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Abstract

Background: Selected aberrantly methylated genes represent sensitive candidate stool markers for colorectal
cancer (CRC) screening. We assessed the impact of demographic, exposure, body mass, and other patient variables
on stool levels of highly informative methylated gene markers — BMP3, NDRG4, vimentin, and TFPI2.

Methods: We studied freezer-archived stools from 500 patients with normal colonoscopy (median age 64 (range
44-85); 53% women). On supernatants from thawed aliquots, target gene sequences were purified by hybrid capture;
bisulfite treated, and assayed using the analytically-sensitive QUARTS method (quantitative allele-specific real-time
target and signal amplification). The reference human gene S-actin was assayed along with the 4 methylated genes.

Results: Only age significantly influenced all methylated marker levels in stool (p<0.0001 for each). The relative
increase per standard deviation of age was greatest with TFPI2 at 49.4% and least with BMP3 at only 0.21%; levels
of B-actin did not change across age. Other demographic variables (sex, race, and residence), exposures (smoking,
alcohol, or analgesic use), family or personal history of colorectal neoplasia, body mass, and diabetes mellitus had
no effect on methylated marker levels.

Conclusions: Although stool levels of candidate methylated markers increase with age to variable extents, most
common clinical covariates have no effect.

Impact: These findings have important implications on CRC screening compliance, as patients using a stool
test that incorporates these markers would not have to make life-style or medication adjustments. Furthermore, age
effect can be mitigated by adjustment of cut-off levels based on age or by selection of markers least influenced by

age.
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Introduction

Stool DNA testing has emerged as a patient-friendly, noninvasive,
and easily distributable new approach to colorectal cancer (CRC)
screening that achieves high detection rates of both CRC and
clinically significant precancerous lesions [1,2]. Incorporating key
advances, including next generation analytical technology and broadly
informative marker panels, prototype stool DNA tests in recent case-
control studies have yielded sensitivities for curable stage CRC of 87-
98% and for adenomas >1 cm of 64% and higher with increasing size
at specificity cut-off > 90% [3-5]. An understanding of factors that
contribute to non-specificity is critical to optimizing test configuration
and clinical use of this screening approach. Yet, relatively little has been
reported about the effects of common clinical variables on stool DNA
marker levels. This is particularly true of aberrantly methylated gene
markers which, to date, have proven to be the most informative panel
elements in prototype stool DNA tests [3-5].

Aberrant methylation of the promoter region of numerous genes
occurs early during colorectal carcinogenesis [6-10]. While there exists
remarkable molecular heterogeneity across colorectal neoplasms, we
[3,10,11] and others [7,9,12,13] have found that several aberrantly
methylated gene markers alone or in combination almost perfectly
discriminate CRC and adenomas from normal colorectal mucosa at
the tissue level. However, many of these candidate markers fail on
stool application due to non-specificity resulting from high marker
background levels [3,10]. In a recent large study [3], we selected four

methylated gene markers (BMP3, NDRG4, vimentin, and TFPI2) that
maintained both high sensitivity and high specificity for detection of
CRC and advanced adenomas on stool testing. The effects of common
clinical covariates on these 4 candidate methylation markers have not
been evaluated.

Based on observations across different tissues, rates of aberrant
methylation of some genes may be affected by various non-neoplastic
factors. Such factors may include demographic variation, particularly
age [14], exposures such as smoking [15], alcohol intake [15,16], or
analgesic use [17], and body mass [18] or diabetes mellitus [19].
Furthermore, aberrant methylation on some genes has been detected
in histologically normal mucosa at points distant from colorectal
neoplasms [20] and such molecular field defects could conceivably
contribute to non-specificity on stool testing.
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Ideal markers for CRC screening would have high specificity and
be unaffected by common non-neoplastic factors. Use of such ideal
markers would obviate the need to alter medications or daily routines—
interventions which could threaten patient compliance.

This study exploits a large freezer archive of properly collected stool
samples with an accompanying well-characterized clinical database to
address the effects of common variables on stool levels of aberrantly
methylated BMP3, NDRG4, vimentin, and TFPI2.

Materials and Methods
Study design and participants

This blinded cross-sectional study, designed and coordinated at the
Mayo Clinic, was approved by the Mayo Institutional Review Board
and endorsed by the industry collaborators. The 500 study participants
were randomly selected from a cohort of roughly 2400 fully consented
asymptomatic adults whose stools were collected and archived within 3
years of a screening or polyp surveillance colonoscopy that showed no
colorectal pathology. Clinical data (demographic, medications, lifestyle
exposures, family or personal history of colorectal neoplasia, body mass
index, and presence of diabetes mellitus) were obtained prospectively
at the time of recruitment and from Mayo Clinic records.

Stool processing and assays

Sample processing, marker selection, primer sequences, and all
analytical methods used in this study have been described in detail
[3,11]. Spontaneously passed stools were collected in a preservative
buffer, homogenized and aliquoted upon laboratory receipt, and
promptly stored at -80°C. Stools received later than 3 days from
defecation were excluded from archival storage.

