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INTRODUCTION: Colorectal cancer (CRC) is a potentially life-threatening complication of long-standing ulcerative colitis

(UC). MicroRNAs (miRNA) are epigenetic regulators that have been involved in the development of UC-

associated CRC. However, their role as potential mucosal biomarkers of neoplastic progression has not

been adequately studied.

METHODS: In this study, we analyzed the expression of 96 preselected miRNAs in human formalin-fixed and

paraffin-embedded tissue of 52 case biopsies (20 normalmucosa, 20 dysplasia, and12UC-associated

CRCs) and 50 control biopsies (10 normal mucosa, 21 sporadic adenomas, and 19 sporadic CRCs) by

using Custom TaqMan Array Cards. For validation of deregulated miRNAs, we performed individual

quantitative real-time polymerase chain reaction in an independent cohort of 50 cases (13 normal

mucosa, 25 dysplasia, and 12 UC-associated CRCs) and 46 controls (7 normal mucosa, 19 sporadic

adenomas, and 20 sporadic CRCs).
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RESULTS: Sixty-four miRNAs were found to be differentially deregulated in the UC-associated CRC sequence.

Eight of these miRNAs were chosen for further validation. We confirmed miR-31, -106a, and -135b to

be significantly deregulated betweennormalmucosa anddysplasia, aswell as across theUC-associated

CRC sequence (all P < 0.01). Notably, these miRNAs also confirmed to have a significant differential

expression compared with sporadic CRC (all P < 0.05).

DISCUSSION: UC-associated and sporadic CRCs have distinct miRNA expression patterns, and some miRNAs

indicate early neoplastic progression.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A803, http://links.lww.com/CTG/A804, http://links.lww.com/CTG/A805, http://

links.lww.com/CTG/A806, and http://links.lww.com/CTG/A807.
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INTRODUCTION
Inflammatory bowel disease (IBD) has been associated to a higher
risk of developing colorectal cancer (CRC) (1,2), and a recent
large population-based cohort study concluded that the risk of
diagnosis of CRC in patients with IBD has not declined signifi-
cantly in the past 35 years (3).

Current surveillance strategies aim to identify dysplasia, which
is considered a premalignant lesion and thus associated with a
high risk to develop CRC. Although there is only evidence from
case series and cohort studies, most of the societies recommend
1- to 5-yearly colonoscopy for surveillance starting from 8 to 10
years of disease onset, unless specific risk factors for dysplasia,
such as primary sclerosing cholangitis, are also present (4,5).

However, there are several shortcomings when it comes to
detect and diagnose dysplasia accurately. First, their low de-
tection rates during surveillance colonoscopy (6,7). In fact,
interval cancers are significantly more frequent in IBD-
associated cases compared with sporadic cases and are most
likely due to not detected or not completely resected dysplastic
lesions (8). Second, the poor interobserver agreement among
both endoscopists and pathologists to distinguish dysplastic
from inflammation-associated morphologic alterations. Third,
this poor interobserver agreement is also applicable when dif-
ferentiating low-grade dysplasia from high-grade dysplasia (9).
And fourth, the difficulty in reliably distinguishing colitis-
associated dysplasia from sporadic adenomas by histopathol-
ogists (10,11).

The difficulties to accurately detect and diagnose dysplasia as
the premalignant lesion of colitis-associated cancer have led to the
search for more robust, objective, and minimally or noninvasive
biomarkers (12). MicroRNAs (miRNAs) are ideal candidates for
biomarkers because of their small size, stability in biological
samples, availability in blood samples (circulating miRNAs),
ability to regulate hundreds of mRNAs, and their relatively small
total number compared with mRNAs. Moreover, miRNAs have
been linked to pathogenic processes such as inflammation sig-
naling, endothelial-mesenchymal transition, cancer stem cells,
and metastatization (13–15).

