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Abstract

Background—Stool DNA testing in inflammatory bowel disease (IBD) patients may detect 

colorectal cancer and advanced precancers with high sensitivity; less is known about the presence 

of DNA markers in small IBD lesions, their association with metachronous neoplasia, or 

contribution to stool test positivity.

Methods—At a single center in two blinded phases, we assayed methylated BMP3 (mBMP3), 

NDRG4 (mNDRG4), and mutant KRAS in DNA extracted from paraffin-embedded benign lesions 

and matched control tissues of IBD patients, who were followed for subsequent colorectal 

dysplasia. Stool samples from independent cases and controls with lesions <1cm or advanced 

neoplasms were assayed for the same markers.

Results—Among IBD lesions (29 low-grade dysplasia (LGD), 19 serrated epithelial change 

(SEC), 10 sessile serrated adenoma/polyps), the prevalence of methylation was significantly 

higher than in mucosae from 44 matched IBD controls (p <0.0001 for mBMP3 or mNDRG4). 
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KRAS mutations were more abundant in SEC than all other groups (p<0.001). Subsequent 

dysplasia was not associated with DNA marker levels. In stools, the sensitivity of mBMP3 as a 

single marker was 60% for all lesions <1cm, 63% for LGD ≥1cm and 81% for high-grade 

dysplasia/CRC, all at 91% specificity (p<0.0001).

Conclusions—Selected DNA markers known to be present in advanced IBD neoplasia can also 

be detected in both tissues and stools from IBD patients with small adenomas and serrated lesions. 

Mutant KRAS exfoliated from SEC lesions might raise false-positive rates. These findings have 

relevance to potential future applications of stool DNA testing for IBD surveillance.
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INTRODUCTION

Patients with inflammatory bowel disease (IBD), including Crohn’s colitis (CD) and chronic 

ulcerative colitis (CUC), are at increased risk for colorectal cancer (CRC).(1–4) CRC risk 

increases with IBD duration, extent of colonic involvement, prior neoplasia, family history 

of CRC, and primary sclerosing cholangitis (PSC).(2, 5–7) Accordingly, patients with 

colonic IBD and these risks are advised to undergo surveillance every 1–3 years(8) by 

colonoscopy.(9)

The benefits of this practice are becoming clearer. CRC detected at surveillance may be at 

earlier stage, and therefore have a better prognosis than when presenting 

symptomatically(10–12), and evidence suggests that regular colonoscopic surveillance 

reduces CRC mortality in patients with IBD.(11, 13) Despite these encouraging data, patient 

compliance with surveillance colonoscopy is poor, even among those at highest risk.(14) 

Additionally, 17–30% of CRC diagnosed in large IBD surveillance cohorts were interval 

cancers.(10, 15) CRC missed at surveillance appears to have significantly worse prognosis, 

with 5-year survival rates of <50%, compared to >80% in those detected per-protocol.(10)

These sobering observations provide a compelling rationale to develop and validate 

adjunctive tests to surveillance colonoscopy. Genetic and epigenetic markers which 

accumulate during IBD-associated and sporadic CRC tumorigenesis(16) are attractive 

candidate targets for non-invasive testing. Mutant KRAS and methylation in the promotors 

of bone morphogenic protein 3 (BMP3) and N-Myc downstream-regulated gene 4 (NDRG4) 

have been validated in both tissue and stool for detecting advanced adenomas and CRC in 

patients without IBD.(17–20) We have also shown that stool DNA testing of methylated 

markers is sensitive and specific for IBD-associated CRC, high-grade dysplasia (HGD) and 

low-grade dysplastic (LGD) lesions ≥ 1 cm in diameter.(21)

The spectrum of target lesions most appropriate for surveillance is not yet fully defined. A 

clinically useful test would exhibit high sensitivity for CRC and HGD. LGD may require 

further risk stratification to determine which lesions would be at highest risk of progressing 

to invasive cancer. Current guidelines stratify LGD management by resectability;(22, 23) 
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however, size of the neoplastic lesion also matters. Recent univariate and multivariate 

analyses on the natural history of IBD patients under surveillance suggest that dysplastic 

lesions <1 cm may not independently raise the risk of subsequent HGD or CRC.(24) The 

size of sporadic colorectal neoplasms appears to correlate with the quantity of exfoliated 

