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Molecular Diagnostics and Genetics

Highly Specific Droplet-Digital PCR Detection of
Universally Methylated Circulating Tumor DNA in
Endometrial Carcinoma

Guillaume Beinse,*® Bruno Borghese, <" Marie Métairie,*" Pierre-Alexandre Just,%** Geoffroy Poulet,?
Simon Garinet,* Beatrice Parfait,*9 Audrey Didelot,? Camille Bourreau,® Natacha Agueeff,?
Alexandre Lavollé,? Benoit Terris,%" Charles Chapron,“® Francois Goldwasser,”*" Karen Leroy,*"

Helene Blons,*" Pierre Laurent-Puig,** Valérie Taly,>* " and Jéréme Alexandre

BACKGROUND: No circulating biomarker is available for
endometrial carcinoma (EC). We aimed to identify
DNA positions universally hypermethylated in EC, and
to develop a digital droplet PCR (ddPCR) assay for de-
tection of hypermethylated circulating tumor DNA
(meth-ctDNA) in plasma from patients with EC.

METHODS: DNA positions hypermethylated in EC, and
without unspecific hypermethylation in tissue/cell types
releasing circulating cell-free DNA in plasma, were iden-
tified in silico from TCGA/Gene Expression Omnibus
(GEO) data. A methylation-specific ddPCR (meth-
ddPCR) assay following bisulfite conversion of DNA
extracted from plasma was optimized for detection of
meth-ctDNA  according to dMIQE guidelines.
Performances were validated on a retrospective cohort
(n=78 tumors, n=30 tumor-adjacent tissues), a pro-
spective pilot cohort (7= 33 stage I-IV patients), and
55 patients/donors without cancer.

RESULTS: Hypermethylation of zinc finger and SCAN
domain containing 12 (ZSCANI2) and/or oxytocin
(OXT) classified EC samples from multiple noncancer
samples with high diagnostic specificity/sensitivity
[>97%; area under the curve (AUC)=0.99; TCGA/
GEO tissues/blood samples]. These results were con-
firmed in the independent retrospective cohort
(AUC=0.99). Meth-ddPCR showed a high analytical
specificity (limit of blank =2) and sensitivity (absolute
lower threshold of detection =50 pgcchpNA/MLplasma)-

a,b,t

In the pilot cohort, meth-ctDNA was detected in pre-
treatment plasma samples from 9/11 and 5/20 patients
with advanced and non-advanced EC, respectively. 2 of
9 patients had ctDNA detected after macroscopic com-
plete surgery and experienced progression within
6 months. No healthy donors had any copy of hyperme-
thylated DNA detected in plasma.

coNcLUsIONs:  Meth-ddPCR of ZSCANI12/ OXT allows
a highly specific and sensitive detection of ctDNA in
plasma from patients with EC and appears promising
for personalized approaches for these patients.

Introduction

Endometrial carcinoma (EC) is the most frequent pelvic
gynecological cancer in Western countries (1). While
most cases are localized in the uterus (stages I-1I) at di-
agnosis, approximately 10-20% of patients experience
relapses (2, 3), and subsequent poor prognosis (4). To
identify patients with higher risk of relapse and those
who could benefit from adjuvant treatments remains a
challenge. Tumor protein 53 (TP53) mutations have
been added as adverse prognostic factors justifying adju-
vant chemotherapy to advanced tumor stages (stages
HI-1V) and nonendometrioid histologic subtypes (5).
However, 59% of EC-related deaths occur in 7P53-
wild-type tumors, and 40% of patients with 7P53-mu-
tated carcinomas remain free of disease at 5 years even
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ddPCR-Detection of ctDNA in Endometrial Cancer

without chemotherapy (6). These data highlight the
limitations of actual molecular characterization for prog-
nostication, possibly related to biological and prognostic
heterogeneity within molecular subgroups (7-9), and il-
lustrate the need for new personalized prognostic tools.

Liquid biopsies have emerged in the past 2 decades
as a major tool for cancer characterization and prognos-
tic stratification (10). Detection of plasma circulating
tumor DNA (ctDNA) before/after surgery of primary
tumor strongly correlates with the risk of distant relapse
in various cancers that are apparently localized (11, 12).
Detection or quantification of ctDNA may also allow
early detection of relapse and a monitoring of treatment
efficacy in advanced stages (13), especially in cancers
without accurate tumor circulating marker, such as EC
(14).

Previous studies showed that ctDNA could be
detected in plasma from patients with EC. However,
these studies, mainly based on mutation detection, were
limited by the mutational heterogeneity of EC (15, 16)
and by technical constraints that limited analytical sensi-
tivity (16, 17). Analyzing cancer-associated DNA meth-
ylation could be of value to overcome the mutational
heterogeneity of EC (18, 19). Highly sensitive droplet-
digital PCR (ddPCR) has emerged as a major tool to
maximize ctDNA detection (20). Furthermore, detect-
ing ctDNA through other targets than point mutation
overcomes specificity issues related to polymerase errors
in the ddPCR (21).

We report here a bioinformatical and experimental
work flow allowing to identify DNA positions specifi-
cally methylated in nearly all EC, and the development
of a clinically applicable highly sensitive ddPCR assay
that allows robust detection and dynamic quantification
of ctDNA in patients with EC.

Materials and Methods

IN SILICO DATA, PATIENT COHORTS, AND CONTROLS

In silico data. lllumina normalized methylation data
from uterine (normal and cancer), lung, colorectal,
breast, and ovarian cancer TCGA cohorts, and from all
non-cancer TCGA samples were download from the
Genomic Data Common database (22). Illumina nor-
malized methylation data from 18 samples obtained
from patients with metastatic EC were download from
the Gene Expression Omnibus (GEO) database
(GSE33422) (23). Illumina normalized methylation
data from multiple cohorts were used to account for
background methylation in blood-derived DNA, con-
sidering white blood cells (WBC) as the main provider
of circulating-cell-free DNA (ccfDNA) (24). As the
training dataset, GSE107205 (z=72 samples) and
GSE85210 (2=253 samples) were used to identify
CpG positions methylated in peripheral WBC. Eight

additional GEO dataset (7#=4399 samples of whole
blood or WBC DNA) were used for validation
(Supplemental Data 1 in the online Data Supplement).

