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1 | INTRODUCTION

Early detection of lung cancer has significant potential for reducing the
mortality and improving the survival of patients. Low-dose CT (LDCT)
screening has been widely used in the early detection of lung cancer,
especially for those aged >55 years and smokers.! However, due to
the high sensitivity but low specificity of LDCT screening, many non-
tumorous pulmonary nodules are also detected. Although CT imaging
can estimate the malignant risk of nodules based on the size, lobar
location, density, and margin characteristics, approximately 20% of the
nodules are misdiagnosed as malignant by CT screening. Several pul-
monary nodules are still difficult to distinguish as benign or malignant
using CT imaging, especially the ground-glass nodules that are approx-
imately 1 cmin diameter.?® Therefore, there is an unmet need for new
diagnostic options with high sensitivity and specificity to distinguish
malignant tumors from benign pulmonary nodules, preferably through
non-invasive procedures.

Cell-free methylated DNA immunoprecipitation and high-
throughput sequencing (cfMeDIP-seq) is a new bisulfite-free tech-
nigue, which can detect the whole-genome methylation of blood
cell-free DNA (cfDNA). Compared with bisulfite sequencing, this tech-
nigue can enrich genome-wide CpG methylated cfDNA, with advan-
tages of low input DNA (<10 ng) and cost efficiency.*® This technique
has been used to classify renal cell carcinomas and gliomas in cancer
patients and healthy controls with high sensitivity and specificity.”
In this study, based on cfMeDIP-seq methylation profiling, we built
a prediction model to effectively differentiate malignant pulmonary
nodules.

2 | MATERIALS AND METHODS
2.1 | Patients

This study included healthy individuals without pulmonary nodules
(n = 7) and patients with lung cancers (tumor size >3 cm, n = 32).
Patients with malignant pulmonary nodules were screened as posi-
tive for pulmonary nodules (nodule size <3 cm, n = 35) by CT scan.
They subsequently underwent surgical resection and were diag-
nosed histologically as having lung cancer. There were two cat-
egories of patients among those with benign pulmonary nodules
(n = 23). Some patients were positive for pulmonary nodules, which
were diagnosed as benign nodules by CT scan. The other patients

were positive for pulmonary nodules based on CT scans; they
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subsequently underwent surgical resection but were diagnosed his-
tologically as having benign lesions. All selected patients were from
the Second Affiliated Hospital of Anhui Medical University (Hefei,
Anhui, China) and Shanxi Cancer Hospital (Taiyuan, Shanxi, China).
All patients provided written informed consent, and the study was
approved by the institutional review board (YX2020-019) of the
Ethics Committee of Anhui Medical University in accordance with

all relevant ethical regulations.

2.2 | cfMeDIP-seq and machine learning

The plasma sample collection, cfDNA isolation, library construction
and sequencing of cfMeDIP-seq, peak calling of sequencing data, de-
tection of DMR, and establishment of the random forest prediction
model were performed as described in the supplementary materials
and methods.

3 | RESULTS AND DISCUSSION

We collected plasma cfDNA samples of 30 normal controls (n = 7
healthy individuals without pulmonary nodules and n = 23 benign
pulmonary nodules) and 67 lung cancer patients (n = 35 malignant
pulmonary nodules with nodule size <3 cm and n = 32 lung cancers
with tumor size >3 cm). The clinical information of the healthy con-
trols and patients is shown in Table S1. The patients with malignant
pulmonary nodules (6.93 [5.02, 8.96] ng/mL) and lung cancer (6.64
[5.18, 9.24] ng/mL) had significantly higher cfDNA levels than those
in patients with benign pulmonary nodules (4.85 [3.55, 7.74] ng/mL)
and healthy individuals (3.53 [3.27, 4.43] ng/mL) (Figure 1A). The
cfDNA samples were all performed by cfMeDIP-seq (Figure 1B). After
removing the PCR duplication, average sequence reads of 42.3 mil-
lion (approximately 6G data/sample) were obtained from all samples,
87.6% of which was mapped to the human reference genome. The
average number of peaks was 74 335/sample (Table S2). To charac-
terize methylation signatures specific to lung cancer, we compared
differentially methylated regions (DMR) between normal and tumor
samples. The top 300 significant DMR were identified by limma-trend
test statistic (Figure 1C). The 300 DMR were located in the distal in-
tergenic (43.80%), intron (37.21%), promoter (12.02%), exon (3.49%),
5" UTR (0.78%), 3" UTR (2.33%), and downstream (0.39%) regions
(Figure S1). In the top 300 DMR, a total of 49 DMR were associated