DNA.(18, 25) However, in IBD, neither the full clinical significance of small neoplastic or 

serrated lesions nor their contributions to measurable DNA in stool are understood at this 

time. Adding to this uncertainty, early reports on serrated epithelial change (SEC) in IBD 

patients have reached opposing conclusions with regard to the clinical relevance of this 

newly described histologic abnormality.(26, 27)

As a first series of steps to address these important knowledge gaps, we performed a cross-

sectional analysis in tissues of benign lesions arising in IBD; we hypothesized that these 

would contain DNA mutations and aberrant methylation markers associated with 

adenomatous or serrated pathways. We then followed this cohort forward through the 

medical record to measure the association, if any, between these DNA alterations and the 

development of subsequent dysplasia. To measure the exfoliation of aberrant DNA from of 

small neoplasms in IBD, and thus their potential influence on stool DNA test results, we 

performed a case-control study in stools from independent IBD patients.

ETHICAL CONSIDERATIONS

The study was approved by the Mayo Clinic Institutional Review Board.

MATERIALS AND METHODS

Overall study design

Tissue phase—Archival frozen tissues were studied in case-control fashion to determine 

optimal cut-off values of markers planned for study in a retrospective cohort of IBD patients 

with SEC and sessile serrated adenoma/polyp (SSA/P), who were matched to IBD patients 

with LGD and IBD patients free of neoplasia. DNA extracted from primary lesions or 

control tissues from patients in the cohort were assayed for mutations in p53, KRAS and 

BRAF as well as methylation of BMP3 and NDRG4 and then followed forward in the 

medical record for subsequent dysplasia.

Stool phase—A case-control study was then performed in archival stool samples from 

independent IBD patients with small (<1cm) lesions, advanced colorectal neoplasms and 

controls.

Study Population

Tissue phase

Cut-off study: De-identified tissues from primary IBD-CRC tumors and IBD control 

mucosae were obtained from a frozen tissue archive after matching for age, sex and IBD 

disease subtype (ulcerative colitis versus the combination of Crohn’s colitis and 

indeterminate colitis).
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Cohort-study: Paraffin-embedded tissue samples were requested from a cohort of IBD 

patients diagnosed with SEC and SSA/P between 2010 and 2012. IBD controls and cases 

were matched from an existing cohort identified in a comprehensive list of unique patients 

with CUC and CD who underwent colonoscopy in 2010, as previously described.(26) To 

obtain LGD-IBD cases, codes from the Systematized Nomenclature of Medicine Clinical 

Terms (SNOMED-CT) were used to search a centralized pathology database at Mayo Clinic 

(Rochester, MN) between 2000 and 2012. Using the terms “colon”, “active chronic colitis”, 

“inactive chronic colitis”, and “low-grade dysplasia”, potential cases were identified and 

electronic records were reviewed by a single examiner to confirm CUC or CD. Patients were 

excluded if they had synchronous HGD or CRC. All cases underwent pathologic review by 

an expert GI pathologist (T.C.S.) to ensure proper classification: IBD control, SEC, SSA/P, 

or LGD arising in chronic colitis. Due to small numbers of samples available, SSA/P were 

combined with the SEC group for frequency matching against control and LGD groups on 

age, sex, IBD type, extent, and PSC, prior to DNA extraction.

Stool phase—Stool samples were identified from an archival collection of IBD patients 

participating in a biospecimen banking protocol. Cases were segregated by findings at 

surveillance or diagnostic colonoscopy into three groups: those with small (<1 cm diameter) 

lesions; those with advanced LGD (≥ 1 cm); and those with either HGD or CRC. Controls 

included IBD patients with no prior colorectal neoplasia and negative for neoplasia after 

either chromoendoscopy or random surveillance biopsies. Patients with polyposis 

syndromes, prior solid organ transplant or current chemo- or radio-therapy were excluded. 

Other than those with prior ileocecal resection for Crohn’s disease, patients with prior 

colonic surgery were also excluded.

All stools were collected prior to, or at least one week after, colonoscopy bowel preparation 

and stabilized with EDTA buffer. Samples were returned to the laboratory and normalized 

with additional buffer to a 1 gm/5 mL stool-to-buffer ratio and homogenized. Aliquots of 42 

mL/tube were frozen at −80°C for storage until analysis.