External cohorts of endometrial carcinoma samples and
patients Cohort A included patients with stage I-IV EC
treated at Cochin Hospital (Paris, France) (2010-2017)
and was considered as an independent cohort for valida-
tion of DNA positions found in silico as universally and
specifically hypermethylated in EC. Among the 125
patients reported elsewhere (25), 78 selected for a sec-
ondary analysis (transcriptome/epigenetic analyses) were
included based on molecular annotation availability,
formalin-fixed paraffin embedded (FFPE) tissue avail-
ability and fixation quality (26). Tumor blocks (7 =78)
were used for positive control and compared with 30
tumor-adjacent tissues (FFPE blocks without infiltrating
tumor cell as per expert pathology review).

Cohort B included all patients treated in the gyne-
cological surgery department of the Cochin Hospital be-
tween October 2019 and December 2020 and
prospectively included for data collection and plasma
banking. Additionally, all patients treated in the same
period for stage IV or relapsed EC in the department of
medical oncology were considered as a cohort of patients
with advanced diseases. FFPE blocks and plasma sam-
ples were stored and provided by the Biological
Resource Center and Tumor Bank Platform of Cochin

Hospital (BB-0033-00023).

External cobort of healthy volunteers. Healthy donors in-
cluded 20 female donors who underwent blood dona-
tion at Ertablissement Francais du Sang, France, in
January to February 2021 and were considered as a
healthy/blank control cohort. Additionally, plasma sam-
ples from 5 healthy female volunteers (2 mL, age 28—
62years) and 1 bulk plasma (V=100mL) were pur-
chased at Biopredic International (Saint Grégoire,
France).

External cobort of patients with benign gynecology
conditions. Thirty patients treated in the gynecological
surgery department of the Cochin Hospital (2018-
2020, age 22—49years) and included in a prospective
cohort studying genomic alteration of endometriosis
were considered as a noncancer gynecology control co-
hort (27, 28): 10 were affected by deep-endometriosis,
10 by pelvic endometriosis, and 10 by nonendometrio-
sis benign conditions (benign ovarian cysts: # =4, uter-
ine myoma: 7 = 4, fertility disorders: n=2).

Regulatorylethical considerations (external coborts). The

study was approved by appropriate ethical committee.
All patients provided written consents. Details regarding
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ethical considerations and approvals are provided in
Supplemental Method 1.

Preanalytical considerations. Details on collection and
processing of uterine and plasma samples (DNA extrac-
tion, storage) are provided in Supplemental Method 2.
Whole blood was collected either in 3K-EDTA or
CELL-FREE DNA BCT® preservative tubes (Streck™),
and processed within 4 hours or 7days, respectively,
according to the manufacturers’ recommendations.

Control DNA. Human genomic DNA extracted from
whole blood (pool from multiple donors) (G304A,
Promega) was used as negative  DNA control.
Enzymatically universally methylated human genomic
DNA (D5011-1, ZYMO Research) was used as positive
DNA control. DNA concentrations were determined af-
ter shipment using the Qubit™ DNA BR Assay Kit.

Molecular characterization in external coborts. EC molec-
ular groups were identified according to a validated
method using sequential surrogates of the TCGA classi-
fication system (29): mismatch-repair-deficient tumors
(surrogate of microsatellite instable tumors), tumors
with DNA-polymerase epsilon (POLE) mutation (ultra-
mutated tumors), and 7P53-mutation (tumors with
high number of gene copy number alterations).
Remaining tumors were classified as “no specific molec-
ular profile” (low copy number alteration tumors). The
mismatch-repair system was assessed by immunohisto-
chemistry analysis of PMS1 Homolog 2 (PMS2) and
MutS Homolog 6 (MHS6) (30). POLE and TP53
mutations were identified by targeted sequencing using
a custom panel. Molecular characterization of cohort A
patients has been described elsewhere (25). A detailed
description of molecular characterization for cohort B is
provided in Supplemental Method 3.

Identification of universally methylated DNA positions
(Supplemental Method 4). To select methylated DNA
positions that could be used as potential targets for cir-
culating tumor DNA detection, we aimed to identify
CpG positions meeting the following criteria: (i) hyper-
methylation of at least one target in >97.5% of EC
(sensitivity), and (ii) no hypermethylation in noncancer
uterine samples (specificity > 97.5%), and (iii) without
background methylation level in blood-derived DNA
methylation analyses.

Briefly, 2 bioinformatical pipelines were used for
target identification. Pipeline A relied on a LASSO-
penalized logistic regression using highly variable TCGA
methylation data to identify DNA methylated positions
predictive of the sample nature: cancer vs noncancer
uterine samples. Pipeline B relied on combined
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differentially methylated position analyses (R package
minfi) comparing uterine cancer methylation data vs
noncancer uterine samples, vs all TCGA noncancer tis-
sues, vs peripheral WBC, and vs whole blood samples
methylation data.

Finally, candidate DNA positions of the 2 pipelines
were combined to select 2 positions eligible for the design
of a triplex ddPCR assay (accounting for one
methylation-insensitive reference gene). Candidate DNA
positions hypermethylated in more than 0.5% of GEO
blood-derived samples were removed (Supplemental Data
1). Internal performances of the final combination were
evaluated using area under the receiver operating charac-
teristic curve in the TCGA dataset.

Bisulfite conversion of DNA. Up to 20 uL (or 30 ng for
highly concentrated DNA samples) of DNA sample
extracted from plasma, buffy coat, or tumors, were
bisulfite-converted using the EZ DNA Methylation-
Gold Kit (31) (ZYMO Research), according to the
manufacturer’s instructions. Bisulfite-converted DNA
was stored up to lweek at —20°C untl ddPCR.
Bisulfite-converted DNA were eluted in M-elution
buffer 11 pL. Various amount of human genomic con-
trol DNA and universally methylated control DNA
were bisulfite-converted depending on the experiment.
Every bisulfite-conversion batch included at least 1 well
with 10 ng of human genomic DNA control and 1 well
with 10ng of universally methylated human DNA

control.

ddPCR assay. The ddPCR assay was developed based on
dMIQE 2020 guidelines (20). Full details describing
the ddPCR assay development are provided in
Supplemental Method 5. Briefly, the ddPCR assay was
designed as a triplex (i.e., including 3 targets). For each
target, we designed forward and reverse primers
(Eurofins Genomics, France), and a MGB Taqman
probe® (Applied Biosystems' ™, UK; 3' nonfluorescent-
quencher; FAM™/VIC™ reporter dyes) aiming to
amplify and detect methylated sequences of the targeted
amplicons identified by bioinformatical analyses. A
methylation-insensitive target on the albumin (ALB)
gene was used as an internal control of the amount of
DNA analyzed in each PCR well [primers and probes
reported elsewhere (32)].