InUC-associated CRC (UC-CRC), the evidence about the role
of miRNAs in inflammation and carcinogenesis is less abundant
compared with sporadic CRC (Sp-CRC), but several studies have
found promising preliminary results (16–18). Although most of
the previous studies had focused on disease-specific expression
patterns in both ulcerative colitis (UC) andCrohn’s disease, some
recent studies aimed to identify differentially expressed miRNAs
in UC-CRC (19–22). However, there is only a handful of studies

that analyzed single miRNAs associated to UC-CRC, but their
sample sizes were rather low, they were not validated with in-
dependent cohorts, dysplasia was not considered, or specificity
for UC-associated CRC over sporadic CRC was not addressed.

Despite the burgeoning knowledge ofmiRNAs as regulators in
both maintained inflammation and inflammation-associated
carcinogenesis, these processes are not fully understood, and
more research is needed to find biomarkers for clinical use. Our
study aimed tofindmiRNAs that are differentially and specifically
expressed in the colorectal carcinogenesis associatedwithUC and
could serve as biomarkers to improve the detection of UC-
associated dysplasia (UC-Dys).

MATERIAL AND METHODS

Patients and sample cohorts

The study group included 103 tissue specimens from 94 patients
withUCwhowere referred fordysplasia screeningordiagnosedwith
a CRC arising on a colitic area and fulfilling all the following eligi-
bility criteria: (i) endoscopically and pathologically confirmed UC
proximal to the rectum, (ii) disease duration of at least 8 years, and
(iii) absenceof clinical activity (i.e., noninvasive 6-point partialMayo
Score (23),3), to avoid bias introduced by inflammatory processes.
To be considered as a UC-associated lesion, dysplasias and CRCs
had to be arisen in areas previously affected by chronic in-
flammation. The control group included 96 tissue specimens from
96 different individuals from the FIT-based organized Barcelona-
Eixample-Esquerra population CRC Screening Program, in which
all individuals aged 50–69 years are invited to participate, and a FIT
cutoff of $20 mg of hemoglobin/g of feces is used to indicate a
colonoscopy. Personal history of CRC, adenoma, or inflammatory
bowel disease, a family history of CRC (defined as those individuals
with 2 first-degree relatives with CRC or 1 diagnosed before the age
of 60), known hereditary CRC syndromes, severe coexisting illness,
colonoscopy performedwithin the past 5 years, previous colectomy,
and contraindication for colonoscopy are considered definitive or
temporary exclusion criteria for screening.

The samples from the study group and the control group were
each divided to form2 independent cohorts: (i) a discovery cohort
with 52 samples from the study group (20 UC normal mucosa
biopsies [UC-NM], 20 UC-associated dysplastic lesions [UC-
Dys], and 12 UC-associated colorectal cancers [UC-CRC]) and
50 samples from the control group (10 normal mucosa biopsies
[Sp-NM], 21 sporadic adenomas [Sp-Ad], and 19 sporadic CRC
[Sp-CRC]) (Figure 1). All samples derived from different unique
patients except for 3 patients of the study group who provided 1
sample of normal mucosa and 1 sample of dysplasia and 2
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patients who provided 2 samples of dysplasia. (ii) The validation
cohort was composed of 51 samples from the study group: 14UC-
NM, 25 UC-Dys, and 12 UC-CRC and 46 samples from the
control group: 7 Sp-NM, 19 Sp-Ad, and 20 Sp-CRC (Figure 1). All
samples derived from different patients except for 4 patients who
provided 2 samples of dysplasia. Sporadic adenomas in patients
with UC were disregarded in this study.

Tissue samples of normal mucosa, UC-associated dysplasia,
and sporadic adenoma were obtained by colonoscopy, whereas
CRC specimens derived from surgical blocks. All samples were
fixed by immersion in buffered formalin immediately after the
colonoscopy or surgery and then processed and embedded in
paraffin (FFPE). All specimens were evaluated by pathologists at
each participating institution, according to the Vienna classifi-
cation and the seventh edition of the American Joint Committee
on Cancer tumor, node, metastasis grading system. Before RNA
extraction, microdissection of relevant tissue was performed by
using a biopsy punch device.