with the promoter, exon, 5’ UTR, 3’ UTR or downstream region of 42
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FIGURE 1 Cell-free methylated DNA immunoprecipitation and high-throughput sequencing (cfMeDIP-seq) identified the differentially
methylated regions (DMR) between lung tumors and normal controls. A, Cell-free DNA (cfDNA) concentrations of patients from different
groups. Box plots are displayed with a median center line; box range from the 25th to 75th percentile. B, Workflow of the cfMeDIP-seq.
cfDNA is ligated with sequencing adaptors. Methylated cfDNA fragments are immunoprecipitated with the 5-methylcytidine antibody,

followed by PCR amplification and next-generation sequencing (NGS). C,

Heatmap of the top 300 DMR identified in the plasma cfDNA

between 30 normal controls and 67 lung tumor patients. Luad, lung adenocarcinoma; Lusc, lung squamous cell carcinoma. D, The top 300
DMR were used to generate the principal component (PC) plot to classify lung tumors and normal controls

genes (Table S3). Using the top 300 DMR, visualization using principal
component plots showed clear separation of normal controls and lung
cancer patients (Figure 1D).

We carried out a cross-validation to evaluate the ability of cf-

MeDIP profiles in the prediction of normal and tumor samples. The

30 normal controls and 67 lung tumor patients were randomly split
into 80% of controls and cases for a training set and 20% of controls
and cases for a test set. Using the training-set samples, we selected
the top 300 DMR to classify control and case samples. Based on
the top 300 DMR, we built a random forest model that was used
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to assign a malignant risk score to the test samples. This process
was repeated 100 times (Figure 2A). Across the 100 training-test
sets, at a malignant risk threshold (0.65), all lung cancers (tumor size
>3 c¢cm, n = 32) and healthy controls (without pulmonary nodules,
n = 7) were predicted as tumors and normal samples, respectively;
29 of 35 malignant pulmonary nodules were predicted as tumors,
and 21 of 23 benign pulmonary nodules were predicted as normal
samples (Figure 2B). Using the prediction model, we observed the
91.0% sensitivity and 93.3% specificity to distinguish pulmonary ma-
lignant tumors from normal controls with a mean AUROC of 0.963
(Figure 2C). Furthermore, as shown in Figure S2, we calculated the
mean feature importance of the frequently emerged DMR (emerged
more than 50 times in the 100 sets). In the frequently emerged DMR,
a total of 34 DMR were associated with the promoter, exon, 5' UTR,
3’ UTR or downstream region of 33 genes (Table S4). The 34 DMR
were all overlapped with the 49 DMR in Table S3, which suggested
their important contributions in distinguishing normal and lung
tumor samples.

Next, we tested the utility of this prediction model for new sam-
ples. The pulmonary nodules of 3 patients were suspected of being
malignant based on CT scans. Plasma cfDNA samples were analyzed

by cfMeDIP-seq, and then the prediction model was used to predict
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the benign and malignant nature of pulmonary nodules. The pulmo-
nary nodules were all predicted to be malignant by the random forest
model. Finally, all 3 patients underwent surgeries, and these pulmo-
nary nodules were pathologically confirmed to be lung adenocarcino-
mas (Figure 3).

The use of bisulfite modification for analysis of the whole-
genome methylation is limited for plasma cfDNA due to its low
abundance. The studies on cfDNA methylation detection for early
diagnosis of lung cancer have been restricted to targeted sequenc-
ing and locus-specific PCR with bisulfite-converted cfDNA.2 Using
high-throughput bisulfite DNA methylation targeted sequencing,
Liang et al? identified nine cancer-specific methylation markers for
differentiating patients with malignant pulmonary nodules, with
the sensitivity and specificity of 79.5% and 85.2%. Using bisulfite-
converted methylation-specific PCR, Chen et al*® demonstrated that
a three-gene combination (CDO1, SOX17, and HOXA7) had sensi-
tivity and specificity of 90% and 71% in distinguishing malignant
from benign pulmonary nodules. However, cfMeDIP-seq also has
limitations in its application. cfMeDIP-seq relies on the methylated
DNA fragments (counts of reads), which are immunoprecipitated
by the antibody. The batch effect can influence the outcome. The

batch effect may derive from different antibody vendor production
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