Statistical analyses. Categorical/binary variables were de-
scribed by the number (percentage), and continuous
variables by median [interquartile range (IQR)].
Associations between qualitative/continuous variables
were analyzed using Student’s #-test/Wilcoxon test/
ANOVA, as appropriate. Associations between continu-
ous variables were analyzed using linear regression.
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Associations between categorical/binary variables were
assessed using chi-square/Fisher’s exact test. Differential
gene expression analyses were performed using the

EdgeR R package.
Results

ENDOMETRIAL CARCINOMA UNIVERSAL METHYLATION
SIGNATURE

In silico identification of the wuniversal methylation
signature. Three DNA methylated positions were identi-
fied as potential candidate positions hypermethylated in
EC samples (Supplemental Methods). Among the 3
identified targets, one showed background methylation
levels in blood DNA methylation analyses (Illumina
HM450 probe ID cg18782604—nearest gene: SIMI—
Supplemental Data 1) and was excluded. The 2 other
DNA methylated positions were identified as located on
OXT and ZSCANI2 promoters. Combining these 2 tar-
gets accurately classified EC samples from noncancer
samples [area under the curve (AUC) =0.99] (Fig. 1, A
and B). High methylation levels were observed regard-
less of EC molecular subgroup (Fig. 1, C). A classifica-
tion threshold in methylation levels [B-value > 0.3 as
reported previously (33)] allowed classification of EC
samples from other samples with diagnostic sensitivity/
specificity of 0.98/0.97. High methylation levels were
observed in metastatic samples from patients with EC
(Fig. 1, D). OXT/ZSCAN12 also showed hypermethyla-
tion in other cancers, mainly in gynecological tumors
(breast and ovarian cancers): 591 (98%) ovarian cancers
showed OXT hypermethylation while only 32 (5%)
showed ZSCANI2 hypermethylation (Supplemental
Fig. 1).

Genomic ~ features of the universal — methylation
signature. TCGA data analyses confirmed these 2 posi-
tions as belonging to hypermethylated regions in EC
(Supplemental Fig. 2, A-D). ZSCANI2 gene expression
was lower in EC samples than in noncancer uterine tis-
sues. Conversely, OXT showed similarly low expression
levels in noncancer uterine tissues and EC samples
(Supplemental Fig. 2, E and F). The DNA methyltrans-
ferase 3 Beta gene (DNMT3B, major de novo DNA
methyltransferase) showed high gene expression levels in
almost all samples when compared with noncancer uter-
ine samples, supporting a wide de novo DNA methyla-
tion in EC (Supplemental Fig. 2, J). Finally, the limited
subset of EC samples with low levels of ZSCANI2 and
OXT methylation were samples with a low genome-
wide methylation burden (Supplemental Fig. 2, I).
Together, these results support that the hypermethyla-
tion of ZSCANI12/OXT observed in most EC could be
part of a genome-wide hypermethylation phenotype.

ddPCR assay for detection of universally hypermethylated
tumor circulating DNA Detailed description of the devel-
oped ddPCR assay is provided in Supplemental Tables
1 and 2 and Supplemental Figs. 3—5. Analytical specific-
ity was estimated for each target as a limit of blank of 2
droplets based on 78 replicates of negative genomic
DNA control (Supplemental Data 2). False-positive
droplet detection was independent of the amount of
DNA analyzed (Supplemental Fig. 6, A). No false-posi-
tive droplet was detected from healthy donor buffy coat
DNA (7=20), healthy donor plasma DNA (n=25),
and from plasma DNA from patients with benign gyne-
cology conditions (2= 30) (Supplemental Fig. 6, B-D).
Median ccfDNA concentration for plasma controls was
7.3ng/mL (IQR 5.0-9.0) (Supplemental Fig. 7).
Gathering the results of the 153 negative controls (repli-
cates of negative genomic DNA control, all buffy coat
DNA, plasma DNA), no sample showed double-false-
positive droplet (i.e., for both OX7 and ZSCAN12).

Analytical sensitivity was estimated in silico by a
limit of detection of 6 droplets (Supplemental Data 2).
We further assessed experimentally a lower threshold of
detection (Supplemental Fig. 8). After bulk bisulfite con-
version of negative genomic DNA control and 100% en-
zymatically methylated positive control (>100ng of
DNA treated in bisulfite conversion for optimal yield),
post-conversion serial dilutions of positive control DNA
in negative control DNA were performed (from 1:1 to
1:1000). ddPCR detected 0-3 copies of methylated tar-
gets for an absolute input of methylated DNA control
estimate of 10 pg (pre-bisulfite-conversion fluorometric
quantification—Qubit' ™) (Supplemental Fig. 8, A).
The bisulfite-conversion-ddPCR process detected 3-13
copies of methylated targets for an absolute input of
methylated DNA control of 50 pg in the bisulfite con-
version (each dilution replicate being individually treated
by bisulfite conversion before ddPCR) (Supplemental
Fig. 8, B). Finally, after dilution of methylated DNA
control in plasma before extraction, 2—4 copies of each
methylated target were detected for 50 pg of methylated
DNA control. These findings support an absolute lower
threshold of detection of 50pg of hypermethylated
DNA in plasma samples (Supplemental Fig. 8, C).

Validation of the endometrial carcinoma universal
methylation signature. ddPCR analysis confirmed the
high performances of combining OX7/ZSCANI12 meth-
ylation levels to classify EC samples from tumor-
adjacent tissues in the external validation cohort A
(AUC=0.99, n=78 patients, »=30 tumor-adjacent
tissues) (Fig. 2, Supplemental Table 3). Only one pa-
tient was found with a tumor without OX7/ZSCANI2
hypermethylation [7P53 mutation with variant allele
frequency (VAF)=35% on tumor DNA]. Clinical-
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Fig. 1. In silico identification of universally methylated DNA positions in endometrial carcinoma. (A), Heatmap. Hierarchical clus-
tering based on methylation values of the 2 final selected targets. Unsupervised clustering used ward.D2 method. PWBC: pe-
ripheral white blood cells (GSE107205). Whole blood: GSE85210. UCEC: TCGA project uterine corpus-endometrial carcinoma.
Origin: TCGA project of origin (organ) as per TCGA acronyms. (B), AUC of the two-target combination for classification of samples
as endometrial carcinoma or noncancer samples listed in the heatmap on (A). (C), OXT/ZSCAN12 hypermethylation in endome-
trial carcinoma across molecular subgroup. Samples considered in this table are 394 TCGA samples with molecular group and
methylation data available in the PanCancer Atlas. (D), Methylation levels of the 2 targets in metastatic endometrial carcinoma
samples (GSE33422). Color figure available online at clinchem.org.

pathological review confirmed its uterine origin. An un-
usual aggressive history was observed with bone/central
nervous system metastatic, chemo-resistant, relapse
(death 2 months after relapse). Among nontumor
blocks, 5 samples showed low methylation ratio <4%,
possibly due to minimal tumor cell contamination.
Higher proportion of epithelial cells or adenomyosis
were not associated with higher OXT/ZSCANI2 meth-
ylation levels, supporting these 2 targets as associated
with cancer rather than with the epithelial cell type
(Supplemental Data 3).