RNA extraction from FFPE specimens

RecoverAll Total Nucleic Acid IsolationKit for FFPE (ref. AM1975,
Invitrogen; Thermo Fisher Scientific, Waltham, MA) was used to
extract totalRNAfromtissue cores, according to themanufacturer’s
protocol. RNA concentration was determined with a NanoDrop
1000 spectrophotometer (NanoDrop, Wilmington, DE).

Quantitative reverse-transcription PCR assays

For the discovery phase, 96 miRNAs were selected after a com-
prehensive literature and database research based on their pre-
viously described functions in cell cycle control, signal transduction,
cell-cell interaction, inflammation, and tumorigenesis, as well as
their potential biomarker role in colorectal cancer or colitis-
associated cancer. We used 96-well Custom TaqMan Array
Microfluidic Cards (ref. 4342261; Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA) for the evaluation of miRNA ex-
pression levels in patient samples. All RNA samples were first
reverse-transcribed to cDNA by using the TaqMan MicroRNA
Reverse-Transcription Kit (ref. 4366596; Applied Biosystems)
according to the manufacturer’s instructions. Briefly, 100 ng of
RNAwas reverse-transcribed in afinal volumeof 15mLper reaction
under the following conditions: 30 minutes at 16°C, 30 minutes at
42°C, and 5minutes at 85°C. Then, the cDNAwas preamplified for
14 cycles using the TaqMan PreAmp Master Mix (ref. 4488593;
Applied Biosystems) combined with the corresponding Custom
TaqMan PreAmp primer pool. The preamplified cDNA was either
directly processed or stored at 220°C but for no longer than 64
hours. For quantitative real-time polymerase chain reaction (qRT-
PCR), each of the 4microfluidic card’s ports werefilledwith 100mL
of reaction volume fromamastermix consisting of 225mLTaqMan
Universal Master Mix II No UNG (ref. 4440048; Applied Bio-
systems), 4.5 mL of preamplified and 1:4 diluted cDNA (at a con-
centration of 0.142 ng/mL), and nuclease-free water up to 450 mL.
The qRT-PCR was run on a 7900HT Fast Real-Time PCR in-
strument (ref. 4351405; Applied Biosystems) using the following
conditions: hold for 10 minutes at 95°C, then 15 seconds at 95°C,
and 1 minute at 60°C for 40 cycles. All qRT-PCR reactions were
performed in duplicate for each sample and miRNA assay. Ct
valueswere calculated from automatic threshold. RNU66, RNU48,
RNU44, and RNU6b were initially included as endogenous con-
trols for normalization, but data analysis showed that miR-30a-5p,

miR-30e, and miR-28 were more stably expressed across all sam-
ples and were therefore used as better controls for our study.

TaqManMicroRNAAssays (ref. 4449142;Applied Biosystems)
were used to validate differential miRNA expression in 97 samples
by qRT-PCR. RNAwas diluted to 4 ng/mL, and 10 ngwas used as a
template for each reverse-transcription reaction. All qRT-PCR
reactions were performed on a ViiA 7 Real-Time PCR instrument
(ref. 4453534; Applied Biosystems) in triplicate for each sample
and miRNA. Thermal conditions were as follows: hold 10minutes
at 95°C, then 15 seconds at 95°C, and 1minute at 60°C for up to 50
cycles to detect any expression possible. CT values were calculated
from automatic threshold, and only those below 40 were regarded
for final analysis. As in the discovery phase, miR-30a-5p, miR-30e,
and miR-28 were used as endogenous controls.

Statistical analysis

Statistics of clinical and pathological characteristics were calcu-
lated with GraphPad Prism (version 9.1.2). The unpaired Student
t test and Fisher exact test were used where applicable for dif-
ferences between study groups. All statistics of experimental data
including all plots were calculated and generated with R software.
We did not perform an interplate normalization because the
principal component analysis did not show a batch effect.
Quantitative RT-PCR results were analyzed by standard 2-class
unpairedWelch t test and ANOVA where applicable. Finally, for
each selected miRNA, box and whisker plots and receiver oper-
ating characteristic (ROC) curves were generated, and the area
under the curve (AUC) was analyzed to test the performance of
the different models.

