stock and IZKF-D21 to R. Schneider-Stock and C. Neufert)
and from the Manfred-Stolte-Stiftung to R. Schneider-Stock.

The authors have no conflicts of interest to disclose.

Reprints: Regine Schneider-Stock, PhD, Department of Experimental Tumor Pathology, Institute of Pathology, FAU Erlangen-Nürnberg, Universitätstrasse 22, 91054
Erlangen, Germany (e-mail: regine.schneider-stock@uk-erlangen.de).

Copyright © 2015 Crohn’s & Colitis Foundation of America, Inc. This is an open-access article distributed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives 3.0 License, where it is permissible to download and share the work provided it is properly cited. The work cannot be changed in any way or
used commercially.

DOI 10.1097/MIB.0000000000000453

Published online 16 June 2015.

Inflamm Bowel Dis � Volume 21, Number 9, September 2015 www.ibdjournal.org | 2039

D
ow

nloaded from
 https://academ

ic.oup.com
/ibdjournal/article/21/9/2039/4579340 by Augsburg U

niversity user on 27 July 2023



of UC-associated colorectal carcinoma (UCC) differs from the spo-
radic form and is characterized by distinct sequences and timing of
genetic alterations. UCC demonstrates a “dysplasia-to-carcinoma”
profile, whereas genetic hits in sporadic colon cancer follow an
“adenoma-to-carcinoma” sequence.4 Despite modern screening
programs, about half of the patients with UCC are diagnosed at
an already advanced tumor stage associated with a poor prognosis.
Because of this diagnostic dilemma, novel biomarkers for early
clinical risk assessment are needed.

MicroRNAs (miRNAs) are short 20 to 25 nucleotide RNA
molecules that negatively regulate and fine-tune gene expression in
eukaryotes by degradation of target messenger RNAs (mRNAs) or
prevention of target mRNA transcription.5,6 Up to 1000 miRNAs
are expressed in human cells in a cell-specific and tissue-specific
manner.7 There is growing evidence that miRNAs have crucial
function in specific cellular processes, such as differentiation, mor-
phogenesis, proliferation, and apoptosis.8–11 Recent studies have
indicated that abnormal miRNA expression is a hallmark of cancer,
suggesting that miRNAs may act as oncogenes or tumor suppres-
sors.8,10 Recently, it became evident that miRNAs are important
players in inflammation.7,12 For example, miR-146a and miR-
146b are implicated in the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) pathway by downregulation
of interleukin 1 receptor–associated kinase 1 and tumor necrosis
factor (TNF) receptor–associated factor 6 protein levels.13 Both miR-
199a and miR-301a inhibit NF-kB–repressing factors and therefore
elevate NF-kB activation in ovarian and pancreatic tumor cells,
respectively.14,15 Upregulation of miR-21 was found in IBD-
associated dysplastic lesions.16 Recently, 30 miRNAs with differential
expression patterns in inflamed mucosa and inflammation-associated
carcinoma tissues have been identified.17 Interestingly, an miR-31 and
miR-224 overexpression strongly mirrored the multistep tumor pro-
gression in IBD.17,18 There were 3 miRNAs (miR-192, miR-375, and
miR-422b), which were significantly decreased in active UC tissues,
whereas 8 miRNAs (miR-16, miR-21, miR-23a, miR-24, miR-29a,
miR-126, miR-195, and Let-7f) were significantly increased in active
UC tissues, as compared with healthy control tissues.19 So far, the
impact of individual miRNAs during inflammation-associated carci-
nogenesis is not yet fully understood.

In our study, we focused on miRNA-26b (miR-26b), which
is instrumental in normal tissue growth and development by its
influence on cell proliferation and differentiation.20 MiR-26b be-
longs to the family of hsa-miR-26 miRNAs together with miR-26a-1
and miR-26a-2. The sequence of the miR-26b seed region is
highly evolutionarily conserved. The mature miR-26b sequence is
similar to the sequence of miR-26a and differs only in 2 nucleo-
tides. In some tumors, e.g., benign neoplasms of the pituitary,21

gliomas,22 and bladder cancers,23 an upregulation of miR-26b has
been observed compared with healthy tissue. In contrast, loss of
miR-26b expression has been shown in breast cancer,24 nasopha-
ryngeal carcinomas,25 and hepatocellular carcinomas.26 Taken
together, miR-26b acts as an oncomir or a tumor suppressor depen-
dent on the cell type and experimental stimulus.

Interestingly, miR-26b serves as a tumor suppressor in
sporadic colorectal carcinomas. Here an overexpression induces
apoptosis in LoVo cell line and inhibits their invasive potential.27

Similarly, miR-26b overexpression in SW480 colon tumor cells
leads to inhibition of tumor growth because of a decrease of cell
proliferation.28

So far, nearly nothing is known about the role of miR-26b
in inflammation-associated colorectal carcinogenesis. Thus, the
goal of our current study was to investigate the impact of miR-26b
in UC-associated CRC.

We found that the expression of miR-26b was increased in
human tissues from UC and UCC patients. Furthermore, we
identified DIP1 as a novel target of miR-26b, which was confirmed
by argonaute 2 (Ago2)-RNA immunoprecipitation (RIP), luciferase
reporter assay, quantitative polymerase chain reaction (qPCR)
examination, and immunohistochemical analysis. For the first time,
we show evidence that miR-26b has the potential to be used as an
inflammation-associated biomarker of the bowel in future.