Four aberrantly methylated gene markers (BMP3, NDRG4,
vimentin, and TFPI2) were selected for evaluation, as we had found
these markers to be most discriminant for colorectal neoplasia on
earlier marker triage studies on tissue and stool [3,11]. Next generation
analytical methods used included direct hybrid capture of target genes
from thawed fecal supernatant, an optimized rapid bisulfite treatment
process, and the quantitative allele-specific real-time target and signal
amplification (QuARTS) assay [3,11]. Stool levels of methylated gene
markers were normalized as % of total human DNA (estimated by
B-actin content).

Statistical methods

Theassociation of clinical characteristics with individual methylated
gene marker levels in stools from patients with normal colonoscopy
was tested with the non-parametric Kruskal-Wallis test. Box-plots
summarize the distribution of methylated marker levels across these
clinical characteristics. To estimate the continuous age related changes
on marker levels, a robust linear regression model was fit to down
weight the influence of outlying observations. For this model, marker
levels were analyzed on the natural log scale to dampen data skewness
as well as to summarize effect sizes as a percent relative change per
standard deviation change in age (~11 years of age). Locally-weighted
regression splines were used to smooth the scatter plot of individual
methylated markers vs. age.

Results
Participants

The 500 participants were asymptomatic adults with normal
colorectal findings on screening or polyp surveillance colonoscopy.

Their median age was 64 years (range 44-85), 52.6% were women, and
89.9% were Caucasian. Distributions on demographic, exposure, and
other clinical covariates are summarized in figures.
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Figure 1: Relationship of age to stool marker levels. A. Relative changes per
standard deviation of age are plotted for each marker. All four methylated gene
markers (plotted as solid colored lines per inserted key) increased progressively
with advancing age (p<0.0001 for each). In contrast to the methylated gene
markers, B-actin levels (plotted as dotted gray line) were unaffected by age
(p=0.32). B. Distributions by age of observed stool levels of methylated TFPI2,
the marker most affected by age. C. Similar stool level distributions by age of
B-actin, which served as the un-methylated human control gene.
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Demographic variables

Age: Of all the common clinical factors evaluated in this study,
only age substantively and significantly affected stool levels of the
methylated gene tested (age-related gene methylation). All four
methylated gene increased progressively with age, p<0.0001 for each
marker (Figure 1A). The relative increase per standard deviation of age
was greatest with TFPI2 at 49.4% and least with BMP3 at only 0.21%;
the age related methylation of TFPI2 was significantly greater than that
of the others (p<0.001 for comparison against vimentin, NDRG4, or
BMP3). The significant serial rise in observed stool levels of methylated
TFPI2 with advancing age is illustrated in figure 1B. In contrast, stool
levels of the unmethylated human control gene S-actin did not change
with age (p=0.32), as illustrated by similar distributions of observed
levels at all age intervals (Figure 1C).
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Other demographic variables: Those examined had no substantive
effect on methylated gene marker levels in stool, including sex, race,
and location of residence within the United States (Figures 2A-2C.
Data are shown for NDRG4 and BMP3 only in this and subsequent
figures, as these two markers have been selected for use in the
optimized clinical assay [3,5]) currently the subject of a pivotal clinical
CRC screening study (ref: http://www.clinicaltrials.gov/ct2/show/
NCTO013977472term=Deep-C&rank=1 ). However, the slightly higher
marker levels in whites compared to non-whites did reach statistical
significance.

Exposure variables

Smoking: Stool levels of candidate methylated gene markers were
not influenced by smoking status (Figure 3A), as distributions were
similar in current, previous, and never smokers.
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Figure 2: Effects of other demographic variables on methylated marker levels in stool. Distributions are shown for both NDRG4 and BMP3 genes according to (A)

sex, (B) race, and (C) residence within regions of the United States.
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Figure 3: Influence of exposure variables on methylated marker levels in stool. Distributions are shown for both NDRG4 and BMP3 genes with (A) smoking, (B)

alcohol consumption, and (C) non-steroidal anti-inflammatory drug (NSAID) use.

Alcohol consumption: Neither the type (beer, wine, distilled
liquor (data not shown)) nor the frequency of alcohol consumption
affected stool levels of any of the four methylated gene markers studied
(Figure 3B).

Non-steroidal anti-inflammatory drugs (NSAIDS): Stool
levels of methylated gene markers were unaffected by NSAID use,
based on similar distributions in participants reporting no use, daily
cardiovascular prophylactic doses, occasional therapeutic doses, or
regular therapeutic doses (Figure 3C).

Personal or family history of colorectal neoplasia

Neither a personal history of prior colorectal polyps (Figure 4A)
nor a first degree relative with colorectal CRC or polyps (Figure 4B)

was associated with changes in distribution of methylated gene marker
levels in stool.

Metabolic factors

Stool marker levels were comparable between participant subsets
that were classified as normal weight, overweight, or obese based on
body mass index criteria (Figure 5). The presence or absence of diabetes
mellitus did not significantly influence stool levels of the methylated
markers BMP3 (p=0.91), NDRG4 (p=0.37), TFPI2 (p=0.36), or
vimentin (p=0.23) or of the unmethylated marker S-actin (p=0.94);
(data not shown).