RESULTS
Characteristics of the study cohorts

Patients included in the discovery and validation cohorts pre-
sented similar distribution of sex and age at study inclusion and
diagnosis between all cases and controls. However, for the dis-
covery phase, patients of the study group were slightly younger
(52 vs 57 years, P 5 0.02), and advanced-stage tumors (III/IV)
were twice as frequent in the UC-associated CRC group com-
pared with the sporadic CRC group (41.6 vs 21%, respectively),
but which was not statistically significant (Table 1). For a few
patients in both study groups, more than 1 sample was available.
Precisely, for 3 patients, 1 sample of normalmucosa and 1 sample
of dysplasia were available; for 6 patients, 2 samples of dysplasia
were available. By contrast, all samples of both control groups
came from different patients, resulting in a total of 102 samples
from 97 patients in the discovery cohort and 97 samples from 93
patients in the validation cohort. Regarding the group of UC-
associated dysplasia, in the discovery cohort, 18 and 2 of 20 were
low-grade and high-grade dysplasia, respectively, whereas in the
validation cohort, 100% were low-grade dysplasia. All sporadic
adenomas were tubular adenomas with low-grade dysplasia ex-
cept for a single one in the discovery cohort that was a tubulo-
villous adenomawith high-grade dysplasia (Table 1 and Figure 1).

MiRNAs are differentially expressed across the colitis-associated

cancer sequence

We found 64 miRNAs that were differentially deregulated across
the UC-associated CRC sequence, whereas 65 miRNAs were al-
tered in the sporadic CRC sequence (see Supplementary Table S1,
Supplementary Digital Content 1, http://links.lww.com/CTG/A803).
We compared the 2 sequences of differentially expressed miRNAs
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(ANOVA P , 0.05) and found that most of the miRNAs were
shared between the 2 sequences. However, we also found 9 miR-
NAs that were only differentially regulated in the UC-associated
sequence, whereas 10 were only significant for the sporadic se-
quence (see Supplementary Table S1, Supplementary Digital
Content 1, http://links.lww.com/CTG/A803). We next filtered the
significantly deregulatedmiRNAs by those who showed the largest
difference in relative expression levels between normal mucosa
(UC-NM) and UC-associated CRC (UC-CRC). For a difference
greater than61.0, we retrieved 21 miRNAs that were upregulated
and 11 that were downregulated (see Supplementary Table S1,
Supplementary Digital Content 1, http://links.lww.com/CTG/A803).
Interestingly, within each group (i.e., upregulated and down-
regulated), they showed different types of change in expression level.
For instance, within the upregulated group, although somewere only
overexpressed in the cancer or in the dysplasiawith respect to normal
mucosa, others showed a consistent upregulation across the UC-
associated sequence (Figure 2). We also compared the miRNA
expression profiles between UC-CRCs and Sp-CRCs and

retrieved 47 miRNAs that showed statistically significant differ-
ences between both entities. Thirty of these miRNAs showed a
more than 2-fold difference, 9 of which were higher expressed in
the UC-associated CRCs, whereas 21 were higher expressed in the
sporadic CRCs (Figure 3a; see Supplementary Table S2, Supple-
mentary Digital Content 2, http://links.lww.com/CTG/A804).

miRNAs are potential mucosal biomarkers for dysplasia in

patients with ulcerative colitis

When compared with normal colonic mucosa of patients with
UC, dysplastic lesions showed a distinct miRNA expression
profile (Figure 3b; see Supplementary Table S3, Supplementary
Digital Content 3, http://links.lww.com/CTG/A805). In ac-
cordance with our main objective of discovering tissue bio-
markers for identification of dysplasia associated to UC and
which at the same time were highly specific for neoplastic
progression associated to UC rather than the sporadic
adenoma-carcinoma sequence, we used the following criteria
for selecting the miRNAs for the validation phase: (i) miRNAs

