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Abstract

Background Detection of lung cancer at earlier stage can greatly improve patient survival. We aim to develop,
validate, and implement a cost-effective ctDNA-methylation-based plasma test to aid lung cancer early detection.

Methods Case-control studies were designed to select the most relevant markers to lung cancer. Patients with lung
cancer or benign lung disease and healthy individuals were recruited from different clinical centers. A multi-locus
gPCR assay, LunaCAM, was developed for lung cancer alertness by ctDNA methylation. Two LunaCAM models were
built for screening (-S) or diagnostic aid (-D) to favor sensitivity or specificity, respectively. The performance of the
models was validated for different intended uses in clinics.

Results Profiling DNA methylation on 429 plasma samples including 209 lung cancer, 123 benign diseases and 97
healthy participants identified the top markers that detected lung cancer from benign diseases and healthy with

an AUC of 0.85 and 0.95, respectively. The most effective methylation markers were verified individually in 40 tissues
and 169 plasma samples to develop LunaCAM assay. Two models corresponding to different intended uses were
trained with 513 plasma samples, and validated with an independent collection of 172 plasma samples. In validation,
LunaCAM-S model achieved an AUC of 0.90 (95% Cl: 0.88-0.94) between lung cancer and healthy individuals, whereas
LunaCAM-D model stratified lung cancer from benign pulmonary diseases with an AUC of 0.81 (95% Cl: 0.78-0.86).
When implemented sequentially in the validation set, LunaCAM-S enables to identify 58 patients of lung cancer
(90.6% sensitivity), followed by LunaCAM-D to remove 20 patients with no evidence of cancer (83.3% specificity).
LunaCAM-D significantly outperformed the blood test of carcinoembryonic antigen (CEA), and the combined model
can further improve the predictive power for lung cancer to an overall AUC of 0.86.
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Conclusions We developed two different models by ctDNA methylation assay to sensitively detect early-stage lung
cancer or specifically classify lung benign diseases. Implemented at different clinical settings, LunaCAM models has a
potential to provide a facile and inexpensive avenue for early screening and diagnostic aids for lung cancer.

Keywords Lung cancer, Early detection, Circulating tumor DNA, Methylation, gPCR assay

Background

Lung cancer remains to be the leading cause of cancer-
related mortality worldwide [1-3]. The overall 5-year
survival rate is only 21.7%, but it increases to 59.8% for
patients at localized stages [4, 5]. Low dose computed
tomography (LDCT) [6-8] is arguably efficient for early
malignancy. The overdiagnosis of benign lung nodules
can be dominant, which leads to unnecessary invasive
needle biopsy and radiation exposures [9, 10]. This largely
limits LDCT as the primary screening tool for lung can-
cer. Therefore, new noninvasive approaches are needed
to aid early detection and nodule stratification to improve
cancer diagnosis and reduce burden in healthcare.

DNA methylation changes, alongside other tumor-
derived features [11, 12], become promising biomarkers
for lung cancer. A recent study had discovered that can-
cer associated methylation abnormalities are present in
patients’ blood even from asymptomatic stages, suggest-
ing a potential noninvasive mean for cancer screening
[13]. Several lines of evidence had found that common
methylation alterations in ctDNA can be detected across
multiple cancer types with high sensitivity and specific-
ity [14]. However, the prediction accuracy for lung cancer
was reported to be limited or contradictory, making the
clinical utility difficult.

The rapid advancements in liquid biopsy revolution-
ize noninvasive detection of cancers, however many
challenges remain. The fraction of ctDNA present in
cell-free DNA from plasma is only at a level of 0.1% or
below, compounding technical challenges for detecting
early-stage cancers. Current sequencing-based methods
involve complex procedures to handle limited ctDNA,
which leads to severe sample loss and reduced ana-
lytic sensitivity. Lastly, genome-wide profiling and deep
sequencing of ctDNA features in blood has been pro-
posed as noninvasive methods in several cancer types
but restricted from clinical practice regarding the labor
intensity and the high running cost.

In this study, we aimed to develop an ultrasensitive and
deployable PCR-based DNA methylation assay for lung
cancer and assess its clinical utilities in a full spectrum
of lung diseases. We profiled methylomes of lung cancer
patients to identify lung cancer-specific DNA methyla-
tion markers, and then integrated the most informative
targets into a simplified multi-locus qPCR assay, Luna-
CAM. We developed two different models to sensitively
identify early-stage lung cancer and specifically stratify
benign diseases. Implemented in an independent sample

set, LunaCAM models were validated by classifying lung
cancer from other conditions at a high degree of accu-
racy, demonstrating its promise for early screening and
diagnostic aids for lung cancer.

