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Esophageal cancer, with 544,076 deaths in 2020,! includes esophageal adenocarcinoma
and esophageal squamous cell carcinoma (ESCC). ESCC comprises 90% of esophageal
cancers globally. The 5-year survival rate remains poor (15%-25% worldwide) because
patients usually present with late disease.2 Although ESCC can be diagnosed by means

of esophagogastroduodenoscopy (EGD) with biopsy, EGD is not widely available in low-
income countries.? Inexpensive, safe, accessible diagnostic alternatives will likely improve
diagnosis and outcome.

DNA methylation often silences gene expression, inducing loss-of-function of tumor
suppressor genes. Hypermethylation occurs at high levels and frequencies in ESCC.
However, these potential biomarkers have not been tested extensively in minimally
invasively—obtained cytologic samples from patients with ESCC, where they could increase
detection of ESCC.

Less invasive, nonendoscopic sampling techniques have examined Barrett’s esophagus, a
precursor of esophageal adenocarcinoma.3-8 A recent article described samples of mostly
squamous esophageal dysplasia obtained via endoscopic biopsy, brushings, or older balloons
in Iran and China.” A study by Middleton et al® was the first to use a sponge-based approach
to screen for ESCC in Tanzania. Our approach uses quantitative methylation-specific
polymerase chain reaction instead of histology, which requires pathologists to interpret
findings of paraffin-embedded cell clots. Our study combines sponge-based sampling with

a predictive biomarker panel to develop an accessible ESCC screening method in low-
income countries, where EGD is not widely available. We used epigenetic changes (DNA
methylation levels) as a basis for this strategy.

To discover and select epigenetic biomarkers, we first searched PubMed and The Cancer
Genome Atlas for ESCC markers described previously (Supplementary Figure 1A). We then
selected CpG sites using minimum and maximum y-value (percent methylation) thresholds:
high methylation levels in ESCC, but low levels in all types of normal tissues. Markers
emerging from this step were tested in fully methylated DNA, unmethylated DNA, and
finally paired normal-tumor tissues. Markers passing these steps were used to construct a
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multivariable model on a training set composed of EsophaCap sponge samples. Finally, this
model was applied to a separate independent test set.

For the paired normal-tumor tissue step, the following 6 markers were analyzed:
920655070, SALL1, SLC35F1, TACI1, ZNF132, and ZNF542. Only 5 of these—
920655070, SLC35F1, TAC1, ZNF132, and ZNF542—were significantly hypermethylated
in 48 tumor- vs normal-tissue pairs (P= .02, P=.0007, P=.03, P<.0001, and P=.009,
respectively) (Supplementary Figure 1B).

For the sponge step, 35 patients with ESCC and 59 non-ESCC control subjects were
analyzed; 5 other patients were excluded due to inability to swallow the sponge device. No
hematochezia, chest pain, ulceration, perforation, or detached capsules occurred.

Characteristics of training- and test-set participants, including age, sex, tobacco use, alcohol
use, race, and ESCC stage at time of sample collection, are shown in Supplementary Table
1. Median age (P =.01) and a history of smoking (£ =.001) were significantly higher in
patients with ESCC in the training set, although there was no difference among current
smokers (18% vs 16%).

In the training set, 920655070, SLC35F1, TACI1, ZNF132, and ZNF542all exhibited
significantly higher methylation levels in ESCCs than controls (Figure 1A). Receiver
operating characteristic analyses yielded individual areas under the receiver operating
characteristic curve of 0.73, 0.84, 0.78, 0.86, and 0.85, respectively (Figure 1B). Notably, the
area under the receiver operating characteristic curve of age alone was 0.70 (Figure 1B).