MATERIALS AND METHODS

Human Specimen Collection

UC/UCC Samples
In this study, we used 2 different cohorts of patients. The

diagnosis of IBD was based on standard clinical, endoscopic,
radiological, and pathological criteria.29 The first group (retrospec-
tive) was collected at the FAU Erlangen-Nürnberg, Germany, and
the formalin-fixed and paraffin-embedded tissues were used in tissue
microarray (TMA) format for In situ hybridization (ISH) and quan-
titative reverse transcription (qRT)-PCRs. The second group (pro-
spective) included fresh–frozen biopsies and serum samples and was
collected at the Gastroenterology Unit and the second Department of
Surgery, “Aretaieio” Hospital, Athens, Greece, for qRT-PCRs.

TMAs in total contained 38 samples of 17 patients (7 female
patients, 10 male patients, mean age 55 6 25 years) diagnosed
with UC or UCC. For each case, duplicates were punched, along
with different controls, to ensure reproducibility and comparable
stainings.

In the prospective group, we examined colon biopsies for
10 adult patients (6 female patients, 4 male patients, mean age
42.5 6 14.5 years) with pathologically proven UC. Among these,
5 had pancolitis, 4 proctitis, and 1 proctosigmoiditis. Serum sam-
ples from these patients were examined, if available (n ¼ 6). The
healthy tissue cohort consisted of 15 patients (8 female patients,
7 male patients, mean age 41.66 31 years), and the healthy blood
group consisted of the same 15 patients, but only in 10 of them,
we could detect target expression.

Crohn’s Disease Samples
Fresh–frozen biopsies and blood samples were collected at

the Gastroenterology Unit and the second Department of Surgery,
Aretaieio Hospital, Athens (Greece). We examined colon biopsies
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from 12 adult patients (7 female patients, 5 male patients,
mean age 45.6 6 14.5 years) with pathologically proven Crohn’s
disease (CD).

Celiac Disease Samples
Fasting serum samples of 14 healthy children (7 female

patients, 7 male patients, mean age 7.6 6 1.2 years) versus
15 age-matched pediatric patients with proven celiac disease30,31

(10 female patients, 5 male patients, mean age 9.1 6 0.9 years)
were included in the analysis (collected December 2008–October
2011). These samples were a kind gift of the Department of
Pediatric and Adolescent Health, FAU Erlangen-Nürnberg.

Experimental Model of Colon Carcinogenesis
Experimental model of inflammation-associated colorectal

carcinogenesis was performed as previously described.32 Briefly, 1·
intraperitoneal injection of azoxymethane (AOM) (10 mg/kg) (Sigma-
Aldrich, Taufkirchen, Germany) was followed by 3 cycles of dextran
sulfate sodium (DSS) administration. Each cycle included 1 week of
2.5% (wt/vol) DSS (MP Biomedicals, Eschwege, Germany) in drink-
ing water followed by 2 weeks of regular water. Serum was collected
before treatment and at day 67. All experiments involving animals
were performed according to the protocols approved by the Erlangen-
Nürnberg University Animal Studies Committee.

Cell Culture
Human colorectal HCT116 tumor cells (mycoplasma free)

were maintained in RPMI with 10% fetal bovine serum,
supplemented with 1% penicillin–streptomycin. Cell line was
authenticated using Multiplex Cell Authentication by Multiplex-
ion (Heidelberg, Germany) as described previously.33 Cells were
cultured in either normal or TNF (Immunotools, Friesoythe,
Germany, 0.66 ng/mL)-containing medium and incubated in
a 5% CO2 atmosphere at 378C.

ISH for miRNA
ISH for miR-26b was performed on TMAs using the

MiRCURY LNA miRNA ISH Optimization kit (Exiqon, Vedbaek,
Denmark). Briefly, paraffin sections were deparaffinized and treated
with 50 mg/mL proteinase K at 378C for 20 minutes. After dehy-
dration, slides were incubated with 50 nmol/L miR-26b locked
nucleic acid probe (50-DIG-ACCTATCCTGAATTACTTGAA-30-
DIG) at 528C for 1 hour. This was followed by 5 individual strin-
gency washes at hybridization temperature: twice with 5· saline
sodium citrate, twice with 1· saline sodium citrate, and once with
0.2· saline sodium citrate buffers. Unspecific binding was blocked
using the provided blocking solution (Exiqon) for 15 minutes.
Alkaline phosphatase–conjugated anti-digoxigenin Fab fragments
(diluted 1:500 in blocking reagent; Roche, Penzberg, Germany)
were incubated at room temperature for 1 hour. After washing,
enzymatic color development was performed by incubating
the slides with 4-nitro-blue tetrazolium and 5-brom-4-chloro-30-
indolylphosphate substrate (NBT/BCIP substrate; Roche) at 308C
for 2 hours to allow formation of dark-blue 4-nitro-blue tetrazolium
formazan precipitate, followed by nuclear fast red counterstain

(Vector Laboratories, Burlingame, CA) at room temperature for
10 minutes. Slides were subsequently dismantled in water, dehy-
drated in alcohol solutions, and mounted with mounting medium
(Vector Laboratories). U6 small nuclear RNA–specific probe was
used as system control (see Fig., Supplemental Digital Content 1,
http://links.lww.com/IBD/A906). A standard 4-point scale method
was used to evaluate the staining intensity under microscope, and
the results were scored as follows: 0 (negative), 1 (+), 2 (++), or 3
(+++), according to the established criteria.34