Discussion

This investigation examined the influence of common clinical
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Figure 4: Stool methylated gene marker levels in patients with and without (A) a personal history of colorectal polyps and (B) first degree relatives with colorectal

neoplasia. Distributions are shown for NDRG4 and BMP3 genes only.
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Figure 5: Stool marker levels according to body mass. Distributions are shown for methylated NDRG4 and BMP3 genes in patients considered to be (A) normal
weight (body mass index<25), (B) overweight (body mass index 25-30), and (C) obese (body mass index>30).

variables on stool levels of methylated gene markers which, based on
demonstrated high discrimination for colorectal neoplasia in both
tissue [10,11] and stool [3] studies, had been selected as candidates
for application in a CRC screening application. Age proved to be
the only factor that affected stool marker levels. All four aberrantly
methylated gene marker levels increased progressively with advancing
age, but to considerably variable extents. Importantly, none of the
other common clinical variables substantively impacted stool marker
levels, including other demographic factors (sex, race/ethnicity, and

geographic residence), exposures (smoking, alcohol, and NSAID
use), a personal history of colorectal polyp or relatives with colorectal
neoplasia, or metabolic factors (body mass or diabetes mellitus). These
novel observations should help guide clinical use of emerging next
generation stool DNA tests.

The age-effect must be considered in the selection and optimal
use of methylated genes for CRC screening by stool DNA tests. It is
well established that aberrant methylation of many genes occurs with
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progressive frequency as individual’s age and that methylation rates
vary widely across genes and different tissues [14,21]. While causes of
this age-related process are multifactorial and not fully understood,
strong evidence supports that aberrant methylation of promoter
regions on tumor suppressor genes predisposes to carcinogenesis
[14]. Aberrant gene methylation may occur in normal-appearing
colorectal mucosa [20], a field effect which could increase with age and
potentially contribute to elevated background methylated gene marker
levels in stool. In addition, high stool marker levels in some patients
with reportedly normal colonoscopy may reflect the well-established
increase in prevalence of colorectal neoplasms with age [22] and
variable false negative rates of colonoscopy [23,24]. From a practical
standpoint with respect to CRC screening, age-related false positive
stool tests can be minimized by selecting methylated gene markers like
BMP3 which are negligibly affected by age or by adjusting positivity
cut-off levels according to age.

While methylation levels of some genes in certain tissues may vary
with smoking [15], alcohol [15,16], or NSAID [17] use, such exposures
did not affect stool levels of the candidate colorectal neoplasia markers
studied. These findings suggest that it is not necessary for patients to
alter these common lifestyle or medication exposures as preparation
for testing by stool DNA assays incorporating these candidate markers.
Obviating the need for patients to change habits or daily routines could
help remove barriers to screening and increase patient adherence to
clinical screen recommendations.

Our findings that neither a family history of colorectal neoplasia
nor a personal past history of colorectal polyps had an effect on stool
methylated marker levels have implications on the use of stool DNA
testing. First, these data suggest that stool marker levels return to
normal following polypectomy. Second, as stool marker levels were not
elevated in these two groups at higher-than-normal risk for CRC but
with normal colonoscopy, the door opens for rational consideration of
stool DNA testing in the surveillance setting.

Given the alarming growth rates in the global prevalence of obesity
[25,26] and diabetes mellitus [27], as well as the relationship of each to
aberrant methylation of some genes in tissue studies [18,19], appraisal
of their impact on stool levels of methylated gene markers is highly
relevant. Furthermore, both obesity [28,29] and diabetes [30,31]
may contribute to CRC risk. We found that none of the methylated
gene markers evaluated in stool was quantitatively affected by these
metabolic covariates, which simplifies the potential use in these
markers for CRC screening.

Our study has both strengths and limitations. Specimens were
obtained from a well-characterized archive with a prospectively
collected clinical database and optimally collected and stored stools;
and all assays were performed in blinded fashion using state-of-the-art
technology. While the sample size of 500 patients provided excellent
statistical power for most covariate analyses, non-white patient subsets
were under-represented and further study is needed to assess marker
level differences based on race or ethnicity. Effects of diet, various
common medications, and other exposure variables on stool marker
levels were not evaluated in our study, and such additional variables
can be further explored in the future.

Based on results from this study suggesting that common clinical
covariates have little effect on their specificity, and from additional
sensitivity data demonstrating their synergy in detection of colorectal
neoplasia [5,11], methylated BMP3 and NDRG4 have been chosen for

inclusion in the marker panel of a new multi-marker stool test optimized
for CRC screening [5]. The optimized stool test has been automated
and is currently being validated in a pivotal multicenter screening
study (DeeP-C Study) comprising 10,000 average-risk adults. Study
data will support a submission to the United States Food and Drug
Administration for pre-market review and approval(ref:http://www.
clinicaltrials.gov/ct2/show/NCT01397747¢term=Deep-C&rank=1).
The primary outcomes of DeeP-C will be sensitivity and specificity for
the screen detection of CRC and clinically relevant precancers, and it
represents an opportunity to further assess the relationship of common
clinical covariates to test performance.
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