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Abstract

Tumor-specific DNA methylation can be used for cancer diagnostics and
monitoring. We have recently reported a set of DNA methylation
biomarkers that can distinguish plasma samples from lung cancer patients
versus healthy controls with high sensitivity and specificity. Furthermore,
the DNA methylation signal from the biomarker loci detected in plasma
samples correlated with tumor size and decreased after surgical resection
of lung tumors. In order to determine the timing of DNA methylation of
these loci during carcinogenesis and thus the potential of the biomarkers to
detect early stages of the disease we analyzed the DNA methylation of the
biomarker loci in five precancerous conditions using available data from the
GEO database. We found that the DNA methylation of the biomarker loci is
gained early in carcinogenesis since most of the precancerous conditions
already have biomarker loci hypermethylated. Moreover, these DNA
methylation biomarkers are able to distinguish between precancerous
lesions with malignant potential and those that stay benign where data is
available. Taken together, the biomarkers have the potential to detect the
earliest cancer stages; the only limitation to detection of cancer from
plasma samples or other liquid biopsies is the timing when tumors start to
shed enough DNA into body fluids.
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(i5755:0 Amendments from Version 1

The new version of the article has added p-values for
comparisons of DNA methylation of the biomarkers between
sample cohorts and the description of how the statistics were
calculated. The p-values indicate that all differences between
normal samples and premalignant lesions are highly statistically
significant.

In addition, a new paragraph discussing possible use of the
biomarkers to screen individuals with premalignant conditions for
cancer was added.

Any further responses from the reviewers can be found at the
end of the article

Introduction

Tumor cells have fundamentally different DNA methylation
profile from normal cells of origin'~. Some of these differences
are tumor-specific, i.e. do not occur in any normal cell types,
and thus could be used for tumor DNA identification. Since
tumors shed DNA into bloodstream or other body fluids™”, the
detection of tumor-specific DNA methylation in these liquid
biopsies could be utilized for non-invasive cancer diagnostics
and monitoring®’. This initiated a search for cancer-specific DNA
methylation biomarker loci and analysis of these loci in
plasma samples and other liquid biopsies'*">. We have previ-
ously described a large suite of cancer-specific DNA methylation
biomarker loci discovered using TCGA and GEO data from over
10,000 tumor and normal samples'’. Recently, we developed
gPCR amplicons specific for a subset of these biomarker loci
designed to detect common carcinoma types and tested them
on clinical cfDNA samples from healthy individuals and
non-small cell lung cancer (NSCLC) patients. We demonstrated
that these biomarkers can distinguish between healthy subjects
and NSCLC patients with high sensitivity and specificity'*.
Moreover, in blood samples from lung cancer patients the
biomarker DNA methylation signal positively correlates with
tumor size'’. The purpose of the current study was to find how
early during carcinogenesis the biomarker loci gain DNA
methylation in order to assess their potential as detectors of early
stage cancer. To this end, we analyzed DNA methylation of the
biomarker loci in publically available data from several precan-
cerous conditions. We found that the biomarker loci gain DNA
methylation early in carcinogenesis since they are methylated
already in majority precancerous lesions analyzed; in addition,
where the data are available, the markers can distinguish lesions
with malignant potential from those that stay benign.

Methods

The DNA methylation data from the Illumina Human
Methylation450 platform were downloaded from the GEO database
(GEO accessions GSE60185, GSE66313, GSE53051, GSE58999,
GSE48684, GSE77954, GSE72872, GSE81334, GSE108123 and
GSE39279). These DNA methylation data are presented as beta
values - numeric values in interval 0.0-1.0. For unmethylated
CpGs the beta value approaches zero, for fully methylated
CpGs beta approaches 1 and for CpGs methylated in a fraction
of the sample O<beta<l, e.g. a CpG methylated in 50% of the
sample will have a beta value of approximately 0.5. All data were
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analyzed in the R programming environment, version 3.6.1'°
as follows: The beta values were normalized as described'.
The normalized beta values for 10 biomarker CpGs (Table 1,'*)
were used in further analysis. Boxplots were created using the
R function boxplot and the R library beeswarm,version 0.2.3. Since
the beta values do not have normal distribution, nonparametric
Wilcoxon rank-sum test was used to test differences between the
groups. Multidimensional scaling (MDS) plots were constructed
using the R function cmdscale on matrices of distances between
samples and projected into two dimensions. The ability of the
marker set to distinguish between progressive and regressive
lung CIS was evaluated using receiver operating characteristic
(ROC) analysis on the sums of the beta values from all 10 marker
CpG Illumina probes (Table 1). The ROC analysis and AUC
calculations were performed using the R library pROC'®, version
1.15.3.