Molecular analysis

Laboratory personnel were blinded to all clinical data.

Tissue phase

DNA extraction: For the cut-off study, DNA was extracted from frozen tissues at the Mayo 

Clinic Biospecimens Accession and Processing laboratory (Rochester, MN) using the 

Qiagen micro kit (Qiagen, Valencia, CA) prior to quantification by a Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE). Upon receipt of tissue-extracted 

DNA specimens in the research laboratory, quantity was verified by PicoGreen method 

(Molecular Probes, Eugene, OR). For the cohort study, DNA was extracted from paraffin-

embedded tissues by laboratory personnel using the Qiagen micro kit, eluted into 100 µl of 

buffer and also quantified by the PicoGreen method.

Quantitative allele-specific real time target and signal amplification (QuARTS): From 

each sample, 2 µg of DNA was bisulfite treated using the EZ DNA Methylation Kit (Zymo 
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Research, Orange, CA) and eluted in buffer. A triplex QuARTS reaction assayed methylated 

BMP3, NDRG4 and β-actin as previously described.(28) QuARTS assays also quantified 

KRAS mutations, in samples with sufficient residual non-bisulfite-treated DNA, which was 

PCR-amplified with primers flanking KRAS codons 12 and 13 using 20 µl of captured 

KRAS DNA as a template. The assays then evaluated seven mutations at codons 12 and 13 

in two multiplex QuARTS reactions (cassette 1: G12S, G12D, G13D; cassette 2: G12C, 

G12R, G12V, G12A) and wild type β-actin. Each QuARTS reaction incorporated primers, 

detection probes, an invasive oligo, FAM (Hologic, Madison WI), Yellow (Hologic), 

Quasar® 670 (BioSearch Technologies, Novato CA) fluorescence resonance energy transfer 

reporter cassettes (FRETs), Cleavase® 2.0 (Hologic), GoTaq® DNA polymerase (Promega, 

Madison WI), MOPS buffer, MgCl2, and deoxyribonucleotide triphosphate (dNTP). Assay 

plates were run on a LightCycler 480 (Roche, Mannheim Germany) and also contained 

standards made of engineered plasmids, positive controls, negative controls, and water 

blanks.

Both methylated candidates and mutant KRAS copy numbers per sample were calculated in 

reference to standard curves. PCR products were quantified by fluorescence values in 

relationship to the 1:5 serially-diluted reference standards which reproducibly amplify at 

5000, 1000, 200, 40, 8 and 1.6 copies per well, respectively. For values below the analytical 

threshold, a value of 1 copy was assigned in order to normalize results; the quantitative PCR 

product (in copies) of methylation markers and mutant KRAS were corrected by copies of 

bisulfite-treated β-actin and wild type β-actin, respectively. To determine if variability in β-

actin levels impacted stool assay results, the analysis was repeated with correction of the 

PCR product copy counts by input DNA concentration (ng/mL). Samples that did not yield 

≥50 strands of β-actin were considered inadequate for further analysis.

DNA sequencing: BRAF V600E mutation and mutations on 5 exons of p53 were 

determined in the cohort samples by Sanger dye-termination sequencing by the Mayo Clinic 

Medical Genome Facility after PCR amplification of a 20 ng DNA template. Mutation peaks 

were called by Mutation Surveyor® software (Softgenetics, State College, PA) and manually 

verified. Potential mutations in p53 were verified against the dbSNP library (http://

www.ncbi.nlm.nih.gov/SNP/).

Stool phase—Aliquots were thawed at room temperature, centrifuged and the supernatant 

treated with polyvinylpyrrolidone to remove PCR inhibitors and spin filtered to clarify. 

Sequence-specific DNA biomarker targets were isolated directly from the clarified 

supernatant using a magnetic bead based oligonucleotide hybrid capture method.(18) 

QuARTS assays for methylated BMP3, NDRG4, mutant KRAS and β-actin were performed, 

as above.