Figure 1. Study flowchart. AUROC, area under the receiver operating curve; Sp-Ad, sporadic adenoma; Sp-CRC, sporadic colorectal cancer; Sp-NM,
sporadic normal mucosa; UC, ulcerative colitis; UC-CRC, ulcerative colitis–associated colorectal cancer; UC-Dys, ulcerative colitis–associated dysplasia;
UC-NM, UC-associated normal mucosa.
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that showed a significant deregulation between normal mucosa,
dysplasia, and cancer, (ii) miRNAs that showed a consistent de-
regulation across the UC-associated sequence meaning that those
miRNAs dysregulated in the dysplasia cases that did not show a
dysregulation of higher magnitude in cancer were not regarded as
meaningful, (iii) miRNAs with a significantly different expression

level in the colitis-associated cancers compared with the sporadic
cancers (Figure 3A; see Supplementary Table S2, Supplementary
Digital Content 2, http://links.lww.com/CTG/A804), and (iv)
miRNAs that showed a differential expression between normal
mucosa of patients with UC and UC-associated dysplasia
(Figure 3B; see Supplementary Table S3, Supplementary Digital

Table 1. Clinical characteristics of the patients within the different groups

Discovery (N 5 97) Validation (N 5 93)

Study group Control group P Study group Control group P

Total patients, n 47 50 47 46

Sex

Female, n (%) 16 (34) 23 (46) 0.30 17 (36%) 23 (50) 0.21

Age

Mean age at inclusion, yr (SD) 52 (13.8) 57 (3.1) 0.02 56 (12.2) 57 (3.5) 0.64

Mean age at diagnosis UC, y (SD) 36 (18.4) NA NA 38 (14.1) NA NA

UC-associated dysplasia, n 20 25

Low-grade/high-grade, n (%) 18/2 (90/10) 25/0 (100/0)

Sporadic adenoma, n 21 0.61 19 0.99

Low-grade/high-grade, n (%) 20/1 (95/5) 19/0 (100/0)

Sex

Female, n (%) 7 (35) 9 (43) 0.75 10 (40) 10 (53) 0.54

Age

Mean age at inclusion, yr (SD) 53 (13.0) 58 (0.8) 0.08 56 (12.9) 58 (1.2) 0.51

Mean age at diagnosis UC, yr (SD) 36 (14.6) NA NA 38 (14.7) NA NA

Carcinomas, n 12 19 12 20

Sex

Female, n (%) 3 (25) 9 (47) 0.27 5 (42) 9 (45) 0.99

Age

Mean age at inclusion, yr (SD) 56.9 (16.4) 54.4 (2.9) 0.52 60 (12.8) 55 (2.7) 0.09

Mean age at diagnosis CRC, yr (SD) 57.8 (17.5) 54.4 (2.9) 0.42 58 (12.5) 55 (2.7) 0.32

Dt between diagnosis UC and CRC, yr (SD) 13.5 (11.3) NA NA 14.9 (9.3) NA NA

TNM, n (%)

In situ 0 (0) 6 (31.6) 0 (0) 0 (0)

I 2 (16.7) 9 (47.4) 4 (33.3) 9 (45)

II 4 (33.3) 0 (0) 5 (41.7) 2 (10)

0.22 0.21

III 1 (8.3) 2 (10.5) 3 (25) 6 (30)

IV 4 (33.3) 2 (10.5) 0 (0) 1 (5)

Unknown 1 (8.3) 0 (0) 0 (0) 2 (10)

Locationa

Proximal/distal, n (%) 3/8 (25/67) 2/17 (11/89) 0.33 3/6 (25/50) 5/15 (25/75) 0.67

Unknown 1 (8) 0 (0) 3 (25) 0 (0)

Adjuvant treatment, n (%)

Yes/no 5/5 (42/42) 4/15 (21/79) 0.20 9/3 (75/25) 11/9 (55/45) 0.45

Unknown 2 (16.7) 0 (0) 0 (0) 0 (0)

CRC, colorectal cancer; TNM, tumor, node, metastasis; UC, ulcerative colitis; NA, not applicable. P-values,0.05 are highlighted in bold.
aProximal and distal to the splenic flexure.
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Content 3, http://links.lww.com/CTG/A805). Accordingly, we
only considered those miRNAs for which the levels of specificity
according to their ROC curves were at least 0.7 or higher when
discriminating dysplasia from corresponding normal mucosa.