Results and discussion

We have previously described a set of DNA methylation
biomarker loci that are hypermethylated in 10 common carci-
noma tumor types and we demonstrated that the level of DNA
methylation of these loci can differentiate between plasma
samples from lung cancer patients and healthy individu-
als. To determine the timing of the hypermethylation of these
biomarker loci during human carcinogenesis and thus estimate
potential of the markers to detect early disease stages we
analyzed here the DNA methylation state of the biomarker loci
in several premalignant conditions: breast ductal carcinoma
in situ (DCIS), colorectal adenomas, Barrett’s esophagus (BE),
pancreatic intraductal papillary mucinous neoplasms (IPMNs)
and lung carcinoma in situ (CIS) using publically avail-
able Illumina HumanMethylation450 datasets from the GEO
database.

Ductal carcinoma in situ is a precursor of invasive breast
carcinoma (IBC). We analyzed DNA methylation of the biomarker

Table 1. List of 10 DNA methylation biomarker
loci used in the study. The first column specifies
lllumina CpG probe and the second column
shows the genomic position of each biomarker
CpG.

lllumina CpG.ID CpG.position (hg19)

cg14416371 chr11:43602847-43602848
cg08189989 chr2:105459164-105459165
cg00100121 chr1:169396635-169396636
cg03306374 chr16:23847325-23847326
cg01419831 chr2:162283705-162283706
€g25875213 chr19:38183055-38183056
cg00339556 chr5:16180048-16180049
cg01893212 chr7:49813088-49813089
cg14732324 chrb:528621-528622
cg07302069 chr7:27196286-27196287
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loci in normal breast tissue samples, DCIS and IBC from
three GEO datasets: GSE60185', GSE66313'%, GSE53051".
The results (Figure 1A) show that the biomarker loci are meth-
ylated already in DCIS at about the same level as in IBC. The
multidimensional scaling (MDS) plot (Figure 1B) shows DCIS
samples scattered among IBC samples, indicating compara-
ble levels of DNA methylation of individual markers, while
most of the normal samples form a small cluster on a side
of the plot. Furthermore, there is no significant increase in
the marker methylation during the progression to metastatic
disease, as illustrated by data from a cohort (GSE58999%) of
44 pairs of primary breast tumors and lymph node metastases
(Figure 1A).
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Colorectal adenomas are the precursor neoplasms to colorectal
cancer. We analyzed biomarker loci in normal colorectal tissue,
colorectal adenomas, colorectal carcinomas and metastatic
colorectal tumors from three GEO datasets: GSE48684°,
GSE77954>*, GSE53051". Similar to DCIS, biomarker loci
are already hypermethylated in colorectal adenomas with no
further increase in methylation during the progression into
invasive colorectal carcinomas or metastatic colorectal cancer
(Figure 1C) and again colorectal adenomas on MDS plot are
scattered among colorectal carcinomas (Figure 1D).

Barrett’s esophagus is a precancerous precursor of esopha-
geal adenocarcinoma (EAC). We analyzed normal esophagus
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Figure 1. DNA methylation of the biomarker loci occurs early in carcinogenesis. The figure shows data from five primary carcinoma
sites: breast (A, B), colorectal (C, D), esophagus (E, F), pancreas (G, H) and lung (I, J, K). Boxplots (A, C, E, G, I) show cumulative DNA
methylation of the 10 biomarker loci in normal tissue samples, precancerous lesions, and tumor samples. The y-axes of plots represent
the sums of beta values of the entire set of 10 biomarker CpG lllumina probes. The p-values (Wilcoxon rank-sum test) depicted at the top
indicate significance of differences between neighboring groups of samples. The breast boxplots (A) in addition show DNA methylation of the
biomarker set in 44 pairs of primary breast tumors and lymph node metastases. The lung boxplots () in addition present the precancerous
lesion (carcinoma in situ (CIS)) cohort split into progressive and regressive sub cohorts and lung tumor (squamous cell carcinoma (SCC))
cohort split into stages I-Ill. The multidimensional scaling (MDS) plots (B, D, F, H, K) show multidimensional scaling of pairwise distances
derived from beta values of 10 biomarker CpG probes of the same sample cohorts as in the boxplots. The receiver operating characteristic
(ROC) plot (J) shows that the cumulative DNA methylation of the 10 biomarkers can differentiate progressive lung CIS samples not only from
normal lung tissue samples (blue curve), but also from regressive lung CIS samples (purple curve). DCIS, ductal CIS; IPMN, intraductal

papillary mucinous neoplasm.
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together with BE and EAC samples from two GEO datasets:
GSE72872%*, GSE81334*. Again, similar to DCIS or colorectal
adenomas, biomarker loci are hypermethylated already in
BE (Figure 1E, F). Similar situation was observed also in
pancreatic intraductal papillary mucinous neoplasms (IPMNs),
precursor lesions of pancreatic adenocarcinomas, where only
one small dataset (GSE53051'") was available (Figure 1G, H).