Data abstraction

From the electronic medical record, a single examiner (D. H. J.) extracted patients’ sex, vital 

status, age at index diagnosis, and cigarette smoking history (current, former, or never). IBD 

characteristics including disease subtype (CUC or CD), duration (in years from diagnosis), 

and disease extent (relative to the splenic flexure) at historical maximum, and the presence 
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or absence of primary sclerosing cholangitis (PSC) were also abstracted. The pathology 

record for each patient was reviewed for the development of subsequent colorectal neoplasia 

(CRN). The date of last colonoscopy or colectomy was used to determine the length of 

follow-up for time-to-event analysis.

Statistical analysis

Tissue phase—Cut-off values for quantitative assays of methylated BMP3, NDRG4 and 

mutant KRAS were set at 90% specificity. The sample size was based on the primary study 

hypothesis that markers would be detected above the cut-off value in at least half of the 

cases. At least 10 patients in each case subgroup would provide >90% power to detect 0.5 

sensitivity against the null hypothesis of 0.1 using a 2-sided test of significance of 5%. 

Trends in the quantitative differences among groups in the cohort for methylated BMP3, 
NDRG4 and each KRAS mutation cassette were measured by Wilcoxon rank-sum tests. 

Potential differences among baseline characteristics of cohort patients were assessed by 

Wilcoxon rank-sum test for continuous variables; proportional variables were assessed by 

chi-square or Fisher’s exact test, where appropriate. The cumulative incidence of subsequent 

CRN was estimated using the Kaplan-Meier method and comparisons between patient 

subgroups was based on the log-rank test. Univariate proportional hazards models were 

constructed to examine the association of metachronous CRN with index lesion type 

(control, LGD, SEC and SSA/P), lesion size and levels of each DNA marker. Neoplastic 

events occurring within 6 months of the index diagnosis were excluded to prevent inclusion 

of lesions which may have been present but missed at the index colonoscopy.

Stool phase—Cut-off values for each DNA marker were also set to 90% specificity as 

above.

RESULTS

Study flows for tissue and stool phases are depicted in Figure 1.

Tissue cut-off study

Baseline characteristics—Seventeen frozen IBD-CRC and 12 IBD-controls were 

provided for analysis. Median age was 54 years (interquartile range [IQR], 48 – 62) and 53 

years (IQR, 44 – 58) for IBD-CRC and control patients, respectively. Ten of 17 patients 

(59%) with IBD-CRC and 7/12 IBD controls (58%) were men. Median IBD disease duration 

was significantly greater among IBD-CRC at 20 years (IQR, 9 – 27) compared to 5 years 

(IQR, 1 – 14) among IBD-controls (p = 0.007).

DNA methylation and mutations—All frozen control tissues had sufficient DNA for 

methylation assays. Each of the DNA markers studied was significantly greater among cases 

than controls. The median copy number of mBMP3 was 14.7 (IQR, 1 – 58) in IBD-CRC and 

0.4 (IQR, 0.17 – 0.7) in controls (p < 0.0001). Median mNDRG4 copies were 35 (IQR, 8 – 

58) in IBD-CRC and 0.5 (IQR, 0.26 – 0.85) in controls (p <0.0001). One control did not 

have sufficient amplification of wild-type β-actin. The median number of KRAS cassette 1 

(KRAS1) (representing mutations of G12S, G12D, or G13D) copies was 0.1 (IQR, 0.006 – 
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11) among IBD-CRC and 0.03 (IQR, 0 – 0.6) among IBD controls (p = 0.07). Additionally, 

the median copy number of KRAS2 (representing mutations of G12C, G12R, G12V, or 

G12A) was 0.07 (IQR, 0 – 12) among IBD-CRC and 0 (IQR, 0 – 0) among IBD controls (p 

= 0.01).

The 90th percentile value for mBMP3 copies among IBD controls was 1.08. Among IBD-

CRC, 13/17 had mBMP3 copies above this threshold for a sensitivity of 76% (95% CI, 50 – 

92) at 92% specificity (95% CI, 62 – 96). Fifteen IBD-CRC were above the mNRGR4 cut–

off of 2.56 copies for an estimated sensitivity of 88% (95% CI, 62 – 98) also at 92% 

specificity. The combination of mBMP3 and mNDRG4 was positive in all IBD-CRC, but 

also in 1 additional control (2/12), with a slightly decreased specificity of 83% (95% CI, 51 

– 97).

Cut-off values for KRAS1 and KRAS2 were 1.67 copies and 0.39 copies, respectively. 

