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Background: Patients with cirrhosis are at high risk of hepatocellular carcinoma (HCC). The SEPT9 gene is a key
regulator of cell division and tumor suppressor whose hypermethylation is associated with liver carcinogenesis.
The primary aim of this study was to evaluate the diagnostic accuracy of a PCR-based assay for the analysis of
SEPT9 promoter methylation in circulating cell-free DNA (mSEPT9) for diagnosing HCC among cirrhotic patients.
Methods: We report two phase II biomarker studies that included cirrhotic patients with or without HCC from
France (initial study) and Germany (replication study). All patients received clinical and biological evaluations,
and liver imaging according to current recommendations. The primary outcome was defined as the presence
of HCC according to guidelines from the American Association for the Study of Liver Diseases. The diagnosis of
HCC was confirmed by abdominal contrast-enhanced computed tomography scan and systematically discussed
in amultidisciplinary consultationmeeting.HCC-free cirrhotic patientswere recruited if the screening abdominal
ultrasound showed no evidence of HCC at the time of blood sampling for themSEPT9 test and on the next visit six
months later. The adjudicating physicians were blinded to patient results associated with the mSEPT9 test.
Findings:We included 289 patients with cirrhosis (initial: 186; replication: 103), among whom 98 had HCC (ini-
tial: 51; replication: 47). The mSEPT9 test exhibited high diagnostic accuracy for HCC diagnosis, with an area
under the receiver operating characteristic curve (AUROC) of 0.944 (0.900–0.970, p b 0.0001) in the initial
study (replication: 0.930 [0.862–0.971, p b 0.0001]; meta-analysis: AUROC = 0.940 [0.910–0.970, p b 0.0001],
no heterogeneity: I2 = 0%, p = 0.67; and no publication bias). In multivariate logistic regression analysis, the
number of positive mSEPT9 triplicates was the only independent variable significantly associated with HCC diag-
nosis (initial: OR = 6.30, for each mSEPT9 positive triplicate [2.92–13.61, p b 0.0001]; replication: OR = 6.07
[3.25–11.35, p b 0.0001]; meta-analysis: OR = 6.15 [2.93–9.38, p b 0.0001], no heterogeneity: I2 = 0%, p =
0.95; no publication bias). AUROC associated with the discrimination of the logistic regression models in initial
and validation studies were 0.969 (0.930–0.989) and 0.942 (0.878–0.978), respectively, with a pooled AUROC
of 0.962 ([0.937–0.987, p b 0.0001], no heterogeneity: I2 = 0%, p = 0.36; and no publication bias).
Interpretation: Among patients with cirrhosis, the mSEPT9 test constitutes a promising circulating epigenetic bio-
marker for HCC diagnosis at the individual patient level. Future prospective studies should assess themSEPT9 test
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in the screening algorithm for cirrhotic patients to improve risk prediction and personalized therapeuticmanage-
ment of HCC.
©2018 TheAuthors. Publishedby Elsevier B.V. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary ma-
lignant tumor of the liver (El-Serag, 2011; Bruix et al., 2016; Oussalah
et al., 2016). It is the fifth most common cancer in men and the seventh
in women, and ranks second in annual cancer mortality rates world-
wide, with liver cancer diagnosed in N700,000 people annually (El-
Serag, 2011; Bruix et al., 2016; World Health Organization, 2017).
Major risk factors for HCC include cirrhosis, infection with hepatitis B
(HBV) or C virus (HCV), alcoholic liver disease, and non-alcoholic fatty
liver disease. The 5-year cumulative risk for HCC development in pa-
tients with cirrhosis ranges between 5 and 30%, depending on the
cause, with the highest risk among those infected with HCV (El-Serag,
2011).

Alpha-fetoprotein (AFP) has been widely used as a diagnostic
marker for HCC. However, according to the American Association for
the Study of Liver Diseases (AASLD) guidelines, AFP is insufficiently sen-
sitive or specific for use in a screening assay (Bruix & Sherman, 2011).
Moreover, according to the European Association For The Study Of The
Liver-European Organization for Research and Treatment of Cancer
(EASL-EORTC) clinical practice guidelines on HCC management, AFP is
suboptimal for routine clinical practice (J. Hepatol., 2012). Furthermore,
AFP has a lower diagnostic accuracy for detecting HCC in patients with
HCV-related cirrhosis (Gopal et al., 2014).