Finally, we analyzed lung CIS. Lung CIS is a pre-invasive
precursor lesion of lung squamous cell carcinoma (SCC), one of
the two non-small cell lung cancers that we previously used to
demonstrate the capability of the biomarkers to distinguish
between clinical plasma samples from cancer patients and healthy
subjects. We analyzed DNA methylation of the biomarker loci
in lung CIS together with lung SCC and normal lung tissue
samples from GEO datasets GSE108123, GSE39279%. The
advantage of the original lung CIS study (GSE108123%) is that
the prospective follow-up information is available for CIS samples
and thus the samples could be classified as either progressive
(those later progressed into invasive cancer) or regressive (these
later regressed to normal epithelium or low-grade disease). Our
analysis revealed, similar to the other pre-invasive lesions, that
the biomarker loci have increased DNA methylation already at
the lung CIS stage (Figure 1I). More importantly, when we ana-
lyzed progressive and regressive lung CIS samples separately
(Figure 11I), we found that the biomarker set is able to distinguish
between the two types of premalignant lesions with high sensitiv-
ity and specificity (AUC = 0.92, Figure 1J). The majority of the
regressive lung CIS samples on the MDS plots cluster close to
normal lung controls while all progressive lung CIS samples
are scattered among lung SCC samples (Figure 1K). Even when
lung SCC samples are sub-grouped into the individual cancer
progression stages (I-III) there is no increase in DNA methyla-
tion with the stage (Figure 11). Together, these results show that
the gain of DNA methylation of the biomarker loci is an early
epigenetic event during human carcinogenesis.

The data presented here show that DNA methylation of the
biomarker loci is fundamentally changed early during the malignant
progression since it is already observed in precancerous lesions.
The data from lung CIS further show that the DNA methylation
level of the biomarkers can differentiate between potentially
malignant and benign CIS. Together, these findings indicate that
the biomarkers are capable, from the qualitative point of view,
to detect cancer at its earliest stages. However, the detection of
cancer-specific DNA methylation in blood or other body fluids
is quantitative in nature and depends on the tumor size and its
propensity to shed DNA into bloodstream; e.g., our previous
report'* shows that the DNA methylation signal from this
biomarker set in ¢fDNA samples depends on the NSCLC tumor
size. Later disease stages are thus relatively easy to detect
since larger tumors of later cancer stages shed a large amount
of DNA into bloodstream resulting in high DNA methylation
signal. In order to detect the early cancer stages as well, sensitive
detection techniques and especially sample processing leading
to minimal background DNA methylation signal will be profound
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to distinguish cancer from healthy samples. This report shows
that the DNA methylation change of the biomarker loci is
already present to its full extent in the earliest cancer stages.
Thus, the combination of the sensitive detection and the timing
of the release of enough tumor DNA into blood or other body
fluids are the factors that will set the limit of the biomarkers to
detect cancer early.

The early occurrence of the increased DNA methylation at
biomarker loci may raise a question about the suitability of the
biomarkers to screen patients with premalignant conditions for
cancer. This will likely depend on the type of samples used for
the screening. Premalignant lesions, due to their limited size and
localized nature are unlikely to compromise screening in blood
or other body fluids that is, as discussed above, quantitative in
nature. Premalignant lesions are less likely to shed as much
DNA as tumors to increase the level of methylated marker copies
in blood derived cfDNA to the same threshold as the malignant
disease. Therefore, once there is large enough increase of the
biomarker signal in blood it might be indicative of malignant
progression. The proper DNA methylation signal threshold will
have to be determined by testing known clinical samples. On
the other hand, the early hypermethylation of the marker loci
would have to be considered if premalignant tissue samples
were tested directly, e.g. small biopsies from Barrett’s esopha-
gus patients; in this case it would be qualitative assay, high level
of DNA methylation would be detected and samples falsely clas-
sified as malignant. However, collection of small tissue biopsies
is more invasive than collection of blood or other liquid biopsies
for which this biomarker set was originally designed”. In
addition, in the case of lung CIS the biomarkers were able to
distinguish biopsies from premalignant lesions with malignant
potential from those that stay benign, so the elevated signal
from the biomarkers would be indicative when to treat the
disease even in the premalignant stage. Overall, the fact that
the biomarker loci are hypermethylated already in precancerous
lesions have to be taken into account when using the biomarkers
for screening patients with premalignant conditions, but it does
not diminish the utility of the biomarkers for noninvasive cancer
diagnostics.