Methods

Study design and sample characteristics

Tissue and blood samples were collected at West China
Hospital and Chengdu Shang]Jin NanFu Hospital in China
from 2015 to 2021. Eligible patients had blood drawn
prior to disease-related treatment or resection. Sample
classification and staging of lung nodules were confirmed
by histopathological examination. Cancer was staged
according to the TNM system of the American Joint
Committee on Cancer (8th edition). Benign nodules were
defined as hamartoma, bronchiolar adenoma, tuberculo-
sis, granulomatous inflammation and chronic inflamma-
tion nodules according to WHO classification of tumor
(5th edition): Thoracic Tumor [15]. Benign pulmonary
diseases include pneumonia, asthma, COPD, pulmonary
interstitial disease, and chronic inflammation disease
[16-18]. Standard algorithms for the management of pul-
monary nodules, including the Fleischner Society pulmo-
nary nodule recommendations, were used to determine
clinical management.

Sample size for adequate sensitivity/specificity
The formula for sample size estimation with (1-a) % con-
fidence level is driven as follows:

(Zl—a/2>2p(1 - P)
dQ

n =

where P is pre-determined value of sensitivity (or speci-
ficity); Z1-a/2 is the z-value for standard normal distribu-
tion with left-tail probability (1-«/2); and d is one half the
desired width of the confidence interval. This study was
designed to test a sensitivity/specificity of 90% with 95%
confidence and maximum marginal error of 0.1, it would
require at least 35 cancer samples and 35 healthy/benign
samples in the dataset.

Library construction and data analysis of PanSeer assay

PanSeer libraries were constructed according to the pro-
tocol described previously [13]. For each target regions,
average methylation fraction was defined as the total
number of methylated CpGs divided by total number
of detected CpGs. In order to assess the discriminative
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power of selected markers on classifying lung cancer and
healthy plasma samples, a logistic regression (LR) classi-
fier was built using scikit-learn package’s LogisticRegres-
sion module in plasma training samples.

Quantitative PCR assay

For 10-20ng cfDNA samples, an amplification phase is
carried out with the primer pool with 3 min at 95 °C, fol-
lowed by 8 cycles of 30 s at 95 °C and 60 s at 56 °C, using
ProFlexTM PCR System (Thermo Fisher). The amplified
products were then aliquoted for quantitative PCR using
the standard procedure (Luna® Universal Probe qPCR
Master Mix (NEB)) in ABI 7500 Real-Time PCR thermal
cycler. Reference gene ACTB was used as experimental
quality control.

Construction of LunaCAM classifiers

Markers were stepwise tested and ranked by AUC to
explore the best model by using LogisticRegression
(python v3.8.5, scikit-learn package v0.23.2). The marker
with the highest AUC was selected as the anchor marker,
and the combination with the rest markers was con-
ducted by 10x4-fold cross-validations for each addition.
The final model with the optimized combination was
determined by the highest AUC of the cross-validations.

Statistical analysis

Mann-Whitney U test was utilized to compare the model
scores among different covariant groups. Accuracy
metrics were computed for each sample set and subset
based on sample covariates. Sensitivity is defined as true

Page 3 of 9

positives/ (true positives+false negatives). Specificity
is defined as true negatives/ (true negatives+false posi-
tives). PPV (positive predictive value) is calculated as the
ratio of true positives to the total number of positive test
results. NPV (negative predictive value) is calculated as
the ratio of true negatives to the total number of negative
test results. Confidence interval of AUC was calculated
by 1000-times bootstrapping.

Results

Study design and potential clinical utilities

This study utilized a total of 1323 samples recruited
from multi-centers to stepwise develop LunaCAM assay
(Fig. 1, Table S1). In Phase I, we specifically utilized
plasma samples to discover lung cancer markers by ana-
lyzing DNA methylation profiles of patients with lung
cancer, benign diseases or no evidence of lung disease
using PanSeer method [13]. In Phase II, the discriminat-
ing power of the selected markers were verified in addi-
tional tissue and plasma samples. The most informative
markers were then defined to develop the multi-locus
PCR assay, LunaCAM. In Phase III, different LunaCAM
classifiers were built in 513 plasma samples to separate
lung cancer patients from healthy individuals or patients
with lung benign diseases. In Phase IV, we validated and
deployed LunaCAM models to 172 plasma samples to
stratify patients with lung cancer, benign diseases against
healthy controls.

Phase |
Marker Discovery

Plasma samples (n=429):
Lung cancers (n=209)
* Healthy controls (n=123)
* Benign lung diseases (n=97)

Marker selection methods:

* Acustomized PanSeer panel
for marker integration
Markers selected based on
plasma samples
AUC evaluation of cancer vs
normal per marker

*  Top markers selected from
PanSeer panel

* Additional markers curated
from literature.

Targeted methylation
seguencing assav
Selection on separation
power in tissue and plasma

Fig. 1 lllustration of the study design for LunaCAM model development

Phase Il
Assay Development

Marker verification set (n=209)

* 20 tumor and 20 white
blood cells

* 88 lung cancer and 81
healthy control

Marker optimization and assay

development

* Designed for multi-locus
methylation qPCR assay

* Confirmed with analytic
performance

* Processed with samples to
verify marker performance

* Finalized LunaCAM assay
with 11 markers

Multi-locus methylation
PCR assay
Selection on analytic in tissue
and plasma

»

Phase Il
Models Building

Model building set (n=513):

* Lung cancer (n=190)

* Benign lung diseases (n=135)
* Healthy control (n=188)