RNA/miRNA Isolation and qRT-PCR

HCT116 Cells, Human Celiac Disease Serum, and
Murine Serum

Total RNA, including miRNA, from HCT116 cells was
prepared using the miRNeasy Mini kit (Qiagen, Hilden, Germany).
The miRNeasy Serum/Plasma kit (Qiagen) was used for the
preparation of miRNA from human and murine serum. RNA was
converted into complementary DNAs (cDNA) with the miScript II
RT kit (Qiagen). For the conversion of miRNA and mRNA, the 5·
miScript HiFlex buffer was used. For the conversion of miRNA
only, the 5· miScript HiSpec buffer was used. The experiment was
conducted following the manufacturer’s instructions. qPCR for
miR-26b mature expression was done using miScript PCR System
(Qiagen), including U6B as a reference gene. The cDNA was
diluted stepwise to a 1 ng/mL concentration, and 2.5 mL were
applied per reaction. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) served as a reference gene for normalization of target
mRNA levels. The cycling profile for miRNA consisted of 958C for
15 minutes followed by 40 cycles of denaturation at 958C for 15
seconds, annealing at 608C for 30 seconds, and elongation at 728C
for 30 seconds. The cycling profile for cDNA consisted of 958C for
10 minutes followed by 40 cycles of denaturation at 958C for 15
seconds and combined annealing/elongation step at 608C for 1 min-
ute. The QuantiTect SYBR Green PCR kit (Qiagen) was used.
Samples were run in triplicate at least from 3 biological replicates.
A non-template control was run in each experiment. Melting curve
analyses were performed to confirm amplification specificity of the
PCR products. PCRs were run on a C1000 Thermal Cycler CFX96
real-time PCR system (Bio-Rad, Hercules, CA). The obtained data
were analyzed with the help of the CFX Manager software from
Bio-Rad, and the DDCt values are reported.

FFPE Tissues
RNA from formalin-fixed paraffin-embedded TMA tissue

was isolated commercially (Stratifyer Molecular Pathology GmbH,
Cologne, Germany). RNA was extracted using germanium-coated
magnetic beads (XTRAKT kit; Stratifyer Molecular Pathology
GmbH). The method involves extraction-integrated deparaffiniza-
tion and DNase I digestion steps. The quality and quantity of RNA
were checked by measuring CALM2 expression as a surrogate for
amplifiable mRNA by qRT-PCR. CALM2 was used as endogenous
reference. For the determination of MKI-67 and CALM2 mRNA
levels, PCR Primers and 50-FAM–30-TAMRA–labeled hydrolysis
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probes were selected using Primer Express software, Version 2.2
and 3 (Applied Biosystems/Life Technologies, Karlsruhe,
Germany). Primers and probes were purchased from Eurogentec
S.A. (Seraing, Belgium). For qPCR, 0.5 mM of each primer and
0.25 mM of each probe were used. All qRT-PCRs were performed
in triplicates using the SuperScript III Platinum One-Step qRT-PCR
kit with ROX (Invitrogen/Life Technologies, Darmstadt, Germany)
according to the manufacturer’s instructions. Experiments were
performed on a Stratagene Mx3005p (Agilent Technologies,
Böblingen, Germany) with 30 minutes at 508C and 2 minutes at
958C followed by 40 cycles of 15 seconds at 958C and 30 seconds
at 608C. Relative expression levels were calculated using the DDCt
method. A commercially available human reference RNA (Strata-
gene qPCR Human Reference Total RNA; Agilent Technologies)
was used as positive control. Non-template controls were assessed
in parallel to exclude contamination.

Human Fresh–Frozen Colon Biopsies and
Human Serum

miRNAs from tissues and serum samples were purified using
the mirVANA miRNA isolation kit (Applied Biosystems, Foster
City, CA) according to the manufacturer’s instruction. The expres-
sion patterns of miR-26b tested and a housekeeping gene U6B were
quantitatively assayed using reverse transcription and qRT-PCR.
Stem loop cDNAs were synthesized using looped reverse transcrip-
tion primer specific for each miRNA. All the materials were pur-
chased from Exiqon. All samples were analyzed twice to confirm
reproducibility. Real-time PCRs were conducted on an ABI Prism
7700 apparatus (Applied Biosystems). The expression of miR-26b
was normalized to U6B RNA internal control. The relative level of
miRNA expression was calculated using the DDCt method.

Primers were purchased from Metabion GmbH (Planegg,
Germany), and miRNA Primer assays were obtained from
(Qiagen). Their sequences are presented in the Table, Supple-
mental Digital Content 2, http://links.lww.com/IBD/A907.

Luciferase Reporter Assays
Luciferase reporter vectors containing the 3-UTR of miR-

26b target gene DIP1 were generated after PCR amplification
from human cDNA and cloned into the pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega, Mad-
ison, WI), immediately downstream from the stop codon of the
luciferase gene. The sequence of each insert was confirmed by
sequencing. MiR-26b was obtained by annealing, purifying,
and cloning short oligonucleotides containing the perfect
miRNA-binding site into the NheI and AccI sites of the
pmirGLO Vector. HCT116 cells were plated in 24-well plates
and 24 hours later cotransfected with 50 ng of the pmirGLO
dual-luciferase constructs, containing the indicated 30-UTRs of
target gene, and with 32 nM pre-miR miRNA Precursor
Molecules-Negative Control or pre-miR miRNA Precursor
hsa-miR-26b (PM10939) using Lipofectamine 2000 (Invitro-
gen/Life Technologies). Lysates were collected 24 hours after
transfection, and Firefly and Renilla Luciferase activities were

consecutively measured using Dual-Luciferase Reporter Assay
(Promega) according to the manufacturer’s instructions.
Relative luciferase activity was calculated by normalizing the
ratio of Firefly/Renilla luciferase to that of negative control–
transfected cells. Transfections were performed in triplicate and
repeated 3 to 4 times.