In conclusion, the biomarker loci have the potential to detect
malignant disease at its earliest stage and the only limitation to
the use of the biomarkers to detect cancer from liquid biopsies
is the timing when the tumors start to release enough DNA into
bloodstream.

Data availability

Source data

[llumina HumanMethylation450 DNA methylation data used in
the presented study can be downloaded from the Gene Expression
Omnibus database (https://www.ncbi.nlm.nih.gov/geo/; Accession
numbers: GSE60185, GSE66313, GSES53051, GSES58999,
GSE48684, GSE77954, GSE72872, GSE81334, GSE108123 and
GSE39279).
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Judd C. Rice
Department of Biochemistry and Molecular Medicine, Keck School of Medicine, University of Southern
California, Los Angeles, CA, USA

In this brief report by Vrba and Futscher, the authors sought to leverage their previous discovery of 10
cancer-associated DNA methylation biomarker loci to investigate the clinical potential of these biomarkers
in assessing the progression of carcinogenesis. The authors analyzed several publicly available datasets
that included normal tissue, precancerous lesions and tumor samples to generate in silico models of
breast, colorectal, esophageal, pancreatic and lung cancer progression. The rigor of the study design is
high as all datasets utilized the same technology (lllumina HumanMethylation450) with appropriate
sample size of each group for analysis, except for the pancreatic samples. Although the data presented
support the authors’ conclusions, at least by the eyeball test, the inclusion and description of detailed
statistical analyses would increase confidence in the conclusions. The overall results indicate that
aberrant methylation of the biomarker loci is an early epigenetic event of carcinogenesis, regardless of
cancer type. This is an important finding that further supports the clinical potential of DNA methylation
biomarkers in early cancer detection.
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I confirm that | have read this submission and believe that | have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Author Response 11 Feb 2020
Lukas Vrba, The University of Arizona, Tucson, USA

Dear Dr. Rice,

Thank you for the evaluation of our study. According to your suggestion and suggestion from the
other reviewer we added the p-values to Figure 1. The results now show that all the differences
that made the “eyeball test” are also highly statistically significant, including in the pancreatic
samples where the n is rather low but the control cohort is consistently unmethylated. We thank
you for this suggestion, since the amended version of our manuscript will have higher impact
among the readers.

Competing Interests: No competing interests were disclosed.
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Keith D. Robertson
Department of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, MN,
USA

In this manuscript, Vrba and Futscher examined the DNA methylation status of candidate loci in
pre-malignant stages of a variety of cancers (e.g. breast, pancreas, and esophagus). Ultimately, the
authors observed that DNA hypermethylation events previously identified in full-blown cancer were
already hypermethylated in the precancerous tissues. One particularly interesting outcome was that
progressive lung carcinoma in situ demonstrated elevated methylation levels, while regressive CIS more
closely resembled normal lung tissue, suggesting that these CpGs may actually be predictive of
progression and/or play a role in carcinogenesis.

This is a straight-forward in silico analysis study, and seems worthy of indexing since the methylation
biomarker field is moving rapidly and showing significant promise.

This reviewer has two concerns, however, that should be addressed:
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1. While the methylation trends are clearly qualitatively visible, statistical significance is not given for
any of the comparisons.

2. Due to pre-malignant lesions showing similar patterns as the corresponding cancer, does that
reduce the efficacy of these biomarkers as the target screening population malignancy is
indistinguishable from the cancer? For example, healthy individuals are not routinely screened for
esophageal carcinoma, but those with Barrett's esophagus are.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.

I confirm that | have read this submission and believe that | have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Lukas Vrba, The University of Arizona, Tucson, USA

Dear Dr. Robertson,

Thank you for the prompt and generally positive review of our article. We have postponed our
response until all reviews were available and a new version of the article was submitted.

As to the first point raised, the other reviewer had the same suggestion and therefore we added
p-values for comparisons of individual sample cohorts. All differences between normal tissues and
respective premalignant lesions are highly statistically significant, while there are no significant
differences in DNA methylation of the biomarker loci during further malignant progression.

We especially appreciate your second point. The presence of the increased DNA methylation at
marker loci may indeed raise doubts about how well the biomarkers may serve for cancer
screening of individuals with premalignant conditions. We think that it depends on the type of the
samples used for the screening (liquid vs tissue biopsies) and we have added the whole new
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paragraph discussing this topic. We thank you for raising this important point since it had to be
discussed to make the study complete.
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