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Introduction

Methods

Results

Colorectal cancer (CRC) mortality® is often attributable to patient noncompliance with
screening guidelines. While many noninvasive tests have been developed to address
compliance issues, none compare to the diagnostic accuracy of colonoscopy.? Currently, the
most accurate noninvasive diagnostic on the market (Cologuard DNA-FIT, Exact Sciences)
cites a CRC sensitivity of 92%.3 However, the high-risk adenoma (HRA) detection rate is
only 42%.3 Accurate detection of HRAs would permit preemptive excision of dysplastic
tissue prior to carcinogenesis, thus reducing CRC incidence and associated mortality.* Here
we describe a method to reliably extract and evaluate stool-derived eukaryotic RNA
(seRNA) transcripts for development of an algorithm that can noninvasively, sensitively, and
specifically detect HRAs in a screening population. Full development of an assay that
leverages seRNA biomarkers could facilitate noninvasive detection of HRAS and prevention
of CRC.

Stool samples were prospectively collected from patients prior to preparing for and
undergoing CRC screening via colonoscopy. In total, 26 patients had HRAs, 37 patients had
medium-risk adenomas (MRAS), 61 patients had low-risk adenomas (LRAS), 50 patients had
benign polyps, and 90 patients had no findings on colonoscopy (Supplementary Table 1).
Isolated seRNA was subjected to targeted amplification using a custom panel of 639
amplicons (TruSeq Targeted RNA Custom Panel; Illumina, San Diego, CA) and next-
generation sequencing (NextSeq 550; Illumina, San Diego, CA). Normalized expression of
639 amplicons was evaluated for all samples in the training set (n = 154 samples). Ten-fold
internal cross-validation of the training set with independent feature selection within each
fold was used to assess training model performance (n = 154 samples with 9:1 splits). A cut-
off point for positive findings was determined by combining predictions from the subtesting
sets into one receiver operating characteristic (ROC) curve and selecting a value to achieve
an 85% specificity. Subsequently, final model features were selected using 100-fold
bootstrapping of the entire training set (n = 154 samples) and an ordinal regression model
was built (Figure 1A). This model was employed on a prospective hold out test set (n=110
unique samples). Hold out test set performance was measured by applying the previously
defined cut-off point (Supplementary Methods).

Technical replicates exhibited minimal difference in amplicon expression (Pearson r?
average = 0.99); replicates subjected to varied enrichment strategies (200ng with 30 PCR
cycles vs. 400ng with 28 PCR cycles) demonstrated an average Pearson r2 correlation of
0.76; replicates subjected to independent sequencing runs demonstrated average Pearson r2
correlation for expression of 0.73 (see Supplementary Methods). Using 100-fold
bootstrapping of the training set (n=154 unique samples, 15 amplicons were identified as
differentially expressed (informative in >25% of all bootstrapped splits) (Figure 1A). The 15
differentially expressed amplicons and raw GAPDH values were used to develop an ordinal
regression model. Initial model performance was assessed through 10-fold internal cross-
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validation of the training set. When comparing HRAs to all other findings (i.e., MRAs,
LRAs, benign polyps, and no findings on a colonoscopy), model performance for all ten
folds of internal cross-validation attained a ROC AUC of 0.70 (Figure 1B). A threshold
value of 0.1415 was selected to be the cut-off point for a positive finding.

Model performance was subsequently tested by applying it to the prospective hold out test
set (n=110 samples, each from a unique donor). Model output correlated with disease
severity (1-way ANOVA,; p-value=0.017), which was not provided as a feature for model
training (Figure 1C). Upon ROC analysis, the ordinal regression model attained an AUC of
0.77 when comparing HRAs to all other findings. When employing the previously defined
cut-off point of 0.1415 to the ROC curve, the model demonstrated a 45% sensitivity for
HRAs (n=11 samples; 95%CI = 18.4% to 73.4%), 93% blended specificity for medium- and
low-risk adenomas (n=40; 95%CI = 83.4% to 98.6%), 88% specificity for benign polyps
(n=24; 95%CI = 72.6% to 97.5%), and an 80% specificity for no findings on a colonoscopy
(n=35; 95%CI = 65.5% to 91.3%) (Figure 1D).