Argonaute2 RNA Immunoprecipitation
We used an Ago2 monoclonal antibody for immunoprecip-

itation (IP) to identify the miRNA-mediated recruitment of different
transcripts to the RNA-induced silencing complex.35 The experi-
ment was done according to the EZ-Magna RIP instruction (Cat.
No.17-701; Merck Millipore, Darmstadt, Germany). Briefly, 106

cells were seeded in 150-mm dishes and transfected with 1200 pmol
of negative control or the hsa-miR-26b mimic (Ambion, Darmstadt,
Germany). For the transfection of miRNA mimics into HCT116, the
Lipofectamine 2000 (Invitrogen) was used. The cell pellet was col-
lected 24 hours after the transfection, dissolved in 200 mL lysis
buffer, and incubated with 5 mg of anti-Ago2 (RIPab+ Ago2 clone
9E8.2; Merck Millipore) or rabbit anti-IgG (IGG, GT X RT; Merck
Millipore) antibodies bound to magnetic beads overnight. After IP,
sample aliquots were subjected to Western blot analysis for verifi-
cation of Ago2 binding. The rest of the samples were incubated with
protein kinase K at 558C for 30 minutes for protein digestion. RNA
was purified using phenol/chloroform extraction according to the
manufacturer’s protocol (Merck Millipore).

Overexpression of miRNA
Expression of miR-26a/b in HCT116 cells was increased by

transfection with miR-26a/b mimics (Ambion). The cells were plated
in 24-well plates for 24 hours and then transfected using Lipofect-
amine 2000 (Invitrogen). The transfection medium was changed after
6 hours, and the cells were supplied with fresh TNF-containing
medium. Cells were harvested at 24 to 48 hours after TNF stimulus.

Western Blot Assay
Cells were lysed with urea lysis buffer. Protein concentra-

tion was determined by Bio-Rad Dc Protein Assay (Bio-Rad).
Equal amount of cell lysate (30 mg) was resolved on sodium
dodecyl sulfate polyacrylamide gel electrophoresis and analyzed
by Western blot. Antibodies used in this study were as follows:
rabbit monoclonal DIP1 (Abcam, Cambridge, United Kingdom),
death-associated protein kinase (DAPK) mouse monoclonal (BD
Biosciences, San Diego, CA), mouse monoclonal MDM2 (Merck
Millipore), and GAPDH horseradish peroxidase linked (Abnova,
Heidelberg, Germany). ImageJ software (v.1.45s) was used for
quantification of band intensities.

Target Prediction for miR-26b, Which
Overlaps with DAPK

For qPCR analysis, a preselection of potential miR-26b target
genes and DAPK interaction partners has been performed. The miR-
26b targets were predicted in silico from 7 prediction programs
(DIANA-mT, miRanda, miRDB, miRWalk, TargetScan, miRecords
and Tarbase). The identified targets were compared with the DAPK
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interaction partners as listed by BioGRID and String 9.05 databases.
Only miRNA targets that were predicted by a minimum of 4
different programs were considered for further analysis (Fig. 4A).

Ingenuity Pathway Analysis Functional
Pathway Analysis

For further pathway analysis of biological and molecular
networks underlying UC, we used the web-based Ingenuity
Pathway Analysis tool (IPA; Ingenuity Systems, Redwood City,
CA; www.ingenuity.com), as described in detail earlier.36 Using
IPA, we were able to compare our filtered microarray data (Fig. 4A)
with the current Ingenuity Pathway Knowledge Base (as of Octo-
ber 10, 2014). Based on our list of significantly altered miR-26b
target genes and DAPK interaction partners (Fig. 4A), IPA com-
puted sets for the comparative analysis of generic networks (i.e.,
inflammation, proliferation, and apoptosis). No fold change cutoff
was applied to the normalized output data (P, 0.05). Comparative
network analysis was carried out using the web-based software
BioVenn by Hulsen et al.37 For functional pathway analysis, the
confidence level was set to “experimentally observed,” including
direct and indirect relationships, with cutoff settings of 2.0-fold
(up and down) and P value ,0.05. Mammal (human, mouse,
and rat) orthologs of each gene were included in the analysis.

Statistical Analyses
Results are expressed as mean6 SD or mean6 SEM when

independent experiments were performed in replicates. Cluster
analysis by Ward’s minimum variance method was performed
by JMP 9.0.0 software package (SAS Institute Inc.; Cary, NC).
We used Mann–Whitney U test or Student’s t test (GraphPad
Prism software; GraphPad, San Diego) for different comparisons
where appropriate. P values ,0.05 were considered significant.

Ethical Consideration
Before the commencement of the study, the ethics com-

mittee at the participating hospitals had approved the recruitment
protocols. For the prospective study, an informed consent was
obtained from all the participants.