We identified 6 miRNAs from the discovery phase that ful-
filled each of these criteria:miR-20b, -24, -31, -106a, and -135b, all
of which were upregulated across the sequence, and miR-let-7f,
which was downregulated (Table 2).

Successful validation of the miRNA biomarkers in the

validation cohort

The 6miRNAs that fulfilled the above conditions were chosen for
further validation.Moreover, we decided to include also miR-195
and miR-29a into the analysis because they also correlated well
with carcinogenesis and were accurate discriminators for dys-
plasia, although failed to show statistically significant differences
between sporadic andUC-associated cancer. As shown in Table 2

Figure 2.Behavior of selected differentially deregulatedmiRNAs across the UC-associated CRC sequence in the discovery phase. CRC, colorectal cancer;
miRNA, microRNA; UC, ulcerative colitis.
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(and Supplementary Table S4, Supplementary Digital Content 4,
http://links.lww.com/CTG/A806), we positively validated the
expression of 3 of 8 miRNAs: miR-31, -106a, and -135b, all of
which were upregulated. Box plots and ROC curves of these 3
miRNAs are shown in Figure 4.

Contrarily, miR-195 showed a statistically significant down-
regulation in dysplasia (P5 0.0002), but in the UC-CRC group, it
was expressed at the same level as in normal mucosa (P 5 0.65),
results not consistent with those of the discovery phase (see Sup-
plementary Figures S5, Supplementary Digital Content 5,
http://links.lww.com/CTG/A807). On the other hand,miR-20b
showed a consistent and statistically significant deregulation
across the UC-associated and sporadic CRC sequences in both
the discovery and validation cohort, but in the latter, it failed to
show significant differences between the UC-CRC and Sp-CRC
cases (P 5 0.11) (Table 2). Finally, miR-24 did not show any
differences across the UC-associated CRC sequence, and miR-
29a and miR-let-7f did not show differences between normal
mucosa and dysplasia (see Supplementary Table S4, Supple-
mentary Digital Content 4, http://links.lww.com/CTG/A806
and Supplementary Figures S5, Supplementary Digital Content
5, http://links.lww.com/CTG/A807).

DISCUSSION
CRC is still a severe and life-threatening complication of long-
standingUC; thus, screening and early treatment of premalignant
lesions are decisive to decrease morbidity and mortality. Current
surveillance strategies aim to identify dysplasia by periodic
colonoscopies; however, there are important difficulties to detect
and diagnose dysplasia accurately, and colonoscopy is still an

invasive procedure, costly, and uncomfortable for patients.
Therefore, there is a substantial need to find new biomarkers that
can predict dysplasia or cancer noninvasively.

miRNAs represent a crucial part in the complex network of
epigenetic regulation and have become potential biomarkers for
UC-CRC. However, there is still a need to improve the diagnostic
performancebasedon the detectionofmiRNAs species and validate
the findings. Indeed, there have been previous attempts to distin-
guish IBD related to sporadic colonic neoplasia with some success,
but observations are not consistent. Histological differentiation of
colitis-associated CRC from sporadic CRC is not possible. Com-
monly, studies have considered those CRC arising in an area with
known previous inflammation as colitis-associated CRC (24). Also,
colitis-associated CRC is often labeled at biobanks as CRC without
including any specification of their relationship with colitis, which
makes their identification and differentiation from sporadic CRC
difficult. We addressed this limitation in our study by including as
UC-CRC only those cases that occurred in patients with known
longstandingUC and that raised in areas with previous colitis (i.e., a
proximal CRC in a patient with distal longstanding UC would not
have been included in the study). Moreover, to ensure that our
results would not be biased toward inflammation, we only included
dysplasias and CRCs from patients with UC in clinical remission.
We cannot exclude, however, that there was some degree of mi-
croscopic inflammation in some of the samples, but we believe that
the impact was minimal. On the other hand, we recruited as spo-
radic CRCs only those cases diagnosed through a population-based
CRC screening program in asymptomatic individuals where pa-
tients with IBD are specifically excluded.