LunaCAM-S model

* To separate lung cancer from
healthy controls

« To maximize sensitivity of lung
cancer

LunaCAM-D model

* To classify lung cancer from
benign pulmonary disease

* To maximize specificity of
benign diseases

LunaCAM models for lung
cancer (-S & -D)
Build for early detection or
diagnostic aids

Phase IV
Clinical Deployment

Independent validation (n=172):
* Lung cancer (n=64)

* Benign lung diseases (n=45)

* Healthy control (n=63)

Application of LunaCAM

* LunaCAM-S model for early
detection

* LunaCAM-D model for nodule
classification

Combined LunaCAM with other

risk factors

* Age, smoking history, cancer
history, and/or existing
pulmonary diseases

* CEA or other tests

LunaCAM models for lung
cancer (-S & -D)
Validation for clinical utilities
and complementary effect
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Identification of DNA methylation markers to distinguish
lung cancer from normal tissues

We sought to screen methylation markers specific for
lung cancer which efficiently present in blood ctDNA.
A previously published targeted bisulfite sequencing
approach, PanSeer, was chosen to integrate a set of dif-
ferentially methylated regions (DMR) for lung cancer (see
eMethods). Those DMRs were defined based on publicly
available microarray, whole genome bisulfite sequencing
data from The Cancer Genome Atlas (TCGA) and inter-
nal reduced representation bisulfite sequencing data. A
total of 165 DMRs was designed in a PanSeer panel to
validate their robustness in blood (Table S2).

Selected DMRs were specifically examined in plasma
samples derived from a variety of lung diseases to ensure
their efficacy in blood. We processed a total of 429
plasma samples including 209 patients with lung cancer,
97 patients with benign lung nodules and 123 healthy
individuals by using PanSeer panel with roughly 25 mil-
lion sequencing reads per library. After filtering out low
quality reads, regions with at least 100X coverage were
used for downstream analysis. We selected DMR mark-
ers that have discriminating power between healthy
individuals and cancer patients with fold change and sta-
tistical significance (see Methods). For cancer-specific
hypermethylated markers, we added a filtering criterion
requiring that these markers have low methylation in
healthy human plasma samples. DMRs were ranked with
the separation power distinguishing lung cancer from
other types in addition to the fold change of the meth-
ylation level distribution, which led to the top 50 markers

a

Cancer Benign Healthy

Lung cancer tissue to WBC

Log10 fold change to WBC
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selected with statistical significance (Fig. 2A, Table S2).
These selected DMRs were able to separate lung cancers
from healthy controls and benign nodules with AUC of
0.95 and 0.85, respectively (Fig. 2B).

LunaCAM assay development

We sought to further optimize the methylation marker
candidates to the size that is feasible to implement with
multiplexed qPCR. Analysis of GO terms and literature
curation for markers focus on those associated with car-
cinogenesis, DNA binding and regulatory factor activity.
In addition, we took a conservative approach to remove
markers that are not located in the proximal regions of
a gene or difficult for qPCR primer design. Overall, we
focused on 15 DMR markers including multiple well doc-
umented genes associated with lung oncogenesis, such as
SHOX2 and HOX family genes (Table S2).

To verify the feasibility of these selected markers, we
examined the marker methylation status in a collection of
20 lung tumor and 20 white blood cell (WBC) samples
with qPCR. The candidates were ranked by a pattern
that we considered suitable for lung cancer detection in
plasma: a higher signal in tumor and a lower background
in blood (Fig. 2C). We also evaluated these targets with
169 plasma samples of 88 lung cancer and 81 healthy
individuals to confirm their performance (Fig. 2D). Even-
tually, 11 markers having higher detection power in plas-
mas (log,(fold change  ,ncer vs. healthy) > 1, » value<0.05)
and lower background in WBC (log,,(fold change \,or vs.
wec) >1) were selected for a multi-locus blood test, des-
ignated as LunaCAM (see Methods). We also estimated
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Fig. 2 LunaCAM markers selection and optimization: (A) Heatmap of top 50 markers in plasma (PanSeer); (B) Cross-validation ROC curves based on
selected markers in plasma (PanSeer); (C) Verification of selected markers in tissue and plasma by PCR assay
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the methylation level of each CpG sites in these 11 mark-
ers using targeted methylation sequencing data in Phase
I. We observed higher methylation levels of these CpG
sites in cancer samples than healthy/benign samples
(Figure S1), which further verified the feasibility of these
markers.