RESULTS

MiR-26b Staining Intensity Increases in UC
and UCC

MiR-26b ISH was performed on a TMA of 38 samples
from 17 patients. ISH signal was seen in all cases with variation in
staining intensity. In addition to epithelial tumor cells, positive
staining was also observed in some cells of the lamina propria,
e.g., stromal cells and lymphocytes. In the UCC, this slight
background activity is maintained in the surrounding microenvi-
ronment; however, the epithelial positivity is dominant in both
UC and UCC cases. Using a semiquantitative approach, we
gradually scored the miR-26b tumor epithelial staining1–3 as
described in the Materials and Methods. The miR-26b ISH signal
significantly increased from the control group with inactive UC to

the active UC group and from the active UC to the UCC group
(Fig. 1A–F, G). This gradual increase was also observed when
comparing areas with different stages of individual patients
(Fig. 1H). We found a significant correlation between the miR-
26b expression and the histopathological status of the tissue (R ¼
0.824, P , 0.0001).

In addition, we isolated RNA from TMA-derived samples,
and the expression of proliferation marker gene MKI-67 (Ki-67)
was assessed by qRT-PCR (Fig. 1I). We also found a significant
correlation between the expression of Ki-67 and miR-26b ISH
(R ¼ 0.43, P , 0.0064). Two-dimensional hierarchic clustering
of quantitative miR-26b and MKI-67 RNA data revealed 4 dif-
ferent groups (Fig. 1I). These groups showed (1) high expression
of miR-26b and high or moderate Ki-67 expression (orange
color), (2) moderate expression of Ki-67 and no expression of
miR-26b (blue color), and (3) low expression of miR-26b but
high Ki-67 levels (green color), and (4) a larger dominant group
showed low expression for both markers (red color). Interestingly,
the clustering was highly associated with the histological subtype.
Particularly, the carcinoma-enriched cluster contained 93% of all
carcinoma samples, suggesting a potential for miR-26b as a bio-
marker in the diagnosis of UC and UCC (Fig. 1I). In contrast,
inactive colitis had very low RNA levels of both markers, whereas
active colitis had elevated levels of either MKI-67 or miR-26b.

MiR-26b Expression Increases in Human
Biopsies and Serum of Patients with IBD

The expression level of miR-26b was investigated by qRT-
PCR in fresh–frozen colon biopsies from UC patients. A significant
elevation of miR-26b expression in UC biopsies was found com-
pared with the healthy control group (Fig. 2A). Next, we examined
miR-26b expression in the blood serum of UC patients because
levels of circulating miRNAs can be altered in several clinical
diseases and may hence serve as potential biomarkers.38 Indeed,
similar to our tissue-derived data, miR-26b was significantly upre-
gulated in patients with UC compared with the healthy donor
group (Fig. 2B).

To investigate whether miR-26b expression was altered in
other inflammation-associated disorders of the gut system, we
examined further blood serum from 2 groups: (1) a group of adult
patients with CD and (2) a pediatric group of patients with celiac
disease. In both patient cohorts, our data demonstrated a signifi-
cant upregulation of miR-26b expression compared with the
respective healthy control group (Fig., Supplemental Digital
Content 3, http://links.lww.com/IBD/A908; Fig. 2A, B, C). These
results underline an important role of miR-26b in the inflamma-
tion processes of the gastrointestinal tract.

Expression of miR-26b in AOM/DSS Colon
Cancer Model

We expanded our study on chemically induced murine
model of CRC. Mice were treated with AOM/DSS, which causes
inflammation-associated tumor formation in the colon (Fig. 3A).
We investigated the expression of circulating miR-26b in murine
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FIGURE 1. miR-26b expression in human UC and UC-associated carcinomas (UCC) determined by ISH. A, Hematoxylin and eosin (H&E) staining
(top panel) and ISH (bottom panel) for miR-26b expression in inactive colitis (A, D), active UC (B, E), and UCC (C, F) at ·40 magnification. G, ISH
scores (0–3) of miR-26b from 38 samples of 17 patients, as described in Materials and Methods, presented as the average scores of 2 independent
observers (T.T.R. and A.A.). Samples were grouped according to their pathological stage: inactive colitis (n ¼ 6), active UC (n ¼ 16), and UCC
(n ¼ 16). H, Individual ISH scores (0–3) of miR-26b, as described in Materials and Methods. Data are presented as average score. Tissue samples
were grouped according to their pathological disease status within a single patient. Nine patients had available samples in an “inactive colitis-
UCC” sequence, 4 patients had “UC-UCC” sequence, and 1 patient had “inactive-UC” sequence. Four patients having only UCC samples were
indicated as a circle. I, Graphical representation of 2-dimensional hierarchical clustering results on miR-26b ISH data and mRNA qPCR profiles of Ki-
67 of inactive colitis (n ¼ 6), active UC (n ¼ 16), and UCC (n ¼ 16) samples. RNA expression scores are depicted according to a color scale: red,
positive expression; blue, negative expression; and gray, intermediate expression. Dendrogram of samples discriminates between the 4 groups
(indicated in purple, green, blue, and orange).
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serum obtained before and after applying the AOM/DSS protocol.
Quantitative PCR analysis indicated an increase in the miR-26b
expression level in serum of mice carrying colon tumors compared
with the untreated controls, suggesting that miR-26b upregulation
might be associated with tumor progression in this model (Fig. 3B).