One major strength of our study is that we mirror the path-
ophysiologic cascade of carcinogenesis of both the UC-CRC and

Figure 3. (a) Heatmap of selected microRNAs differentiating the expression patterns of UC-associated CRC (UC-CRC) in light blue and sporadic CRC
(Sp-CRC) in pink. (b) Heatmapof selectedmicroRNAs differentiating the expression patterns ofUC-associated dysplasia (UC-DYS) in light blue andnormal
colonic mucosa of patients with UC (UC-NM) in pink.
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Sp-CRC sequence by analyzing samples of the intermediate steps,
i.e., dysplasia for UC-CRC and sporadic adenoma for Sp-CRC.
By doing so, we found sixty-4 differentially deregulatedmiRNAs
for the UC-CRC sequence, which is comparable with previous
studies (20–22,25). We observed that most miRNAs were
equally deregulated across the UC-CRC and Sp-CRC sequence,
whereas some miRNA species were exclusively deregulated
across theUC-CRC sequence, for instance, downregulatedmiR-
192 and upregulated miR-126, indicating that although both
processes share a wide range of common features, they have
indeed distinct miRNA expression patterns. We also found
miRNAs that were associated with both UC-CRC and Sp-CRC
development but on statistically significant different levels (e.g.,
miR-31 being higher expressed in the UC-CRC sequence),
which might reflect a different relevance for the carcinogenesis
such as faster progression or higher grade of invasion or because
of the underlying inflammation in UC-CRC. Hence, another
strength of our study was that we considered these significantly
different levels as one of the relevant criteria to select miRNAs
for further validation.

The results of our study also suggest that miRNAs are linked
to different stages of carcinogenesis. For example, miR-126 and
-490 were only upregulated in cancer and not in dysplasia,
suggesting they are late events, whereas others (e.g., miR-20b,
-31, and -106a) seemed to be early events because they were
already upregulated in the dysplasia yet on a lower level than in
the cancer. We hypothesize that those miRNAs altered early
during carcinogenesis and that maintain or further enhance this
deregulation in cancer are of most interest as biomarkers be-
cause they could be an early predictor for a higher risk to develop
cancer. In this study, more than 90% of UC-associated dysplasia
were classified as low grade, whereas 95% of adenomas were
tubular adenomas with low-grade dysplasia. Hence, the number
of samples of high-grade dysplasia was too low to perform a
subgroup analysis.

Our main goal was to find miRNAs to be as specific as pos-
sible for colitis-associated dysplasia that have a high potential
for moving on to cancer. Therefore, we applied very restrictive
criteria to identify candidate mucosal miRNA biomarkers that
would not only accurately discriminate dysplasia from normal

mucosa but also indicate a higher risk of CRC and are differ-
entially expressed in UC-CRC compared with Sp-CRC. Despite
this narrow definition, we achieved to identify 6 candidates, 3 of
which were positively validated in an independent cohort. All 3
validated miRNAs (i.e., miR-31, -106a, and -135b) have been
previously described for various cancer types including CRC
and have been associated with different cancer-related pathways
such as RAS signaling for miR-31 (26) and Wnt/b-catenin,
PI3K/AKT, TGFBR2, and PTEN for miR-135 (27–30). Most
intriguingly, miR-31 has been linked to IBD-associated CRC
(21,31). On the other hand, miR-106a, whose role in cancer cell
proliferation,migration, and invasion has beenwidely described
for CRC (32), has also been proven to distinguish between CD
andUC as well as to classify indeterminate IBD, but our findings
also suggest a novel role of this miRNA in IBD-associated car-
cinogenesis (33). MiR-135, which has been proposed as a po-
tential noninvasive biomarker in stool for sporadic CRC and
advanced adenoma, has not shown any diagnostic value in pa-
tients with IBD so far, and therefore, its association with UC-
CRC is a truly novel finding of our study (34).