Gathering results from analytical sensitivity/specif-
icity analyses and from the validation cohort led to the
establishment of a decision tree for analyzing patient
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plasma samples (Fig. 3). Briefly, in this decision tree,
any plasma with 1-2 droplets detected for both targets,
or any plasma with more than 2 droplets of at least 1
target were considered with putative or confirmed
ctDNA detection, respectively.

Detection of circulating tumor DNA by methylation-
specific ddPCR assay. Thirty-three patients with EC were
included in the prospective pilot cohort study B (Flow
chart in Supplemental Fig. 9). The median ccfDNA
concentration was 15.3ng/mL  (IQR 10.6-18.6,
Supplemental Fig. 7). ctDNA was detected in 14/31
(45%) patients for whom the first plasma was collected
before surgery or chemotherapy. ddPCR detected ctDNA
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Fig. 2. Validation of universally methylated DNA positions in endometrial carcinoma (cohort A, n=78). (A), Heatmap.
Hierarchical clustering based on methylation ratio of the 2 final selected targets (target/ALB copies/20 pL ratio). Unsupervised
clustering used ward.D2 method. Molecular group: endometrial carcinoma molecular group (dMMR: tumors with a deficient
mismatch-repair system; NSMP: tumors with no specific molecular profile; POLE: POLE-mutated tumors; TP53: TP53-mutated
tumors) (Supplemental Method 3 for details on molecular classification). (B), AUC of the two-target combination for classification
of samples as endometrial carcinoma or noncancer uterine samples. (C), OXT/ZSCAN12 hypermethylation in endometrial carci-
noma and noncancer samples. *1 tumor-adjacent tissue had in situ carcinoma infiltration. Color figure available online at
clinchem.org.

from stage I to stage IV cancers and across all histological
types, grades, and molecular subgroups (Table 1, Fig. 4,
A). ctDNA was detected in 2/15 stage I patients who had
tumors with lymphatic/vascular space involvement.

Nine out of 11 patients with stage IV or relapsed
cancer had ctDNA before any treatment. Among the 2
other patients who had no ctDNA detected (Fig. 4, A),
patient #3 had a 22-mm pelvic relapse after a slow evo-
lution during 2 years, and patient #6 did not show
OXT/ZSCANI2 hypermethylation on tumor. Patient
#6 tumor was a stage IV clear-cell carcinoma with a
TP53 p. Argl75His mutation (VAF=56% on tumor
DNA; VAF=4% on ccfDNA—analyzed by targeted
sequencing, Supplemental Method 3). This patient
exhibited a poor outcome similar to the patient previ-
ously identified in cohort A with an unmethylated tu-
mor (death 1 month after initial diagnosis).

Additionally, 9 patients had a plasma sample col-
lected after macroscopically complete surgery, among
whom 2 had ctDNA detected (stage III and IV tumors)
and experienced tumor progression at 4 and 1 month.
Conversely, none of the 7 other patients experienced re-
lapse/progression within 6 months (stage I: 7= 3, stage
I: n=1, stage IV: n=13).

Four patients had serial plasma samples available af-
ter a baseline plasma sample with ctDNA detected.
ddPCR allowed quantitative and dynamic ctDNA de-
tection consistent with patient outcomes (Fig. 4, B).

ddPCR analysis of buffy coat DNA from patients
with ctDNA confirmed that methylated DNA detected
did not originate from WBC (Supplemental Fig. 10, A).
High reproducibility was observed in ccfDNA detection
yield by ddPCR after bisulfite conversion (Supplemental
Fig. 10, B1). The ALB (copies/20 pL) detection yield
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Fig. 3. Rules for determining circulating tumor DNA detection positivity. methDNA: methylated DNA (positive control). gDNA:
genomic DNA (negative control). Color figure available online at clinchem.org.

was similar between ccfDNA samples and methylated
DNA control (Supplemental Fig. 10, B2). All samples
without ctDNA detected were considered negative at
ddPCR analytical sensitivity <0.2% (target/ALB). All
samples reached a theoretical individual absolute lower
limit of detection estimated as <17.5 pg/mL of ctDNA
(Supplemental Fig. 10, C).

Discussion
Despite the wide heterogeneity of EC, we identified 2
hypermethylated DNA positions shared by nearly all