MiR-26b Is Connected with DAPK
Interaction Partners

It was shown that the majority of potential cancer-
associated targets regulated by the miR-26 family belongs to

the class of protein kinases.39 Our previous studies defined an
increase of DAPK protein expression paralleling UC-
associated carcinogenesis.40 Therefore, we aimed to identify
proteins that are connected with DAPK through miR-26b.
Analysis of public databases revealed 7 genes, which were
predicted as DAPK interaction partners and were simulta-
neously found to be potentially regulated by miR-26b
(Fig. 4A, B). To validate these proteins as potential miR-26b
targets, we performed an RIP assay in an in vivo cellular con-
text. The results showed that DIP1, MDM2, BRCA1, PTEN,
and CREBBP were significantly enriched in the Ago2-
immunoprecipitated RNAs of the HCT116 cells transfected
with miR-26b mimic compared with those cells treated with
scrambled miRNA only (Fig. 4C). The levels of TSC1 and
ATM enrichment in miR-26b precipitants were insufficiently
comparative with the scrambled precipitants, and therefore,
they were not validated as targets for miR-26b (Fig. 4C).
Because PTEN was already experimentally shown as an miR-
26b target,21 we excluded it from further studies. Interestingly,
we found that two DAPK interaction partners targeted by miR-
26b, i.e., DIP1 and MDM2, belong to E3 ubiquitin–protein
ligases and are associated with protein stabilization processes.
DIP1 is well known to regulate DAPK directly by inducing its
proteosomal degradation.41 In contrast to DIP1, the MDM2
“ubiquitination signal” blocks the interaction between DAPK
and p53, subsequently diminishing DAPK signaling.42

To verify the decrease of MDM2 and DIP1 protein
expression under inflammation, we performed Western blot
analysis after TNF treatment of HCT116 cells. We found that
DIP1 protein expression was notably diminished in tumor cells
in a time-dependent manner (Fig. 4D), whereas MDM2 protein
level was upregulated at 1 and 6 hours but decreased only at later
time points. This suggests the involvement of alternative

FIGURE 2. miR-26b expression in human UC determined by quantita-
tive PCR. A, Individual relative expression of miR-26b in healthy people
with normal uninflamed colon mucosa (n ¼ 15) and patients with active
UC (n¼ 10) in biopsy specimens determined by qRT-PCR. Analyses were
performed in triplicates, and the results were normalized using the U6
expression level; P , 0.0001 (unpaired 2-tailed t test). B, Individual rel-
ative expression of miR-26b determined by qRT-PCR in healthy people
(n¼ 10) and patients with active UC (n¼ 6) in blood serum. In 5 healthy
samples, miR-26b/U6 was not amplifiable. Analyses were performed in
triplicates, and the results were normalized using the U6 expression
level, P , 0.0001 (unpaired 2-tailed t test).

FIGURE 3. Expression of miR-26b in AOM/DSS-induced murine model of CRC. A, Upper panel: scheme of 4-stage protocol inducing chronic
inflammation and colitis-driven tumors in mice. Lower panel: endoscopic images display the development of tumors in the murine colon after
AOM/DSS treatment. B, Individual relative expression of miR-26b in murine serum of control (day 1, n ¼ 15) and AOM + DSS–treated mice (day 67,
n ¼ 5) measured by qRT-PCR. Analyses were performed in triplicates, and the results were normalized using the U6 expression level. P ¼ 0.0001
compared with untreated samples (Mann–Whitney U test).
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FIGURE 4. MiR-26b targets associated with DAPK. A, Schematic representation of the strategy used to reveal DAPK-interacting proteins connected
through miR-26b. B, Venn diagram illustrating candidates overlapping between miR-26b–specific targets and DAPK-interacting partners. C, Rel-
ative enrichment of miR-26b targets identified by Ago2-RIP in HCT116 cells. Expression signals of Ago2-bound RNA were normalized to the IgG-
bound RNA from the same cell population, and enrichments of miR-26b–transfected versus scrambled miR–transfected cells (negative control
[NC]) were calculated using DCt method. Ago2-RIP was repeated twice and qRT-PCR performed 3 times in triplicates. Results are expressed as
mean 6 SD. *P , 0.05; **P , 0.01; ***P , 0.001 compared with scrambled transfection (unpaired 2-tailed t test). D, Western blot analysis of
HCT116 cells treated with TNF (0.66 ng/mL). At the indicated time points, whole-cell lysates were prepared and equal amounts of proteins were
resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis and probed with specific indicated antibodies. Anti-GAPDH antibody was
used as a loading control. Experiments were repeated 3 times, and representative images are shown.
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TNF-mediated regulatory mechanisms for MDM2 in HCT116
cells (Fig. 4D). As known from previous studies,40,43 the DAPK
protein level was enhanced during the TNF treatment. Based on
these data, we decided to investigate the miR-26b/DIP1/DAPK
axis in more detail.