LunaCAM model building
To establish classifiers of LunaCAM assay, we conducted
a case-control study using samples collected from mul-
tiple hospitals across a variety of lung diseases. In total,
we collected blood samples from 190 patients with lung
cancer, 135 patients with lung benign diseases including
benign nodules, chronic pneumonia, or infection and 188
healthy individuals with no nodule findings with LDCT
(Table S1). The patients were intentionally weighted to
early stages of lung cancer, which 41.0% of them were
diagnosed at stage I with the median tumor size of 2 cm.
All plasma samples were processed with the LunaCAM
assay reporting the methylation levels for each marker.
Given that preference for sensitivity and specificity is
applied for different clinical uses, we intended to develop
two models: LunaCAM-S for early detection in average-
risk population, and LunaCAM-D for nodule classifica-
tion in higher-risk population. The sample set with a full
spectrum of lung diseases allows us to utilize different
combinations for different model trainings, followed by
model testing in the untouched categories. Model build-
ing and robustness assessment were conducted and esti-
mated by 10x4-fold cross-validation, which resulted in
a score for each one by averaging the cross-validation
repeats (see Methods). The LunaCAM-S classifier was
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designed to maximize the sensitivity for detecting lung
cancer, which achieved an average AUC of 0.90 in the
training set and detected 91.6% of lung cancer patients
(Figure S2A, Table 1). The performance of this model
was partially confirmed, by which the benign individuals
was separate from cancers with an AUC of 0.73 (Figure
S2B). On the contrary, The LunaCAM-D classifier was
intended to stratify lung cancer from benign diseases,
which required a high specificity with an average AUC
of 0.81 (Figure S2C). As expected, this model showed a
similar power to distinguish healthy from cancer with
an AUC of 0.79 (Figure S2D). Table S3 summarizes the
details of 11 markers, out of which 7 were used in Luna-
CAM-S and 6 in LunaCAM-D. Two markers (Marker3,
Marker4) associated with the gene SHOX2 were used in
both models. These classifiers were then locked in addi-
tional validation set.

Validation of LunaCAM for early detection and
classification of lung cancer

To evaluate the predictive performance of LunaCAM
models, we deployed LunaCAM test in an independent
group of individuals from multiple centers. The subjects
in the collection included symptomatic ones with pulmo-
nary related symptoms, such as cough or dyspnea, and
asymptomatic ones at general health checks. All subjects
performed a LDCT at the time of the clinic visit to assess
pulmonary diseases with or without a finding of lung
nodules. Among these individuals, 64 were diagnosed as
lung cancer after biopsy or surgery, 45 with histologically
proven benign nodules or common benign pulmonary

Table 1 Performance metrics of LunaCAM models in plasma samples

LunaCAM-S model

LunaCAM-D model

Total Negative Positive Sensitivity Specificity Total Negative Positive Sensitivity Specificity
(95% Cl) (95% CI) (95% Cl) (95% CI)
Plasma (model building set)
Cancer 190 16 174 91.69%(90.1-93.4%) - 190 83 107 56.3%(52.6-59.9%) -
(training) (training)
Benign 135 57 78 - 42.2%(38.0-46.3%) 135 132 3 - 97.8%(97.2-99.1%)
(test) (training)
Health 188 113 75 - 60.19%(56.7-63.3%) 188 166 22 - 88.3%(86.0-90.7%)
(training) (test)
Plasma (Independent validation set)
Cancer 64 6 58 90.6%(88.2-94.1%) - 64 29 33 51.6%(45.1-56.9%) -
Benign 45 17 28 - 37.8%(30.6-44.4%) 45 42 3 - 93.3%(91.7-97.2%)
Health 63 39 24 - 61.9%(56.0-68.0%) 63 53 10 - 84.1%(80.0-88.0%)
Plasma (Total)
Cancer 254 254
\ 108 14 94 87.0%(83.7-90.7%) - 108 55 53 49.1%(44.2-53.5%) -
Il 38 2 36 94.7%(93.3-100.0%) - 38 15 23 60.5%(53.3-70.0%) -
/v 108 6 102 94.4%(93.0-96.5%) - 108 44 64 59.3%(54.7-64.0%) -
Health 251 152 99 - 60.6%(57.5-63.5%) 251 219 32 - 87.3%(85.5-89.5%)
Benign 180 74 106 - 41.1%(37.5-444%) 180 174 6 - 96.7%(95.8-97.9%)
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diseases, and 63 having no evidence of lung diseases
(Fig. 1).

All blood samples were processed in a blinded man-
ner to evaluate LunaCAM assay performance. We first
predicted the cancer status for individuals according to
whether the LunaCAM-S score was above or below the
cutoff. Similar sensitives and specificities were obtained
in this validation set with an AUC of 0.90 for lung can-
cer compared to healthy control, which identified 90.6%
of lung cancer patients (Fig. 3A; Table 1). Consistently,
this model also exhibited certain level of discrimination
for benign diseases, suggesting that LunaCAM approach
is generalizable across different lung cancer cohorts
(Fig. 3B; Table 1). LunaCAM-D classifier was next vali-
dated to stratify lung cancer from pulmonary benign dis-
eases. LunaCAM-D was able to reproduce a consistent
AUC of 0.81 in validation, and a similar separation for
healthy from lung cancer with an AUC of 0.76 (Fig. 3C
and D, Figure S2D). When LunaCAM-D was applied
to LunaCAM-S positive cases as in practice, 83.3% of
patients miscalled by LunaCAM-S was corrected while
55.2% lung cancer patients maintained positive (Fig. 4A
and B). With the combination of LunaCAM-S and
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LunaCAM-D, the sensitivity of cancer can reach 50% at a
high specificity of 94.4%. In the validation set of the cur-
rent study, the PPV was 84.2% and NPV was 76.1%. For
an intended-use population with a prevalence of cancer
at 10% [19], the PPV was calculated to be 46.1% and the
PPV was as high as 94.6%.