tumors. Conversely, OX7 and ZSCANI2 were unme-
thylated in multiple noncancer cells/tissues, such as
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WBC, whole blood, and solid organs that potentially
contribute to ccfDNA release (24). Indeed, the consid-
eration of highly-vascularized organs (kidney, thyroid,
brain, liver) allowed us to account for unspecific DNA
methylation changes present in endothelial cells and
therefore in ccfDNA. The high diagnostic sensitivity in
EC and the high specificity vs tissues releasing ccfDNA
allowed identifying hypermethylated targets without bi-
ological background noise for ctDNA detection in
plasma. The ddPCR assay allowed highly sensitive de-
tection and absolute quantification of ctDNA in all
patients with macroscopic visceral/peritoneal disease and
in a subset of patients with stage I-IIT EC, particularly
in case of substantial lymphatic/vascular space
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Table 1. Association between circulating tumor DNA (ctDNA) detection and tumor features.
Characteristic ctDNA detection®, n = 14° No ctDNA detection, n =19° P-value®
Age at diagnosis 72 (64, 78) 70 (64, 77) 0.8
Histological type >0.9
Endometrioid 8 (57%) 11 (58%)
Serous 4(29%) 6(32%)
Carcinosarcoma 1(7.1%) 1(5.3%)
Clear cell 1(7.1%) 1(5.3%)
Histological grade 0.5
Low grade 5(36%) 10 (53%)
High grade 9 (64%) 9 (47%)
Molecular group 0.9
dMMR 2 (14%) 1(5.3%)
POLE 2 (14%) 2(11%)
TP53 5(36%) 8 (42%)
NSMP 5(36%) 8 (42%)
Sample timing (first sample) -
Before chemotherapy/surgery 14 (100%) 17 (89%)
After surgery - 2 (11%)°
FIGO stage at sampling 0.008
1A 2 (14%) 6(32%)
1B 0(0%) 7(37%)
Il 0(0%) 1(5.3%)
A 1(7.1%) 0(0%)
11 1(7.1%) 1(5.3%)
ncz 1(7.1%) 0(0%)
Advanced/relapse 9 (64%) 4(21%)
Uterine mass 9 (64%) 16 (84%) 0.2
LVSI 8 (80%) 2 (12%) <0.001
Unknown 4 2
Peritoneum invasion 4(29%) 1 (5.3%)° 0.14
Visceral/bone metastasis 6(43%) 0(0%) 0.003
Pelvic/para-aortic nodes 5(36%) 2(11%) 0.1
tDNA OXT methylation 14 (100%) 16 (84%) 0.2
tDNA ZSCAN12 methylation 13 (93%) 16 (84%) 0.6
®Including 1 patient with putative ctDNA detection (one droplet of ZSCAN12 and OXT).
bStatistics presented: n (%) and median (interquartile).
‘Statistical tests performed: Fisher's exact test.
dpatients #9 and #10 had first plasma available after initial surgery. FIGO: Interational Federation of Gynecology and Obstetrics (FIGO) v.2010 staging system.
“Patient #6 with a double-unmethylated tumor. Metastatic sites considered in this table are anatomic sites affected by macroscopic lesions as per surgical exploration and/or
imaging. LVSI: substantial lymphatic or vascular space involvement. tDNA: tumor DNA.
POLE: POLE-mutated tumors. dMMR: mismatch-repair deficient tumors. NSMP: no specific molecular profile. TP53: TP53-mutated tumors. (Supplemental Method 3 for details
z:mstrr;ghe;lél)ar classification). NACT: neoadjuvant chemotherapy. CT: chemotherapy. L1/2/4: indicate the number of the chemotherapy line at plasma collection (all samples at

Clinical Chemistry 68:6 (2022) 789

€202 JoqWaAoN zZ U0 1snb Aq /81.2G59/28./9/89/3I0IE/WBLOUI0/WO0"dNO"DILSPEDE//:SARY WOl PEPEO|UMO(


https://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac020#supplementary-data

>
1000

s
=)

=

o)

2 g
=

- 3
= 1 (=%
S g 8
8 2 %
g k 2 o
o O N Z
o N
<

=z

Q

©

tDNA ZSCAN12
methylation

tDNA OXT

methylation

Molecular group

FIGO stage/ tumor
extension

tDNA methylation ratio Molecular group Tumor stage

0y 0, o,
0% 4k % I NSMP l P53 [I I I v
B

Patient # 12 Patient # 17 Patient # 25 Patient # 30
FIGO stage: IVB FIGO stage: IVB FIGO stage: llIC1 FIGO stage: IlIC2
Molecular group: TP53 Molecular group: NSMP Molecular group: NSMP Molecular group: dMMR
a00 1 300 i 3009 1 300
' ' '
_, C1 adjuvant CT o : - | _‘
= =3 ’ = ! =
S 200 & 2004 V| & 200 v 200
3 |8 |8 Vo3 :
-3 progression | & censoring | | & censoring 1 | & progression
2 v 8 |8 1 8 !
b 100 . & 1001 : & 100 : I 100
o | O neo-adjuvant CT (=} o
surgery | 3 A oy H
H ] ! 5
0 : o 1adjuvant €T o ®e-LND - o1 Sg—@1 adjuvant €T
0 3 [ [ 0 20 40 0 10 20 30 40 50 0 10 20
Interval from diagnostic (weeks) Interval from diagnostic (weeks) Interval from diagnostic (weeks) Interval from diagnostic (weeks)
300 I 300 ' 30 ' 300
N ' '
o 4 i il i
2 a neo-adjuvant CT a | 2 1
I & e RS !
g0 8 2004 V| g0 | E 2004 )
g de | i ) § i V8 |
S rogression | o censorin censoring . | © rogression
o prog V| g ! o Bl o prog 1
Z1 i | 2 1004 v Z 1004 ! | i
g 100 ' 6 100 ' 5 100 f g 00 !
(& R VR 8 surgs '
C1 adjuvant CT ' ' ] |
01surger@— ; : H o1 1 adjuvantCT | O{sug@P-LND ! " 01C1 adjuvant®T 2 |
o 3 8 ) 0 20 40 0 10 20 30 40 50 0 10 20
Interval from diagnostic (weeks) Interval from diagnostic (weeks) Interval from diagnostic (weeks) Interval from diagnostic (weeks)

@ No ctDNA detected @ ctDNA detected

€202 JoquanoN zz U0 1senb Aq /81.2559/28./9/89/3101E/WaLDUI0/Woo"dNo-lWapede/:Ssdpy Woly papeojumod

Fig. 4. Detection of circulating tumor DNA (ctDNA) by methylation-specific ddPCR assay before treatment. n = 31 patients with
at least one plasma sample before any treatment. (A), Methylated ctDNA detection (upper panel) according to main cancer fea-
tures (lower panel). *Patient #19 had one droplet of ZSCAN12 and OXT and was considered with putative ctDNA detection as per
Fig. 3 rules. tDNA: tumor DNA. tDNA methylation ratios (number of target copies/20 L divided by the number of ALB copies/
20 ). (B), dynamic ctDNA detection in patients with serial samples. CT: chemotherapy. C1: first course of CT. LND: lymph node
dissection. Color figure available online at clinchem.org.
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involvement. ctDNA was detected across all histological
types, stage, and molecular groups. Importantly, ctDNA
was detected after surgical management only in the sub-
set of patients who experienced subsequent early tumor
relapse/progression.

Breast, ovarian, and EC share genomic features,
which is consistent with a shared hypermethylation pat-
tern (22). ZSCAN12 belongs to a family of transcription
factors involved in the regulation of multiple key hall-
marks of cancers (34). Its silencing by promoter methyl-
ation appears consistent with the neoplastic
transformation. Conversely, OX7, a gene encoding the
oxytocin/neurophysin I prepropeptide (35), showed
constitutively low expression levels in uterine and ovar-
ian tissues, as previously described (35, 36). Its pro-
moter hypermethylation in EC could occur as a “silent”
or “passenger” methylation of a gene constitutively si-
lenced by other processes related to chromatin remodel-
ing (33). This “silent/passenger” methylation could be
associated with the wide increase in expression level of
DNMT3. Interestingly, other neuropeptides have been
found as widely hypermethylated in other tumor types,
such as NPY in colorectal cancer (32).