MiR-26b Regulates DIP1 Expression
In addition to Ago2-IP, which demonstrated a strong

enrichment for DIP1 among other targets (approximately
160-fold, Fig. 4C), we employed a luciferase reporter assay
to investigate whether miR-26b directly binds to DIP1 mRNA.
We identified a putative miR-26b–binding site at positions
4046 to 4052 in the 30-UTR of DIP1 mRNA using TargetScan
algorithms (Fig. 5A). Next, we cloned the predicted miR-26b–
binding site from DIP1 mRNA into a luciferase reporter vector
and cotransfected the cloned plasmid with either scrambled
miRNA or miR-26b into HCT116 cells. MiR-26b significantly
inhibited the luciferase activity compared with the scrambled
miRNA (Fig. 5B). In addition, miR-26b did not suppress the
luciferase activity of the reporter vector containing 30-UTR of
DIP1 with single-point mutations in the miR-26b–binding site
(Fig. 5B). These results suggested that miR-26b directly inter-
acts with the 30-UTR of DIP1 mRNA. In agreement with our

data, overexpression with miR-26a and miR-26b mimics
showed a downregulation of DIP1 and an upregulation of
DAPK only with miR-26b, indicating a higher specificity of
miR-26b to target DIP1. This effect was enforced by TNF
application (Fig. 5C).

Finally, to verify our hypothesis in vivo, we tested DIP1
mRNA expression level in tissue biopsies of UC patients by qRT-
PCR. Indeed, DIP1 mRNA was downregulated in samples of UC in
biopsies (Fig. 5E).

Altogether, these data show that miR-26b directly targets
DIP1, which in turn leads to the upregulation of cellular DAPK
protein level. This mechanism was already demonstrated to play an
important role in inflammation-associated tumor transformation.40

Pathway Analysis for miR-26b Target Genes
The miRNA-target regulation network was analyzed in more

detail using in silico functional pathway analysis (IPA). IPA
pathway algorithm showed that miR-26b target genes play a critical
role in cellular oxidative stress (Fig. 6A), which is known to have
a significant impact during tumorigenesis. Therefore, it is not sur-
prising that the networks of cancer and gastrointestinal diseases
received the highest IPA ranking along with other biofunctions
associated with miR-26b regulation (Fig. 6B). Most of the predicted

FIGURE 5. MiR-26b targets DIP1 in vitro and in vivo. A, miR-26b sequences in the 30-UTR of human DIP1 mRNA as predicted by TargetScan (v.5.1).
The miR-26b seed sequence and its predicted binding site in the DIP1 30-UTR are shown underlined. B, HCT116 cells were cotransfected with the
vectors containing the full-length 30-UTR, mutated 30-UTR, or an empty pmirGLO vector (250 ng/mL) and an miR-26b mimic (20 nM) or miR
scramble (20 nM). Firefly luciferase activity was measured 24 hours later and normalized to Renilla luciferase activity. The experiment was done 3
times in triplicates. Results are expressed as mean 6 SD. *P , 0.05 (unpaired 2-tailed t test). C, HCT116 cells were transfected with 20 nM miRNA
mimics for 6 hours and then treated with TNF (0.66 ng/mL) for indicated time points. The protein expression was assayed by Western blot using
indicated antibodies. Anti-GAPDH antibody was used as a loading control. Band densities were quantified using ImageJ. Experiments were
repeated 3 times, and representative images are shown. D, Relative expression of DIP1 mRNA was determined by qRT-PCR from biopsy specimens
of healthy cohort (n ¼ 10) and patients with active UC (n ¼ 10). In 5 healthy samples, DIP1 mRNA was not amplifiable. Results were normalized
using GAPDH expression level and performed at least 3 times in triplicates.
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miR-26 targets were found to be involved in different pathways of
cell metabolism, such as glycine–betaine degradation, glutathione
redox reactions, and assembly of RNA polymerase II complex.
Through their contribution to cell function, the majority of miR-
26b–mediated targets belong to the “cell death and survival” group.
Comparative analysis of the genetic networks of inflammation,
proliferation, and apoptosis led to the identification of a subgroup
of 13 miR-26b targets (APM, ATP, BID, EGF, HOXA5, IFNg,
LAMA5, MERTK, NRG1, PRKCD, RRM1, SOCS1, and SOD1)
(Fig. 6C). This could suggest that miR-26b might mediate cross
talk of divergent pathways by regulating single genes.

DISCUSSION
Chronic inflammation alters the expression of genes,

including protein-coding and noncoding miRNA genes, sub-
sequently predisposing cells for neoplastic transformation.
MiRNA dysregulation influences multiple biological processes
related to cancerogenesis, including cell proliferation and
apoptosis. Moreover, it can trigger proinflammatory and anti-
inflammatory cellular responses.44

Recently, miR-26 has been shown to be associated with
inflammation.45,46 Although downregulation of miR-26b appears to
represent a common event in sporadic colorectal carcinogenesis, so

FIGURE 6. IPA-assisted network analysis of miR-26b target genes/DAPK interaction partners. A, IPA toxicology report. B, IPA: canonical pathways, diseases,
and biofunctions. C, Comparative pathway analysis: overlay of potential target genes involved in apoptosis, proliferation, and inflammation.

Benderska et al Inflamm Bowel Dis � Volume 21, Number 9, September 2015

2048 | www.ibdjournal.org

D
ow

nloaded from
 https://academ

ic.oup.com
/ibdjournal/article/21/9/2039/4579340 by Augsburg U

niversity user on 27 July 2023



far no studies have directly addressed the role of miR-26b in
inflammation-associated colorectal carcinogenesis.