KRAS mutations were less sensitive and specific than the DNA methylation markers. The 

combination of all measured KRAS mutations showed 47% sensitivity (95% CI, 23 – 71) at 

specificity of 81% (95% CI, 48 – 97).

Tissue cohort study

Baseline characteristics—After matching, pathologic review and DNA quantification, a 

total of 102 patients (44 IBD control, 29 LGD-IBD, 19 SEC, 10 SSA/P) with paraffin-

embedded tissues were available for molecular analysis. Median age at index and 

proportions of patients with PSC, extensive disease, and smoking history were not 

significantly different between groups (Table 1). Median disease duration was lower in the 

SSA/P and LGD-IBD groups (p = 0.03). After exclusion of patients with insufficient DNA 

for marker analysis, there was a significantly higher proportion of males in the SEC group 

(79%) as compared to other groups (p = 0.03). A higher proportion of SEC lesions were 

sampled by random biopsy, resulting in a smaller size estimate (p=0.01) (Table 1).

DNA methylation and mutations—For the 102 IBD patients in the cohort study, 

mBMP3 and mNDRG4 levels were significantly higher for each lesion category compared 

to controls (Figure 2, A and B). The median levels of mutant KRAS1 and KRAS2 appeared 

elevated in SEC but not for controls, LGD or SSA/P (Figure 2, C and D). Applying cut-offs 

from the frozen tissue analysis to the cohort of FFPE samples, 5/44 IBD-controls (11%), 

4/29 LGD-IBD (14%), 9/19 SEC (47%), and 8/10 SSA/P patients (80%) were positive for 

mBMP3 (p <0.0001). For mNDRG4, 4/44 controls (9%), 12/29 LGD (41%), 12/19 SEC 

(63%), and 9/10 SSA/P patients (90%) were positive (p<0.0001). Mutant KRAS was found 

in tissues of 6/42 IBD-controls (14%), 6/28 LGD-IBD (21%), 6/12 SEC (50%), and 1/8 

SSA/P patients (13%) (p = 0.06). Any marker in the panel was positive in tissue from 10/44 

IBD-controls (23%), 16/29 LGD-IBD (55%), 15/19 SEC (79%), and 9/10 SSA/P lesions 

(90%) (p <0.0001) (Table 1).

Mutant BRAF was assayed from 35 SEC samples and all 10 SSA/P samples. A verified 

V600E mutation was found in 3/13 SEC tissues (9%) and 4/10 SSA/P (40%), and a V600M 
mutation found in 1/35 SEC samples (3%). Sufficient DNA was available for p53 
sequencing on only 10 SEC samples and all 10 SSA/P. Only 1 SEC sample contained a 
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verified p53 mutation. Due to low abundance among the SEC samples, BRAF and p53 
mutations were not considered for further study.

Time to subsequent dysplasia—Further chart review excluded 13 patients from 

analysis for development of subsequent CRN due to colectomy or subsequent CRN in less 

than six months, or lack of subsequent colonoscopy, leaving 89 patients for analysis (Figure 

1). There were significantly more men in the SEC group (p = 0.03) and their duration of 

disease was longer than other groups (p = 0.05). Otherwise, there was no significant 

difference in median age, IBD subtype, smoking status, disease extent, or presence of PSC 

between the cohort groups. Median follow-up to last colonoscopy or colectomy was 43 

months (IQR, 27 – 53); the SSA/P group had significantly shorter follow-up time compared 

to other groups (p = 0.0007) (Supplemental Table 1).

A total of 23 patients went on to develop subsequent CRN; these included 6/44 IBD controls 

(14%), 14/27 LGD-IBD (52%), 1/11 SEC (9%), and 2/7 SSA/P (29%). The cumulative 

incidence of subsequent dysplasia was not significantly different between groups (p = 0.66, 

likelihood ratio) (Figure 3, A). There was only one case of subsequent CRC, which occurred 

in the LGD-IBD group (Supplemental Table 2). Proportional hazards models did not show 

significant association between marker levels and subsequent CRN (Figure 3, B–D). There 

were no significant differences in cumulative subsequent CRN by sex, disease duration, or 

lesion size.