Despite our promising results, we also acknowledge some
limitations of our study. First, the number of samples is still
limited; nevertheless, we were able to identify numerous highly
relevant biomarker candidates and validated some of them. Sec-
ond, the design of the study was retrospective, and the samples in
the UC-CRC sequence were mostly derived from different pa-
tients, which does not allow inferring causality. Third, we did not
correlate the results to clinical data, such as grade of in-
flammation, tumor stage, or disease-free survival, because these
data were either not available or the retrospective design did not
allow its usage.

In our opinion, the ideal future perspective for miRNAs as
biomarkers is their utility as a nonminimally or minimally
invasive screening method in blood, stool, or rectal biopsy to
identify patients with a high chance of having premalignant or
cancerous lesions. If tested positive, in a next step, patients
would undergo colonoscopy-driven biopsies or resections to
further evaluate and stratify according to individual risk
profiles and better rationalize surveillance and treatment
strategies.

Table 2. Results for discovery phase and validation phase for 8 validated microRNAs (bold 5 positively validated)

miRNA

Discovery Validation

UC-NM vs

UC-Dys,

Student P

UC-NM vs

UC-Dys,

AUROC

UC-CRC

sequence,

ANOVA P

UC-CRC vs

Sp-CRC,

Student P

UC-NM vs

UC-Dys,

Student P

UC-NM vs

UC-Dys,

AUROC

UC-CRC

sequence,

ANOVA P

UC-CRC vs

Sp-CRC,

Student P

let-7f 0.003 0.720 0.012 5.20E-04 0.707 0.554 0.006 0.384

miR-20b 2.92E-04 0.820 1.58E-06 0.005 0.016 0.734 3.10E-06 0.110

miR-24 1.60E-06 0.900 2.22E-08 0.045 0.199 0.620 0.140 7.26E-04

miR-29a 3.90E-07 0.920 2.21E-09 0.062 0.645 0.517 0.003 0.021

miR-31 0.002 0.760 4.87E-06 0.020 2.64E-04 0.774 1.90E-06 0.015

miR-106a 6.16E-06 0.900 1.69E-06 0.001 0.002 0.777 0.003 0.012

miR-135b 4.57E-09 0.960 1.65E-13 0.010 5.12E-08 0.923 4.40E-05 0.040

miR-195 8.42E-04 0.800 4.33E-07 0.611 1.45E-04 0.831 1.40E-04 2.44E-04

AUROC, area under the receiver operating curve; Sp-CRC, sporadic colorectal cancer; UC-CRC, ulcerative colitis–associated colorectal cancer; UC-Dys, ulcerative
colitis–associated dysplasia; UC-NM, ulcerative colitis–associated normal mucosa.
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Figure 4. Left: Box and whisker plots for relative expression of validatedmicroRNAs comparing the UC-associated (left) and the sporadic sequence (right):
miRNA-31 (a, b), miR-106a (c, d), and miR-135b (e, f). Right: Sensitivities, specificities, and receiver operating curve for discriminating between normal
mucosa and dysplasia of the ulcerative colitis cases. Sp-Ad, sporadic adenoma; Sp-CRC, sporadic CRC; Sp-NM, sporadic normal mucosa; UC-CRC, UC-
associated colorectal cancer; UC-Dys, UC-associated dysplasia; UC-NM, ulcerative colitis–associated normal mucosa.
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Our study revealed differentially expressed miRNAs for UC-
associated dysplasia and cancer. Most importantly, some of these
were found to be specific for colitis-associated compared with
sporadic colorectal cancer. They were also further validated in an
independent cohort. Based on our and previous results, future
research should focus on developing and evaluating noninvasive
miRNA panels until they are robust enough as diagnostic tools
before entering further validation on a large scale in clinical
settings.
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