We analyzed the miR-26b expression profiles in patients
with inactive and active UC and UCC. The fact that our study
was performed independently on 2 cohorts of patient’s speci-
men collected at Erlangen University (Germany) and Athens
Medical School (Greece) strengthens our findings. For the first
time, we demonstrated that miR-26b was significantly overex-
pressed in both human tissues and serum of patients with active
UC, in tissues of patients with UCC, and TNF-treated colorectal
HCT116 tumor cells. We also found that miR-26b expression
was significantly upregulated in an experimental mouse model
of chemically induced colitis, suggesting its role in tumor trans-
formation. We demonstrated that miR-26b directly targets the
E3-ligase DIP1 in human CRC cells and downregulates its
expression. This may activate signaling pathways of DIP1 sub-
strates, in particular DAPK-mediated cascades.

Our previous studies indicated that DAPK plays an
important role in balancing inflammatory conditions along
UC-associated carcinogenesis showing a gradual upregulation
along severity of the disease.40 TNF induces both proinflamma-
tory interleukin 6/STAT3 and anti-inflammatory DAPK signal-
ing. Activated STAT3 represses DAPK expression at the
transcription level, whereas DAPK inhibits pSTAT3Y705 phos-
phorylation and secretion of interleukin 6 upon stimulation by
TNF. Because recent transcriptional and posttranscriptional
DAPK regulatory mechanisms are under intensive investiga-
tions,47 we were interested in examining whether potential tar-
gets of miR-26b could influence DAPK function. In our study,
we experimentally validated DIP1, CREBBP, BRCA1, and
MDM2 as new miR-26b targets in colorectal tumor cells by
Ago2-RIP. To our knowledge, the functional connections
between DAPK and BRCA1, and DAPK and CREBBP have
not yet been reported in the literature. We focused on DIP1
and MDM2 because their significance for the DAPK function
has been already shown.41,42,48–50 Interestingly, both candidates
possess E3 ubiquitin ligase activity and are engaged in the reg-
ulation of cellular protein turnover. Because MDM2 protein
expression increased at early time points after TNF treatment
and is decreased only at later time points, we suggest alternative
TNF-mediated regulatory mechanism for MDM2. Thus, we
focused on our mechanistic studies on DIP1. Ago2-RNA IP
and luciferase reporter assay indicated that miR-26b directly
targets DIP1 30-UTR through the predicted binding site at posi-
tions 4046 to 4052.

DIP1 is a multidomain E3 ubiquitin ligase with 3 carboxyl-
terminal RING finger domains. It was shown to target the Notch
ligands Delta and Jagged as part of activation of the Notch
signaling pathway.51–53 In addition, DIP1 is involved in the reg-
ulation of apoptosis: (1) by decreasing the association of caspase-
8 and cFLIP54 and (2) by depletion of the stability and cellular
levels of DAPK.48 Indeed, TNF-induced upregulation of miR-26b
in HCT116 colon cancer cells inhibited DIP1 expression and
stabilized the DAPK protein. Furthermore, we verified the clinical

relevance of the miR-26b/DIP1/DAPK axis in colon biopsies of
UC patients by showing an inverse correlation between miR-26b
and DIP gene expressions.

In the last years, several miRNA profiling studies based on
the tissue or blood samples from patients with IBD were
performed to improve diagnostics and possible treatment of this
disease. In one of them, the authors found an UC-associated
increase of miR-26b expression, however, without a statistical
significance.55 We found that the expression of miR-26b gradu-
ally increases during progression from inactive colitis to active
colitis with the highest level in cancer. Of note, a statistically
significant increase in miR-26b expression was observed at both
UC and UCC groups in comparison with inactive colitis. Two-
way hierarchical clustering could distinguish patients in the
UCC and non-UCC groups based on the expression profiling
of Ki-67 and miR-26b with a high accuracy of 93%. This sug-
gested that miR-26b expression level may be a useful clinical
marker for predicting UC-associated neoplasms. However,
future studies involving higher number of patients are required
in this context.

Recently, circulating miRNAs in the serum were found to
show specific expression patterns, reflecting physiological and
pathological processes.56,57 Because it was shown that serum
miRNAs are more resistant to ribonuclease activity, changes
of temperature, extreme pH, long storage, or freeze-thaw
steps,58,59 circulating miRNAs are considered as promising bio-
markers for disease diagnostics.38 In addition to identification of
miR-26b expression in tissue biopsies of patients with UC,
we evaluated its level in blood serum from the same patients.
Interestingly, the data obtained from human tissues and corre-
sponding serum samples show nearly analogous values, suggest-
ing potential application of miR-26b determination in clinical
diagnostics by noninvasive methods. It would be interesting to
investigate the correlation of miR-26b with patient’s clinicopath-
ological data, which is impossible at the moment because of
limited number of samples.

The miR-26b–associated network was further evaluated
using an integration pathway analysis. Interestingly, miR-26b tar-
gets were mainly conjugated to gastrointestinal pathologies.
Indeed, we found a significant increase of miR-26b in CD and
celiac disease, 2 other types of gastrointestinal inflammation-
associated disorders, underscoring the involvement of miR-26b
in gut inflammation. Consistent with our findings, Bai et al60

showed that miR-26b together with miR-146a, -335, and -124
demonstrated the greatest influence (.70%) on the risk genes,
common for UC, CD, and CRC diseases.

In summary, we present new insights into the
inflammation-associated regulatory network of miR-26b. We
suggest that (1) miR-26b can discriminate between sporadic and
UC-associated carcinomas and between different stages of UC-
associated carcinogenesis, (2) miR-26b is a potential biomarker
for inflammation-associated processes in the gastrointestinal
system, and (3) there is an important role of the miR-26b/DIP1/
DAPK axis in inflammation.
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