Covariant analysis and clinical utility of LunaCAM

We next investigated if demographic or clinic charac-
teristics were associated with LunaCAM scores (Table
S4). No correlations were observed between LunaCAM
scores and age, gender or smoking history (Figure S3
and S4). No significant difference was observed in can-
cer patients with different stages, suggesting LunaCAM
models might capture cancer signals from early-stages
(Figure S5A and S5B, Table 1). In the combined set of
all plasma samples, LunaCAM-S model has a sensitivity
of up to 87.0% for stage I cancer, while the LunaCAM-
D model can achieve a sensitivity of 49.1% for stage
I cancer at high specificity levels of 96.7% for benign
samples and 87.3% for healthy samples (Table 1). Simi-
lar result was observed between LunaCAM scores with
tumor size (Figure S5C and S5D). LunaCAM-S model
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Fig.3 LunaCAM Model building and validation: (A) ROC curves of LunaCAM-S in training and validation; (B) LunaCAM-S score distribution in training, test
and validation; (C) ROC curves of LunaCAM-D in training and validation; (D) LunaCAM-D score distribution in training, test and validation
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Fig. 4 LuncaCAM models for potential implementation: (A) Schematic representation of the proposed implementation LunaCAM models into the cur-
rent standard practice for lung cancer; (B) Summary of combined model in validation set; (C) ROC curves of CEA, LunaCAM-D, and the combined model

of LunaCAM-D and CEA.

detected 86% (12 of 14) tumors less than nodule diam-
eter of 1.2 cm equivalent to 1 cm® tumor [20], suggesting
a superior sensitivity of LunaCAM-S for even relatively
small tumors. Histologic analysis of lung cancer revealed
that squamous cell, small cell and large cell lung cancer
effectively separated from healthy or benign samples via
LunaCAM models, consistent with adenocarcinoma lung
cancers (Figure S5E and S5F).

Lastly, we sought to explore the combination of Luna-
CAM-D with risk factors known for lung and other can-
cers in a multi-modal manner. Among all factors, CEA
showed a higher level in cancer patients than those with-
out cancer, but it underperforms LunaCAM-D model
across all stages (AUCcgp = 0.56, AUC| ,.cam.p = 0.81)
(Fig. 4C). However, the combination of LunaCAM-D and
CEA revealed an even higher overall AUC of 0.86, espe-
cially leading a significant increase in sensitivity when
specificity is higher. Although limited by the sample size,
this analysis does suggest that the combination of Luna-
CAM-D with serum protein may improve nodule classifi-
cation compared to those tests alone.

Discussion

In this study, we described the development, validation,
and implementation of LunaCAM assay targeting ctDNA
methylation of lung cancer. Through multiple rounds of

verification, we integrated lung cancer methylation mark-
ers into facile qPCR procedure, LunaCAM. The Luna-
CAM models were validated in an independent sample
cohort to test the generalization. LunaCAM-S model
achieved a superior sensitivity of lung cancer, which
may improve the accessibility of noninvasive screening
for lung cancer. LunaCAM-D model, on the other hand,
was stringent in specificity to aid for diagnostics and pre-
vent overtreatment. The two models can be sequentially
applied for different utilities and possible combination
with other standard procedures. Altogether, we dem-
onstrated that LunaCAM could provide a reliable and
cost-effective diagnostic aid for lung cancer and the com-
binatory multi-factor analysis might further increase the
accuracy of the approach.

Efficacy of LDCT screening for lung cancer has been
under debate for decades regarding patient compliance,
complex infrastructure, and repetitive radiation expo-
sure [21, 22]. Although screening high-risk population
with LDCT is proposed to reduce lung cancer mortality
[6, 7], the percentage of eligible smokers under annual
LDCT screening remains exceptionally low [23]. Enor-
mous efforts have been made for searching of molecu-
lar biomarkers to facilitate the lung cancer screening
[24]. Several promising molecular candidates have been
discovered and reported including autoantibodies [25],
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microRNAs [26, 27], ctDNA mutation [28-30], genome
fragmentomes [12] and DNA methylation [31]. The accu-
racy of the prediction of lung cancer was relatively low
through assessment of the levels of proteins and ctDNA
mutations [32, 33]. The methylation profiling of ctDNA
in blood has becoming appealing source of innovative
cancer biomarkers recently [34-36]. The circulating cell-
free genome atlas (CCGA) study has shown that ctDNA
methylation patterns outperformed genome-wide frag-
mentome and ctDNA variants [37]. Although ctDNA
methylation signatures are informative, the detection
sensitivity of lung cancer, especially for stage I, was
dropped down to 21.9% in a recent report of CCGA study
[14]. Thus, challenges in the field of biomarker discovery
for lung cancer remain to meet the clinical needs.