Discussion

The seRNA assay described herein attained a 45% sensitivity and 87% specificity for HRA
detection. Model performance was increased in the hold out test set (AUC = 0.77) relative to
internal cross-validation (AUC = 0.70), however, this difference was within the margin of
error defined by the confidence intervals. Regarding our assay, seRNA offers several
potential advantages compared to other stool- or blood-based biomarkers.> First, seRNA
biomarkers are derived from epithelial cells shed within the gastrointestinal tract. Therefore,
the seRNA signal represents a homogenized sampling of perilesional tissue, which can be
shed into the lumen and excreted in stool.8 Second, seRNA may provide a concentrated and
amplified signal that can be observed via multiple transcripts in a single pathway.” Finally,
the RNA transcriptome can provide an assessment of the downstream molecular
consequence of multiple precancerous variants that converge upon common tumorigenesis
pathways. These characteristics enabled a relatively small panel of seRNA biomarkers to
sensitively and specifically detect HRAs. HRAs are important to detect and remove due to
an annual transition rate of HRA to CRC of 2.6-5.6%8, which implies that the cumulative
risk for cancer transformation prior to the next screening recommendation is ~12% given a
3-year screening interval and ~40% given a 10-year screening interval.

Limitations of this study include use of a single organization (three geographically distinct
endoscopy sites) for sample collection, use of a hold out test set obtained from the same
collection sites, and the limited number of HRAs in our hold out test set. Additionally, the
low incidence of CRC in a screening population made it challenging to prospectively obtain
stool samples from CRC patients. Future research should include evaluation of these
markers in a larger independent test set drawn from multiple sites. Nonetheless, these data
provide evidence that seRNA biomarkers could significantly improve the ability to
noninvasively detect HRAS, with potential to improve screening accuracy and compliance in
the millions of Americans who are currently noncompliant with existing screening
guidelines.
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Figure 1. Eligible feature selection using bootstrapping of the training set (n = 154 samples) and
model performance for the detection of HRAs based on 10-fold internal cross-validation and
performance on a prospective hold out test set (n = 110 samples).

A) Transcripts used in the custom amplicon panel (n = 639 amplicons) were selected based
on previously conducted research and differentially expressed amplicons were identified
using 100-fold bootstrapping of the 154-patient training set. If an amplicon was observed in
at least 25% of all 100 splits (bootstrap threshold), then it was considered differentially
expressed and was eligible as a feature for the final model. Each column represents a single
amplicon denoted by the HUGO gene name with exon location of forward and reverse
probes. In total, 15 amplicons on 14 unique genes were selected as differentially expressed.
B) 10-fold internal cross-validation was performed using the training set (n = 154 samples),
15 differentially expressed amplicons, and raw GAPDH values. The ROC curve shows
model performance whereby high-risk adenomas (HRAs) were considered positive and other
findings (medium-risk adenomas, low-risk adenomas, benign polyps, no findings on a
colonoscopy) were considered negative. C) Box plots show model output for each sample,
parsed by sample type, for the prospective hold out test set (n = 110 samples). Sample type
is ascending based on lesion severity (i.e., No finding 6.2 = least severe, HRA 2.1 = most
severe) (see Supplementary Table 1). Each dot represents a single sample employed in the
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analysis. The box encases the first and third quartile of the dataset, the bar within the box
represents the median value. Whiskers represent 1.5 times the interquartile range and values
that extend beyond the length of the whiskers were considered outliers. The dashed line
represents the threshold defined by internal cross-validation performance (0.1415) D) An
ordinal regression model was created using the training set (n = 154 samples) and all 16
eligible features. The ordinal regression model was employed on the prospective hold out
test set (n = 110 samples) to determine model performance. High-risk adenomas (HRAS)
were considered positive and other findings (medium-risk adenomas, low-risk adenomas,
benign polyps, no findings on a colonoscopy) were considered negative. Sensitivity is shown
for HRAs and specificity is shown for all other findings. Each sample in the training set (n =
154) and hold out test set (n = 110) was from a unique donor. Abbreviations: ROC — recelver
operator characteristic; AUC — area under the curve; Sen. — sensitivity; Spec. — specificity;
LRA — low-risk adenoma; MRA — medium-risk adenoma; HRA — high-risk adenoma.
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