Stool case-control study

Among 99 patients participating in a stool registry study between February 2008 and 

September 2013, 80 eligible patients were identified; these included 46 controls, 10 with 

lesions <1 cm, and 24 with advanced dysplasia or CRC. Among patients with small lesions, 

4 were SEC (single random biopsy), 1 SSA/P (4 mm), 4 polypoid LGD (2, 2, 5 and 9 mm, 

respectively) and 1 focal flat LGD (random biopsy only). Among those with advanced 

neoplasia, there were 8 with LGD ≥ 1 cm, 8 with HGD, and 8 with CRC. Baseline 

characteristics were similar with the exception of IBD subtype and disease duration. Crohn’s 

colitis was more common among controls (23/46, 51%) than those with small (1/10, 10%) or 

advanced lesions (3/24, 13%) (p = 0.001), but the case groups were not significantly 

different from each other (p = 0.67). Median IBD disease duration was significantly lower in 

controls, but not significantly longer in those with small compared to advanced lesions (p = 

0.42) (Supplemental Table 3).

All marker levels were significantly greater in stools from patients with neoplasia than 

controls. Stool β-actin levels correlated with neoplasia grade in cases (p=0.0017) and 

histologic severity of inflammation (p=0.01) among controls. Therefore, cut-off values were 

selected at the 90th percentile values for each individual marker in control patient stool 

samples using copy numbers corrected by input DNA concentration in ng/mL rather than by 

copies of β-actin QuARTS product (Figure 4, A–D). Methylated BMP3 alone performed 

best; at 91% specificity, sensitivity was 60% for diminutive lesions (6/10), 63% for advanced 

LGD (5/8) and 81% for the combination of HGD and CRC (13/16). At the other extreme, 

mutant KRAS alone was positive in 2/10 small lesions (20%), 2/8 LGD ≥1cm (25%), and 
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only 3/19 HGD/CRC (19%); this rate was not significantly greater than among controls, 

4/46 (9%) (p=0.47). Combining KRAS with methylation markers identified a single 

additional LGD ≥ 1cm, but at a cost of 4 more false positives, thereby reducing the 

specificity to 80% (Table 2).

Marker copy numbers were not significantly associated with IBD extent, PSC, IBD subtype 

or histologic disease severity after stratification by case and control status.

DISCUSSION

In this exploratory study in patients with IBD, we observed that selected DNA tumor 

markers were commonly present in small adenomatous and serrated lesions, and that such 

markers can be detected in stool. Specifically, small adenomas occurring in IBD frequently 

contained aberrant methylation of BMP3 and NDRG4. SSA/Ps harbored molecular features 

consistent with the serrated pathway, specifically aberrant DNA methylation and BRAF 
mutations.

While SEC lesions appear to frequently contain mutant KRAS, this marker was not a 

significant predictor of subsequent dysplasia, and showed low specificity in both tissue and 

stool comparisons. From these findings, we hypothesize that SEC is likely a hyperplastic 

phenomenon. This is supported by reports in which the risk of subsequent dysplasia in IBD 

patients with isolated SEC appears low,(26, 29) and concordant with the favorable outcomes 

reported in patients with isolated hyperplastic polyps in IBD.(30) This finding will require 

larger studies for corroboration.

DNA methylation and KRAS mutations in the stools of IBD patients may be attributable to 

small and diminutive lesions; this observation informs the interpretation of non-invasive tests 

in development as potential adjuncts to surveillance colonoscopy. Small lesions have been 

excluded as an endpoint in prior case-control assessments of stool DNA for detection of both 

IBD-associated (21) and sporadic CRN,(25, 28) but were shown to account for at about 30% 

of positive stool DNA tests in a large average-risk cohort study.(18) The present data suggest 

that in IBD patients, both serrated and adenomatous lesions may be detectable by stool 

assay, and that lesion size correlates with discrimination, as has been observed in sporadic 

CRN.(18, 28)

The interpretation of stool DNA markers is also nuanced by the observation that stool β-

actin levels appear to be increased by both inflammatory severity and the presence of 

neoplasia. Elevated human DNA levels with inflammation or neoplasia could be respectively 

attributable to exudation of inflammatory cells with colitis and to increased shedding of 

colonic epithelial cells with neoplasm-related hyper-proliferation. Therefore, the use of β-

actin (a measure of total human DNA) as a denominator to correct tumor marker levels has 

potential to diminish sensitivity due to a possible confounding effect. These findings indicate 

that better approaches to tumor marker normalization are needed for stool testing in setting 

of IBD.