Despite the rapid development of molecular method-
ologies, biomarker tests of lung cancer are rarely used in
routine clinical practice. Cost-effectiveness, test logistics,
and simplified procedure are important factors to con-
sider in clinics [38, 39]. NGS-based liquid biopsy assays
were mainly utilized in biomarker discovery studies; how-
ever, the high running cost and complex procedures limit
its applicability as screening tests. In contract, LunaCAM
was optimized from NGS-based assay, which ensures
a high performance and a simple PCR-based operation.
In addition, two LunaCAM models were adjusted to
enable robust performance in different intended uses.
Altogether, these features of LunaCAM assay maximize
its values in the current standard of care as cost effective
and viable aid.

There are several limitations in this study. The perfor-
mance of LunaCAM models need to eventually validate
in prospective trials. Incomplete demographic and clini-
cal data, especially the smoking/cancer history in healthy
group, led to limited multivariable analysis with risk fac-
tors. Lastly, follow-up studies would be informative for
those positive in LunaCAM but currently having no evi-
dence of lung cancer.

Conclusions

LunaCAM provides a simple and inexpensive blood test
to refine risk assessment of lung cancer prior to LDCT
and to characterize pulmonary disorders alongside stan-
dard practice. It has the potential to broaden access for
lung cancer screening, which could efficiently identify
patients at higher risk of lung cancer when deployed in
clinic.

List of abbreviations

ctDNA Circulating tumor DNA

LunaCAM  Lung cancer alertness by ctDNA methylation.
AUC Area under curve

PCR Polymerase chain reaction

CEA Carcinoembryonic antigen

LDCT Low dose computed tomography

DMR Differentially methylated regions

Page 8 of 9

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512931-023-02449-8.

[ Supplementary Material 1 ]

Acknowledgements

We are thankful to all the patients for their voluntary participation in the
study.Availability of data and materials.

The data generated in this study are publicly available in GitHub at CCR-
202209-SGl (https://github.com/singleragenomics/CCR-202209-SGl).

Author contributions

W. L. and R.L. were responsible for the overall study design. Z. W, D.L, W. Z,,
Y.H., H.T, supervised the clinical sample collection and sample assessment.
G.Z,C.C, Y.L, X.X,C.L,and J.T, collected samples and organized clinical
information at clinical sites. H.W., performed assay development and
experimental protocols. KX, CM., HW. and Z.S. analyzed the experimental
data and developed the classification model. ZW., KX, CM, and RL. wrote
and revised the manuscript with inputs from the other co-authors. All authors
approved the final manuscript.

Funding

This study was supported by the National Key Research and Development
Program of China (grant number: 2019YFC1315800, 2019YFC1315801,

and 2019YFC1315803), the National Natural Science Foundation of China
(92159302 and 32170592), and the Sichuan Science and Technology Program
(2022NSFSC0785, 2020YFS0572 and 2020YFS0573).

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval and consent to participate

This study was approved by the Ethics Committee of all the participating
centers, reference number 2018.270. Informed written consent was obtained
from all patients at the participating institutions to allow archival of their
biospecimens and use in future studies. Basic and clinical information of
patients were collected during the hospital visit.

Consent for publication
Not applicable.

Author details

'Department of Respiratory and Critical Care Medicine, Institute of
Respiratory Health, Frontiers Science Center for Disease-related Molecular
Network, West China Hospital, Sichuan University, Chengdu, Sichuan,
China

%Singlera Genomics (Shanghai) Ltd, Shanghai, China

*Precision Medicine Key Laboratory of Sichuan Province, West China
Hospital, Sichuan University, Chengdu, Sichuan, China

“Health Management Center, West China Hospital, Sichuan University,
Chengdu, Sichuan, China

Received: 26 October 2022 / Accepted: 12 May 2023
Published online: 17 June 2023

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray
F. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2021;71:209-49.

2. Ferlay J, Colombet M, Soerjomataram I, Mathers C, Parkin DM, Pineros M,
Znaor A, Bray F. Estimating the global cancer incidence and mortality in 2018:
GLOBOCAN sources and methods. Int J Cancer. 2019;144:1941-53.


http://dx.doi.org/10.1186/s12931-023-02449-8
http://dx.doi.org/10.1186/s12931-023-02449-8
https://github.com/singleragenomics/CCR-202209-SGI

Wang et al. Respiratory Research

20.

21.

(2023) 24:163

de Groot PM, Wu CC, Carter BW, Munden RF. The epidemiology of lung
cancer. Transl Lung Cancer Res. 2018;7:220-33.

SEER stat fact. Sheets: lung and bronchus cancer. http://seer.cancer.gov/
statfacts/html/lungb.htm].

De Angelis R, Sant M, Coleman MP, Francisci S, Baili P, Pierannunzio D, Trama
A, Visser O, Brenner H, Ardanaz E, et al. Cancer survival in Europe 1999-2007
by country and age: results of EUROCARE-5-a population-based study.
Lancet Oncol. 2014;15:23-34.

National Lung Screening Trial, Research T, Aberle DR, Adams AM, Berg CD,
Black WC, Clapp JD, Fagerstrom RM, Gareen IF, Gatsonis C, Marcus PM, Sicks
JD. Reduced lung-cancer mortality with low-dose computed tomographic
screening. N Engl J Med. 2011;365:395-409.

de Koning HJ, van der Aalst CM, de Jong PA, Scholten ET, Nackaerts K,
Heuvelmans MA, Lammers JJ, Weenink C, Yousaf-Khan U, Horeweg N, et al.
Reduced lung-Cancer mortality with volume CT screening in a Randomized
Trial. N Engl J Med. 2020,382:503-13.