A number of issues have been found in ddPCR assay
development, leading to actualization of the dMIQE
guidelines in 2020 (20), strictly followed in the present
work. In addition to general recommendations, our work
points to specific methodological parameters to consider
for the development of methylation-specific ddPCR
assays for ctDNA detection. First, relying on multiple in
silico genome-wide methylation analyses of WBC DNA
and normal tissue DNA allowed a high analytical ddPCR
specificity, supporting the reliability of ctDNA detection
even at very low fractions. The enrichment of primers/
probes sequences in CpG could have also contributed to
the ddPCR specificity. Second, beyond limit of blank/
limit of detection, we experimentally identified an abso-
lute lower threshold of detection, allowing us to confi-
dently consider a sample as with or without ctDNA.

In addition to previous findings (15, 16), we report
evidence that methylation-specific-ddPCR could allow
(i) dynamic and absolute quantification of ctDNA, re-
gardless of the amount of ccfDNA, (ii) ctDNA detec-
tion after initial management for minimal residual
disease assessment, and (iii) universal ctDNA detection
across all molecular subgroup, histological types, and
stage. Beyond plasma DNA, the high diagnostic specif-
icity of OXT/ZSCANI2 could find application in urine
or cervical scrapings (37), particularly for the purpose of
cancer screening. The low frequency of ctDNA detec-
tion in stage I cancers is consistent with the expectedly
very low risk of distant relapse in this setting.
Innovations in ccfDNA extraction or bisulfite conver-
sion may lead to future improved detection
performance.

Some limitations should be mentioned. Despite the
use of a bisulfite-conversion method with high DNA re-
covery (31), the detection of ctDNA can be impaired by
the fragmentation of ccfDNA due to the conversion
temperature, and by the inherent fragmentation of
ctDNA itself (38). New enzymatic processes have been
developed and showed improved performances for
methyl-sequencing (39). Whether this innovation
would improve ctDNA detection by ddPCR remains to
be confirmed. Knowing the minimal achievable absolute
lower limit of detection remains uncertain. Hence, the
100 copies of ALB detected from 1ng of ccfDNA
(Supplemental Fig. 10, B) indicate a theoretical loss of
detection of approximately 37% due to the bisulfite
conversion and/or the constitutive ccfDNA fragmenta-
tion. Considering the ALB primer/probe amplifying
only the sense DNA strand, 160 copies would be
expected (40). Preanalytical heterogeneity between can-
cer patients and controls may have introduced bias, de-
spite the amount of ALB copies/20 pL analyzed in
controls allowed to reach a median of <0.37% analyti-
cal sensitivity. Finally, our results show that an impor-
tant parameter limiting analytical sensitivity is the yield
of ccfDNA extraction itself. Overall, the technical lower
threshold of detection established at 50 pg of methylated
DNA control supports that even the detection of very
low fraction of methylated target is indicative of a large
amount of circulating methylated target.

In conclusion, we report a bioinformatical and
technical framework allowing the development and vali-
dation of a highly analytically sensitive and specific
ddPCR assay for ctDNA detection in plasma from
patients with EC. This represents a promising approach
for quantitative and dynamic ctDNA detection all along
the therapeutic management of patients with EC, in-
cluding minimal residual disease assessment, particularly
for patients with stage III-IV EC.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.

Author Contributions: All authors confirmed they have contributed ro
the intellectual content of this paper and have met the following 4 require-
ments: (a) significant contributions to the conception and design, acquisi-
tion of data, or analysis and interpretation of data; (b) drafting or revising
the article for intellectual content; (c) final approval of the publishedar-
ticle; and (d) agreement to be accountable for all aspects of the article thus
ensuring that questions related to the accuracy or integrity of any part of
the article are appropriately investigated and resolved.

Conceptualization: G. Beinse, B. Borghese, V. Taly, J. Alexandre.
Data curation: G. Beinse, B. Borghese, M. Metairie, P.-A. Just.
Formal Analysis: G. Beinse, M. Metairie. Funding acquisition: G.
Beinse, B. Borghese, V. Taly, J. Alexandre. Investigation: G. Beinse,

Clinical Chemistry 68:6 (2022) 791

€202 JoqWaAoN zZ U0 1snb Aq /81.2G59/28./9/89/3I0IE/WBLOUI0/WO0"dNO"DILSPEDE//:SARY WOl PEPEO|UMO(


https://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac020#supplementary-data
https://academic.oup.com/clinchem/article-lookup/doi/10.1093/clinchem/hvac020#supplementary-data

B. Borghese, M. Metairie, P.-A. Just, P. Laurent-Puig, V. Taly, J.
Alexandre. Patient accrual and data collection: G. Beinse, B. Borghese,
M. Metairie, B. Parfait, C. Chapron, F. Goldwasser, J. Alexandre.
Methodology: G. Beinse, B. Borghese, P.-A. Just, A. Didelot, C.
Bourreau, N. Agueeff, A. Lavollé, P. Laurent-Puig, V. Taly, ].
Alexandre. Project administration: G. Beinse, B. Borghese, B. Parfait,
B. Terris, J. Alexandre. Resources: G. Beinse, B. Borghese, M.
Metairie, P.-A. Just, B. Parfait, B. Terris, P. Laurent-Puig, V. Taly, J.
Alexandre. Supervision: G. Beinse, B. Borghese, P. Laurent-Puig, V.
Taly, J. Alexandre. Writing—original draft: G. Beinse. Writing—re-
view and editing: all authors.

Authors’ Disclosures or Potential Conflicts of Interest: Upon manu-
script submission, all authors completed the author disclosure form.
Disclosures andlor potential conflicts of interest:

Employment or Leadership: None declared.

Consultant or Advisory Role: J. Alexandre, advisory boards for GSK,
MSD, AstraZeneca, Eisai.

Stock Ownership: None declared.

Honoraria: None declared.

Research Funding: This work was supported by ITMO Cancer
AVIESAN (Alliance Nationale pour les Sciences de la Vie et de la
Santé/National Alliance for Life Sciences & Health) within the frame-
work of the Cancer Plan and by Assistance Publique-Hopitaux de
Paris (translational research program) and by the Canceropole Ile-de-
France Emergence 2020 grant. The work was conducted within the
SIRIC CARPEM translational research platform. The work was con-
ducted in a research team supported by the Ligue Nationale Contre le
Cancer (LNCC, Program “Equipe labelisée LIGUE”; no.
EL2016.LNCC). Targeted sequencing has been performed at the

GENOM'IC sequencing platform (Institut Cochin, U1016, Paris,
France) and at the department of biochemistry and molecular oncol-
ogy, Hopital Européen Georges Pompidou (APHP.Centre, Paris,
France). G. Beinse, institutional funding from ITMO Cancer
AVIESAN (French National Cancer Institute); J. Alexandre, research
funding from MSD.