We acknowledge several study limitations. The overall sample size was reduced by the 

available tissue volume in the SEC group, as the majority of these lesions were identified on 
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random biopsy only. Additionally, very few SSA/P cases were identified after a rigorous 

search, underscoring the rarity of this lesion in IBD.(26) However, we were able to 

stringently match serrated lesions as a group to IBD controls and IBD patients with LGD, 

permitting control for other known prognostic variables, including PSC, disease duration, 

disease extent, and age. While all index lesions in the time to subsequent dysplasia analysis 

were reviewed by a senior GI pathologist, the endpoint diagnoses did not undergo research 

review, and this could potentially have resulted in misclassification. However, only 3 of the 

index lesions in the cohort were re-classified in the initial pathology review, showing 96% 

agreement with the initial clinical diagnosis. We were also conservative to avoid potentially 

missed subsequent CRN at the time of index by excluding subsequent neoplastic lesions 

diagnosed within six months of study index. Sample sizes available for the stool study did 

not permit us to perform multivariate assessments for potential confounding.

Molecular testing of small neoplasms in IBD patients demonstrated adenomatous and 

serrated pathway profiles, and suggested a hyperplastic pathway hypothesis for SEC. IBD 

patients with these lesions appear to exfoliate DNA markers at increased levels, relative to 

IBD control patients. These findings are relevant to the design and interpretation of potential 

future IBD-specific stool surveillance tests, as small or diminutive lesions may contribute to 

positive test results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2. 
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Figure 3. 
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Figure 4. 

Johnson et al. Page 16

Inflamm Bowel Dis. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Johnson et al. Page 17

Ta
b

le
1

C
lin

ic
al

 a
nd

 m
ol

ec
ul

ar
 c

ha
ra

ct
er

is
tic

s 
of

 c
oh

or
t s

tu
dy

 le
si

on
s

IB
D

co
nt

ro
l

L
G

D
-I

B
D

SE
C

SS
A

/P
P

-v
al

ue
*

N
44

29
19

10

M
ed

ia
n 

ag
e,

 y
ea

rs
 (

IQ
R

)
56

 (
52

–6
0)

58
 (

51
–6

1)
60

 (
53

–6
4)

48
 (

42
–5

7)
0.

16

M
al

es
, n

 (
%

)
18

 (
41

%
)

15
 (

52
%

)
15

 (
79

%
)

7 
(7

0%
)

0.
03

C
U

C
, n

 (
%

)
34

 (
77

%
)

20
 (

69
%

)
14

 (
74

%
)

4 
(4

0%
)

0.
13

M
ed

ia
n 

IB
D

 d
ur

at
io

n 
at

 in
de

x,
 y

ea
rs

 (
IQ

R
)

21
 (

13
–3

0)
12

 (
6–

21
)

23
 (

11
–3

1)
10

 (
2–

22
)

0.
03

E
xt

en
si

ve
 d

is
ea

se
, n

 (
%

)
37

 (
84

%
)

26
 (

90
%

)
14

 (
74

%
)

7 
(7

0%
)

0.
36

PS
C

, n
 (

%
)

10
 (

23
%

)
6 

(2
1%

)
7 

(3
7%

)
0 

(0
%

)
0.

16

M
ed

ia
n 

le
si

on
 s

iz
e,

 m
m

 (
IQ

R
)

-
3 

(1
–8

.5
)

1 
(1

–3
)

4.
5 

(4
–6

.2
5)

0.
01

m
B

M
P3

+
, n

 (
%

)
5 

(1
1%

)
4 

(1
4%

)
9 

(4
7%

)
8 

(8
0%

)
<0

.0
00

1

m
N

D
R

G
4+

, n
 (

%
)

4 
(9

%
)

12
 (

41
%

)
12

 (
63

%
)

8 
(8

0%
)

<0
.0

00
1

K
R

A
S+

, n
 (

%
)*

*
6/

42
 (

14
%

)
6/

28
 (

21
%

)
6/

12
 (

50
%

)
1/

8 
(1

3%
)