Richards TB, Soman A, Thomas CC, VanFrank B, Henley SJ, Gallaway MS, Rich-
ardson LC. Screening for Lung Cancer - 10 states, 2017. MMWR Morb Mortal
WKly Rep. 2020,69:201-6.

Brodersen J, Voss T, Martiny F, Siersma V, Barratt A, Heleno B. Overdiagnosis of
lung cancer with low-dose computed tomography screening: meta-analysis
of the randomised clinical trials. Breathe (Sheff). 2020;16:200013.

Jonas DE, Reuland DS, Reddy SM, Nagle M, Clark SD, Weber RP, Enyioha C,
Malo TL, Brenner AT, Armstrong C, et al. Screening for Lung Cancer with
Low-Dose Computed Tomography: updated evidence report and systematic
review for the US Preventive Services Task Force. JAMA. 2021;325:971-87.
Mathios D, Johansen JS, Cristiano S, Medina JE, Phallen J, Larsen KR, Bruhm
DC, Niknafs N, Ferreira L, Adleff V, et al. Detection and characterization of lung
cancer using cell-free DNA fragmentomes. Nat Commun. 2021;12:5060.
Cristiano S, Leal A, Phallen J, Fiksel J, Adleff V, Bruhm DC, Jensen SO, Medina
JE, Hruban C, White JR, et al. Genome-wide cell-free DNA fragmentation in
patients with cancer. Nature. 2019;570:385-9.

Chen X, Gole J, Gore A, He Q, Lu M, Min J,Yuan Z,Yang X, Jiang Y, Zhang T,

et al. Non-invasive early detection of cancer four years before conventional
diagnosis using a blood test. Nat Commun. 2020;11:3475.

Klein EA, Richards D, Cohn A, Tummala M, Lapham R, Cosgrove D, Chung

G, Clement J, Gao J, Hunkapiller N, et al. Clinical validation of a targeted
methylation-based multi-cancer early detection test using an independent
validation set. Ann Oncol. 2021,32:1167-77.

Nicholson AG, Tsao MS, Beasley MB, Borczuk AC, Brambilla E, Cooper WA,
Dacic S, Jain D, Kerr KM, Lantuejoul S, et al. The 2021 WHO classification of
lung tumors: impact of advances since 2015. J Thorac Oncol. 2022;17:362-87.
Patel VK, Naik SK, Naidich DP, Travis WD, Weingarten JA, Lazzaro R, Gutterman
DD, Wentowski C, Grosu HB, Raoof S. A practical algorithmic approach to the
diagnosis and management of solitary pulmonary nodules: part 1: radiologic
characteristics and imaging modalities. Chest. 2013;143:825-39.

Patel VK, Naik SK, Naidich DP, Travis WD, Weingarten JA, Lazzaro R, Gutterman
DD, Wentowski C, Grosu HB, Raoof S. A practical algorithmic approach to the
diagnosis and management of solitary pulmonary nodules: part 2: pretest
probability and algorithm. Chest. 2013;143:840-6.

MacMahon H, Naidich DP, Goo JM, Lee KS, Leung ANC, Mayo JR, Mehta AC,
Ohno'Y, Powell CA, Prokop M, et al. Guidelines for management of Incidental
Pulmonary Nodules detected on CT images: from the Fleischner Society
2017. Radiology. 2017,284:228-43.

MacMahon H, Naidich DP, Goo JM, Lee KS, Leung AN, Mayo JR, Mehta AC,
Ohno'Y, Powell CA, Prokop M. Guidelines for management of incidental pul-
monary nodules detected on CT images: from the Fleischner Society 2017.
Radiology. 2017,284:228-43.

Abbosh C, Birkbak NJ, Swanton C. Early stage NSCLC - challenges to imple-
menting ctDNA-based screening and MRD detection. Nat Rev Clin Oncol.
2018;15:577-86.

Kang HR, Cho JY, Lee SH, Lee YJ, Park JS, Cho YJ, Yoon HI, Lee KW, Lee JH, Lee
CT. Role of low-dose computerized tomography in Lung Cancer Screening
among never-smokers. J Thorac Oncol. 2019;14:436-44.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

Page 9 of 9

Edelman Saul E, Guerra RB, Edelman Saul M, Lopes da Silva L, Aleixo GFP,
Matuda RMK, Lopes G. The challenges of implementing low-dose computed
tomography for lung cancer screening in low- and middle-income countries.
Nat Cancer. 2020;1:1140-52.

Jemal A, Fedewa SA. Lung Cancer Screening with Low-Dose Computed
Tomography in the United States-2010 to 2015. JAMA Oncol. 2017;3:1278-81.
Dama E, Colangelo T, Fina E, Cremonesi M, Kallikourdis M, Veronesi G, Bianchi
F. Biomarkers and Lung Cancer Early detection: state of the art. Cancers
(Basel) 2021, 13.