Expert Testimony: None declared.

Patents: The ddPCR assay presented in this article has been the sub-
ject of an international application (status: pending). Applicant:
Université de Paris, APHP, CNRS, INSERM, Sorbonne Université.
Inventors: G. Beinse, B. Borghese, P.-A. Just, P. Laurent-Puig, V.
Taly, J. Alexandre. Application number: pending.

Role of Sponsor: The funding organizations played no role in the de-
sign of study, choice of enrolled patients, review and interpretation of
data, preparation of manuscript, or final approval of manuscript.

Acknowledgments: The authors would like to thank Mme. De Jesus
(Department of Gynecological Surgery, Cochin Hospital), Mme.
Lannoy (Department of Medical Oncology, Cochin Hospital), Mme.
Sherashova, Mme. Ziegler (Research Department, Cochin Hospital),
Mme. Hermary, Mme. Le Lay (Tumor Bank Platform, Cochin
Hospital), Mme. Leger, Mme. Urban, Mme. Goyer, Mme. Auribault
(Department of Biochemistry/Molecular Oncology, HEGP), Mme.
Mulot, Mme. Le Corre, Mme. Mazoyer, Mme. Peroumal (Centre de
Recherche des Cordeliers, Paris, France), Mme. Lusson, and Mr
Ladeiro (CARPEM), for their technical and administrative support.
Materials, data, and protocols described in the paper will be made
available upon reasonable request to the corresponding author.

. LuKH, Broaddus RR. Endometrial cancer. N Engl J Med
2020;383:2053-64.

. Creutzberg CL, Nout RA, Lybeert MLM, Warlam-
Rodenhuis CC, Jobsen JJ, Mens J-WM, et al. Fifteen-year
radiotherapy outcomes of the randomized PORTEC-1 trial
for endometrial carcinoma. Int J Radiat Oncol Biol Phys
2011;81:e631-38.

. de Boer SM, Powell ME, Mileshkin L, Katsaros D,
Bessette P, Haie-Meder C, et al. Adjuvant chemoradio-
therapy versus radiotherapy alone for women with high-
risk endometrial cancer (PORTEC-3): final results of an in-
ternational, open-label, multicentre, randomised, phase
3 trial. Lancet Oncol 2018;19:295-309.

. LiJ, Sun L, Zhang Y, Cai S. Patterns of distant metastases
in patients with endometrial carcinoma: a SEER
population-based analysis. J Clin Oncol 2019;37:
e17109.

. Concin N, Matias-Guiu X, Vergote |, Cibula D, Mirza MR,
Mamitz S, et al. ESGO/ESTRO/ESP guidelines for the
management of patients with endometrial carcinoma.
IntJ Gynecol Cancer 2021;31:12-39.

. Ledn-Castillo A, de Boer SM, Powell ME, Mileshkin LR,
Mackay HJ, Leary A, et al.; on behalf of the TransPORTEC
consortium. Molecular classification of the PORTEC-3 trial
for high-risk endometrial cancer: impact on prognosis
and benefit from adjuvant therapy. J Clin Oncol 2020;
38:3388-97.

. de Jonge MM, Auguste A, van Wijk LM, Schouten PC,
Meijers M, ter Haar NT, et al. Frequent homologous re-
combination deficiency in high-grade endometrial carci-
nomas. Clin Cancer Res 2019;25:1087-97.

. De Leo A, de Biase D, Lenzi J, Barbero G, Turchetti D,
Grillini M, et al. ARID1A and CTNNB1/p-catenin molecu-
lar status affects the clinicopathologic features and

792 Clinical Chemistry 68:6 (2022)

10.

1.

12.

13.

14.

15.

16.

REFERENCES

prognosis of endometrial carcinoma: implications for an
improved surrogate molecular classification. Cancers
(Basel) 2021;13:950.

. Kommoss FK, Kamezis AN, Kommoss F, Talhouk A, Taran

F-A, Staebler A, et al. LICAM further stratifies endome-
trial carcinoma patients with no specific molecular risk
profile. BrJ Cancer 2018;119:480-6.

Alix-Panabiéres C, Pantel K. Liquid biopsy: from discov-
ery to clinical application. Cancer Discov 2021;11:
858-73.

Phallen J, Sausen M, Adleff V, Leal A, Hruban C, White J,
et al. Direct detection of early-stage cancers using circu-
lating tumor DNA. Sci Trans| Med 2017;9:eaan2415.
Corcoran RB, Chabner BA. Application of cell-free DNA
analysis to cancer treatment. N Engl J Med 2018;379:
1754-65.

Garlan F, Laurent-Puig P, Sefrioui D, Siauve N, Didelot A,
Sarafan-Vasseur N, et al. Early evaluation of circulating
tumor DNA as marker of therapeutic efficacy in meta-
static colorectal cancer patients (PLACOL Study). Clin
Cancer Res 2017;23:5416-25.

NCCN Clinical Practice Guidelines in Oncology, Uterine
Neoplasms, version 2.2021 - May 07, 2021. https:
Ilwww. ncen. org/guidelines/guidelines-detail?category=1
&id=1473 (Accessed July 2021).

Bolivar AM, Luthra R, Mehrotra M, Chen W, Barkoh BA, Hu
P, et al. Targeted next-generation sequencing of endome-
trial cancer and matched circulating tumor DNA: identifica-
tion of plasma-based, tumor-associated mutations in early
stage patients. Mod Pathol 2019;32:405-14.

Shintani D, Hihara T, Ogasawara A, Sato S, Yabuno A, Tai
K, et al. Tumor-related mutations in cell-free DNA in pre-
operative plasma as a prognostic indicator of recurrence

17.

18.

19.

20.

21.

22,

23.

in endometrial cancer. Int J Gynecol Cancer 2020;30:
1340-6.

Pereira E, Camacho-Vanegas O, Anand S, Sebra R,
Catalina Camacho S, GamarWortzel L, et al
Personalized circulating tumor DNA biomarkers dynami-
cally predict treatment response and survival in gyneco-
logic cancers. PLoS ONE 2015;10:e0145754.

Taieb J, Taly V, Henriques J, Bourreau C, Mineur L,
Bennouna J, et al. Prognostic value and relation with ad-
juvant treatment duration of ctDNA in stage Il colon can-
cer: a post hoc analysis of the PRODIGE-GERCOR IDEA-
France Trial. Clin Cancer Res 2021;27:5638-46.