0.
06

A
ny

 m
ar

ke
r+

, n
 (

%
)

10
 (

23
%

)
16

 (
55

%
)

15
 (

79
%

)
9 

(9
0%

)
<0

.0
00

1

* T
re

nd
 a

cr
os

s 
al

l g
ro

up
s

**
K

R
A

S 
m

ut
at

io
ns

 c
ou

ld
 n

ot
 b

e 
as

sa
ye

d 
in

 a
ll 

sa
m

pl
es

C
R

N
, c

ol
or

ec
ta

l n
eo

pl
as

ia
; C

U
C

, c
hr

on
ic

 u
lc

er
at

iv
e 

co
lit

is
; I

B
D

, i
nf

la
m

m
at

or
y 

bo
w

el
 d

is
ea

se
; I

Q
R

, i
nt

er
-q

ua
rt

ile
 r

an
ge

; L
G

D
, l

ow
-g

ra
de

 d
ys

pl
as

ia
; P

SC
, p

ri
m

ar
y 

sc
le

ro
si

ng
 c

ho
la

ng
iti

s;
 S

E
C

, s
er

ra
te

d 
ep

ith
el

ia
l c

ha
ng

e,
 S

SA
/P

, s
es

si
le

 s
er

ra
te

d 
ad

en
om

a/
po

ly
p

Inflamm Bowel Dis. Author manuscript; available in PMC 2017 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Johnson et al. Page 18

Ta
b

le
 2

St
oo

l s
am

pl
es

 p
os

iti
ve

 f
or

 c
on

ce
nt

ra
tio

n-
co

rr
ec

te
d 

D
N

A
 m

ar
ke

rs

IB
D

-c
on

tr
ol

s
(n

=4
6)

L
es

io
ns

 <
1c

m
(n

=1
0)

L
G

D
 (

≥1
cm

)(
n=

8)
H

G
D

/C
R

C
(n

=1
6)

P
-v

al
ue

m
B

M
P3

+
, n

 (
%

)
4 

(9
%

)
6 

(6
0%

)
5 

(6
3%

)
13

 (
81

%
)

<0
.0

00
1

m
N

D
R

G
4+

, n
 (

%
)

4 
(9

%
)

4 
(4

0%
)

5 
(6

3%
)

12
 (

75
%

)
<0

.0
00

1

m
B

M
P3

 o
r 

m
N

D
R

G
4+

, n
 (

%
)

5 
(1

1%
)

6 
(6

0%
)

5 
(6

3%
)

13
 (

81
%

)
<0

.0
00

1

K
R

A
S+

, n
 (

%
)

4 
(9

%
)

2 
(2

0%
)

2 
(2

5%
)

3 
(1

9%
)

0.
47

A
ny

 m
ar

ke
r+

, n
 (

%
)

9 
(2

0%
)

6 
(6

0%
)

6 
(7

5%
)

13
 (

81
%

)
<0

.0
00

1

C
R

C
, c

ol
or

ec
ta

l c
an

ce
r;

 H
G

D
, h

ig
h-

gr
ad

e 
dy

sp
la

si
a;

 I
B

D
, i

nf
la

m
m

at
or

y 
bo

w
el

 d
is

ea
se

; L
G

D
, l

ow
-g

ra
de

 d
ys

pl
as

ia
.

Inflamm Bowel Dis. Author manuscript; available in PMC 2017 July 01.


	Abstract
	INTRODUCTION
	ETHICAL CONSIDERATIONS
	MATERIALS AND METHODS
	Overall study design
	Tissue phase
	Stool phase

	Study Population
	Tissue phase
	Cut-off study
	Cohort-study

	Stool phase

	Molecular analysis
	Tissue phase
	DNA extraction
	Quantitative allele-specific real time target and signal amplification (QuARTS)
	DNA sequencing

	Stool phase

	Data abstraction
	Statistical analysis
	Tissue phase
	Stool phase


	RESULTS
	Tissue cut-off study
	Baseline characteristics
	DNA methylation and mutations

	Tissue cohort study
	Baseline characteristics
	DNA methylation and mutations
	Time to subsequent dysplasia

	Stool case-control study

	DISCUSSION
	References
	
	Figure 2
	Figure 3
	Figure 4
	Table1
	Table 2