A 3-marker classification algorithm (cg20655070, SL C35F1, and ZNF132) that included
age as a fourth parameter was constructed on the basis of a score of the linear sum of
weighted methylation levels for each individual. In the training set, this algorithm yielded an
area under the receiver operating characteristic curve of 0.94 (Figure 1B). With the model
index cutoff at 0.115, the formula yielded specificity = 0.86 and sensitivity = 0.86 in the
training set. In an independent, subsequently collected, test set of 13 ESCC and 15 control
sponges, the algorithm successfully classified 90% of patients, with specificity = 0.867 and
sensitivity = 0.923; there were 2 false positives and 1 false negative in the test set, with
positive predictive value = 0.86 and negative predictive value = 0.93.

Notably, the model showed 100% accuracy in 7 training-set patients with early-stage ESCC
(4 with stage 1 and 3 with stage 2).

Thus, we present a systematic application of a stepwise approach to identify and validate
discriminatory methylation-specific biomarkers for diagnosing ESCC in patient samples
obtained using a minimally invasive, non-endoscopic strategy. This method and model,
with potential generalizability to the at-risk population, meet a potential ESCC screening
need because EGD is not widely available in ESCC-prone countries. Application of this
screening strategy may ultimately improve early ESCC diagnosis, therapeutic intervention,
and survival.

Gastroenterology. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MA et al.

Page 4

Candidate gene selection on the basis of both the published literature and The Cancer
Genome Atlas data permitted identification of discriminant epigenetic biomarkers, some
independently corroborated by others. Two biomarkers, ZNF542 and cg20655070, were
found in the literature search. Notably, although Wang et al3 used The Cancer Genome Atlas
data in their biomarker selection process, they did not apply their panels to nonendoscopic
esophageal sponges.

No adverse events resulted from swallowing the sponge-capsule device, demonstrating its
safety, convenience, ease, and efficacy. Previous studies in other diseases confirmed its
simplicity in use and ability to sample the entire mucosa—of relevance to ESCC, which
occurs in the proximal, middle, or distal esophagus. In lyer et al,®> 85% of participants
expressed a willingness to swallow the device a second time.

In our training set, the ages of patients with ESCC were higher than the control subjects
(P=.01); this difference was expected because most esophageal cancers occur in older
individuals; the worldwide median age is 67.5 years. Similarly, tobacco consumption was
higher in patients with ESCC than in control subjects, which is not surprising because this

is the most significant risk factor for ESCC.? In a recent Uganda study, smoking had the
greatest population-attributable fraction for ESCC; most of our ESCC test-set patients (85%)
and many ESCC training-set patients (43%) were from Uganda.10

In summary, we described a multimarker methylation biomarker panel that accurately
discriminates between ESCC and nontumor patients in cytologic samples acquired via a
minimally invasive sponge-capsule device. This strategy represents a low-risk, cost-effective
esophageal sampling and diagnostic strategy that merits further study in larger prospective
high-risk population screening trials.
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(A) Comparison of methylation levels between control and esophageal squamous cell
carcinoma (ESCC) samples collected via the sponge device in the training set. Sample
DNA was collected via the retrievable esophageal sponge device. Horizontal lines represent
median methylation index values with 95% CI. ¢g20655070 (P= 0.004), SLC35F1 (P<
0.001), 7AC1 (P=0.001), ZNF132(P< 0.001), and ZNF542 (P = 0.001) methylation
levels were significantly higher in cytologic DNA of ESCC patients vs patients without
neoplastic disease. (B) Univariate ROC analysis of diagnostic performance of cg20655070,
SLC35F1, TACI1, ZNF132 and ZNF542in DNA collected with the retrievable esophageal
sponge capsule in the training set. The scores generated from the classification algorithm,
as indicated by the dark blue plot labeled “Selected” (cg20655070 + SLC35F1 + ZNF132 +
age), represent the weighted combination of biomarkers and clinical variables as identified
by the LASSO approach with 5-fold cross-validation. The red square corresponds to
Youden’s point and represents the optimum combination of sensitivity (0.86) and specificity
(0.86) in the training set data.
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