Liu MC, Oxnard GR, Klein EA, Swanton C, Seiden MV, Liu
MC, et al.; CCGA Consortium. Sensitive and specific
multi-cancer detection and localization using methyla-
tion signatures in cell-free DNA. Ann Oncol 2020;31:
745-59.

Huggett JF; dMIQE Group, The digital MIQE guidelines
update: minimum information for publication of quanti-
tative digital PCR experiments for 2020. Clin Chem
2020;66:1012-29.

Vessies DCL, Linders TC, Lanfermeijer M, Ramkisoensing
KL, van der Noort V, Schouten RD, et al. An Automated
Correction Algorithm (ALPACA) for ddPCR data using
adaptive limit of blank and correction of false positive
events improves specificity of mutation detection. Clin
Chem 2021;67:959-67.

Kandoth C, Schultz N, Cherniack AD, Akbani R, Liu Y,
Shen H, et al; The Cancer Genome Atlas Research
Network. Integrated genomic characterization of endo-
metrial carcinoma. Nature 2013;497:67-73.

Zhuang J, Jones A, Lee S-H, Ng E, Fiegl H, Zikan M, et al.
The dynamics and prognostic potential of DNA

€202 JoqWaAoN zZ U0 1snb Aq /81.2G59/28./9/89/3I0IE/WBLOUI0/WO0"dNO"DILSPEDE//:SARY WOl PEPEO|UMO(



ddPCR-Detection of ctDNA in Endometrial Cancer

24,

25.

26.

27.

28.

methylation changes at stem cell gene loci in women's
cancer. PLoS Genet 2012;8:e1002517.

Moss J, Magenheim J, Neiman D, Zemmour H, Loyfer N,
Korach A, et al. Comprehensive human cell-type methyl-
ation atlas reveals origins of circulating cell-free DNA in
health and disease. Nat Commun 2018;9:5068.

Beinse G, Rance B, Just P-A, Izac B, Letourneur F, Saidu
NEB, et al. Identification of TP53 mutated group using a
molecular and immunohistochemical classification of endo-
metrial carcinoma to improve prognostic evaluation for ad-
juvant treatments. Int J Gynecol Cancer 2020;30:640-7.
Beinse G, Just P-A, Rance B, lzac B, Letourneur F, Saidu
NEB, et al. The NRF2 transcriptional target NQO1 has low
mRNA levels in TP53-mutated endometrial carcinomas.
PLoS ONE 2019;14:¢0214416.

Bourdon M, Santulli P, Kateb F, Pocate-Cheriet K, Batteux
F, Maignien C, et al. Adenomyosis is associated with spe-
cific proton nuclear magnetic resonance (1H-NMR) se-
rum metabolic profiles. Fertil Steril 2021;116:243-54.
Maignien C, Santulli P, Kateb F, Caradeuc C, Marcellin L,
Pocate-Cheriet K, et al. Endometriosis phenotypes are as-
sociated with specific serum metabolic profiles deter-
mined by proton-nuclear magnetic resonance. Reprod
Biomed Online 2020;41:640-52.

29.

30.

31.

32

33.

34.

Kommoss S, McConechy MK, Kommoss F, Leung S, Bunz
A, Magrill J, et al. Final validation of the ProMisE molecular
classifier for endometrial carcinoma in a large population-
based case series. Ann Oncol 2018;29:1180-8.

Hall G, Clarkson A, Shi A, Langford E, Leung H, Eckstein
RP, et al. Immunohistochemistry for PMS2 and MSH6
alone can replace a four antibody panel for mismatch re-
pair deficiency screening in colorectal adenocarcinoma.
Pathology 2010;42:409-13.

Kint S, Spiegelaere WD, Kesel JD, Vandekerckhove L,
Criekinge WV. Evaluation of bisulfite kits for DNA methyla-
tion profiling in terms of DNA fragmentation and DNA re-
covery using digital PCR. PLoS ONE 2018;13:¢0199091.
Garrigou S, Perkins G, Garlan F, Normand C, Didelot A,
Le Corre D, et al. A study of hypermethylated circulating
tumor DNA as a universal colorectal cancer biomarker.
Clin Chem 2016;62:1129-39.

Saghafinia S, Mina M, Riggi N, Hanahan D, Ciriello G.
Pan-cancer landscape of aberrant DNA methylation
across human tumors. Cell Rep 2018;25:1066-80.e8.
Huang M, Chen Y, Han D, Lei Z, Chu X. Role of the zinc
finger and SCAN domain-containing transcription factors
in cancer. Am J Cancer Res 2019;9:816-36.

35.

36.

37.

38.

39.

40.

Clinical Chemistry 68:6 (2022)

OXT oxytocin/neurophysin | prepropeptide [Homo sapi-
ens (human)] - Gene - NCBI. 2021. https://www.ncbi.
nim.nih.gov/gene/5020 (Accessed July 2021).

Fagerberg L, Hallstrom BM, Oksvold P, Kampf C,
Djureinovic D, Odeberg J, et al. Analysis of the human
tissue-specific expression by genome-wide integration of
transcriptomics and antibody-based proteomics. Mol
Cell Proteomics 2014;13:397-406.

Huang R-L, Su P-H, Liao Y-P, Wu T-I, Hsu Y-T, Lin W-Y,
et al. Integrated epigenomics analysis reveals a DNA
methylation panel for endometrial cancer detection
using cervical scrapings. Clin Cancer Res 2017;23:
263-72.

Cristiano S, Leal A, Phallen J, Fiksel J, Adleff V, Bruhm
DC, et al. Genome-wide cell-free DNA fragmentation in
patients with cancer. Nature 2019;570:385-9.

Liu Y, Siejka-Zielinska P, Velikova G, Bi Y, Yuan F,
Tomkova M, et al. Bisulfitefree direct detection of 5-
methylcytosine and 5-hydroxymethylcytosine at base
resolution. Nat Biotechnol 2019;37:424-9.

Dolezel J, Bartos J, Voglmayr H, Greilhuber J. Letter to
the editor. Cytometry A 2003;51:127-8.

793

€202 JoqWaAoN zZ U0 1snb Aq /81.2G59/28./9/89/3I0IE/WBLOUI0/WO0"dNO"DILSPEDE//:SARY WOl PEPEO|UMO(


https://www.ncbi.nlm.nih.gov/gene/5020
https://www.ncbi.nlm.nih.gov/gene/5020

	tblfn1
	tblfn2
	tblfn3
	tblfn44
	tblfn4
	tblfn45