Healey GF, Lam S, Boyle P, Hamilton-Fairley G, Peek LJ, Robertson JF. Signal
stratification of autoantibody levels in serum samples and its application to
the early detection of lung cancer. J Thorac Dis. 2013;5:618-25.

Sozzi G, Boeri M, Rossi M, Verri C, Suatoni P, Bravi F, Roz L, Conte D, Grassi M,
Sverzellati N, et al. Clinical utility of a plasma-based miRNA signature classifier
within computed tomography lung cancer screening: a correlative MILD trial
study. J Clin Oncol. 2014,32:768-73.

Boeri M, Verri C, Conte D, Roz L, Modena P, Facchinetti F, Calabro E, Croce

CM, Pastorino U, Sozzi G. MicroRNA signatures in tissues and plasma predict
development and prognosis of computed tomography detected lung
cancer. Proc Natl Acad Sci U S A.2011;108:3713-8.

Aravanis AM, Lee M, Klausner RD. Next-generation sequencing of circulating
Tumor DNA for early Cancer detection. Cell. 2017;168:571-4.

Newman AM, Bratman SV, To J, Wynne JF, Eclov NC, Modlin LA, Liu CL, Neal
JW, Wakelee HA, Merritt RE, et al. An ultrasensitive method for quanti-

tating circulating tumor DNA with broad patient coverage. Nat Med.
2014,20:548-54.

Chabon JJ, Hamilton EG, Kurtz DM, Esfahani MS, Moding EJ, Stehr H, Schroers-
Martin J, Nabet BY, Chen B, Chaudhuri AA, et al. Integrating genomic features
for non-invasive early lung cancer detection. Nature. 2020;580:245-51.

Li L, Fu K, Zhou W, Snyder M. Applying circulating tumor DNA methylation in
the diagnosis of lung cancer. Precision Clin Med. 2019;2:45-56.

Cohen JD, Li L, Wang Y, Thoburn C, Afsari B, Danilova L, Douville C, Javed AA,
Wong F, Mattox A, et al. Detection and localization of surgically resectable
cancers with a multi-analyte blood test. Science. 2018;359:926-30.

Lennon AM, Buchanan AH, Kinde I, Warren A, Honushefsky A, Cohain AT, Led-
better DH, Sanfilippo F, Sheridan K, Rosica D et al. Feasibility of blood testing
combined with PET-CT to screen for cancer and guide intervention. Science
2020, 369.

Ehrlich M. DNA hypomethylation in cancer cells. Epigenomics. 2009;1:239-59.
Liu MC, Oxnard GR, Klein EA, Swanton C, Seiden MV, Consortium C. Sensitive
and specific multi-cancer detection and localization using methylation
signatures in cell-free DNA. Ann Oncol. 2020;31:745-59.

Shen SY, Singhania R, Fehringer G, Chakravarthy A, Roehrl MHA, Chadwick

D, Zuzarte PC, Borgida A, Wang TT, Li T, et al. Sensitive tumour detec-

tion and classification using plasma cell-free DNA methylomes. Nature.
2018;563:579-83.

Liu MC, Klein E, Hubbell E, Maddala T, Aravanis AM, Beausang JF, Filippova D,
Gross S, Jamshidi A, Kurtzman K, et al. Plasma cell-free DNA (cfDNA) assays for
early multi-cancer detection: the circulating cell-free genome atlas (CCGA)
study. Ann Oncol. 2018;29.viii14.

Mazzone PJ, Sears CR, Arenberg DA, Gaga M, Gould MK, Massion PP, Nair VS,
Powell CA, Silvestri GA, Vachani A, et al. Evaluating molecular biomarkers for
the early detection of Lung Cancer: when is a Biomarker Ready for Clinical
Use? An official american thoracic Society Policy Statement. Am J Respir Crit
Care Med. 2017;196:e15-e29.

Seijo LM, Peled N, Ajona D, Boeri M, Field JK, Sozzi G, Pio R, Zulueta JJ, Spira

A, Massion PP, et al. Biomarkers in Lung Cancer Screening: achievements,
promises, and Challenges. J Thorac Oncol. 2019;14:343-57.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


http://seer.cancer.gov/statfacts/html/lungb.html
http://seer.cancer.gov/statfacts/html/lungb.html

	﻿Early detection and stratification of lung cancer aided by a cost-effective assay targeting circulating tumor DNA (ctDNA) methylation
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study design and sample characteristics
	﻿Sample size for adequate sensitivity/specificity
	﻿Library construction and data analysis of PanSeer assay
	﻿Quantitative PCR assay
	﻿Construction of LunaCAM classifiers
	﻿Statistical analysis

	﻿Results
	﻿Study design and potential clinical utilities
	﻿Identification of DNA methylation markers to distinguish lung cancer from normal tissues
	﻿LunaCAM assay development
	﻿LunaCAM model building
	﻿Validation of LunaCAM for early detection and classification of lung cancer
	﻿Covariant analysis and clinical utility of LunaCAM

	﻿Discussion
	﻿Conclusions
	﻿References