Epigenetic alterations are a common hallmark of human cancer
(Moran et al., 2017; Hao et al., 2017). Several lines of evidence suggest
that the septin 9 gene (SEPT9) is a key regulator of cell division and a
tumor suppressor whose hypermethylation is associated with liver car-
cinogenesis (Scott et al., 2005; Kakehashi et al., 2011; Villanueva et al.,
2015). SEPT9 expression is ubiquitous in healthy tissues but is decreased
or silenced by aberrant promoter hypermethylation in liver cancer
(Uhlen et al., 2015; Wasserkort et al., 2013). An epigenome-wide asso-
ciation study of 304 HCC tissue samples showed that SEPT9 is a signifi-
cant epi-driver gene in liver carcinogenesis, via SEPT9-promoter
hypermethylation (Villanueva et al., 2015).

Aberrantly methylated DNA sequences originating from tumors are
detectable in the circulation of patients with cancer using polymerase
chain reaction (PCR) (Esteller et al., 1999; Wong et al., 1999; Xu et al.,
2017). Several circulating epigenetic markers are under evaluation in
HCC, notably those identified using “omics” approaches (Xu et al.,
2017). Nevertheless, to date, no Food and Drug Administration (FDA)-
approved circulating epigenetic biomarker has been shown to be useful
to diagnose HCC at the individual patient level. Given the high incident
risk of HCC in patients with cirrhosis, we conducted initial and replica-
tion studies to investigate whether measurement of SEPT9 promoter
methylation in circulating cell-free DNA (mSEPT9 test) would be useful
to diagnose HCC among patients with cirrhosis.

1.1. Specific Objectives

The primary aim was to evaluate the diagnostic accuracy of the
mSEPT9 test to diagnose HCC among patients with cirrhosis. The sec-
ondary aims were: 1) to identify variables that are independently asso-
ciated with HCC diagnosis to account for potential confounders for the
diagnostic performance of the mSEPT9 test; 2) to evaluate the accuracy
of the mSEPT9 test to diagnose Barcelona Clinic Liver Cancer (BCLC)
stage A HCC; 3) to evaluate the diagnostic accuracy of the mSEPT9 test
among patients with HCV- and alcohol-related cirrhosis; 4) to compare
the diagnostic performance of the mSEPT9 test with that of AFP;
and 5) to calculate the categorical net reclassification improvement
(NRI) of a mSEPT9-based strategy to diagnose HCC compared with an
AFP-based strategy.

2. Methods

2.1. Study Design

We report two phase II biomarker studies that included patients
with cirrhosis with or without HCC from France (initial study: the
SEPT9 study) and Germany (replication study) (Fig. 1). According to
Sackett's classification, phase II biomarker studies aim to assess the
magnitude of the association between the results of a biomarker and
the disease status (Sackett & Haynes, 2002). Phase II biomarker studies
are concernedwith reproducibility and aim to assess the sensitivity and
specificity of the biomarker, together with its ability to “rule out” (high
sensitivity) or “rule in” (high specificity) the disease (Sackett & Haynes,
2002; Akiyama et al., 2014).

2.2. Initial Study: The SEPT9 Study (Nancy, France)

The SEPT9 study was a standardized observational study that re-
cruited patients with cirrhosis with or without HCC with a high degree
of ascertainment, including a multidisciplinary consultation meeting
(gastroenterologists, radiologists, and surgeons) on a weekly basis at
the University Hospital of Nancy. Patients were recruited between
June 2012 and April 2014. The HCC study population included: 1) pa-
tients with cirrhosis enrolled in an HCC screening program and for
whom a diagnosis of HCC was made and ascertained by an abdominal
contrast-enhanced computed tomography (CT) scan, and 2) patients
with cirrhosis who were directly referred for HCC. HCC-free patients
with cirrhosis were recruited if the screening abdominal ultrasound
showed no evidence of HCC at the time of blood sampling for the
mSEPT9 test and on the next visit six months later. Patients were ex-
cluded from the analysis if they had missing clinical and/or radiological
data. All patients received clinical and biological evaluations and liver
imaging, according to international recommendations (Bruix &
Sherman, 2011). Biochemical data were collected in an electronic data-
base and extracted for this study using the general laboratory informa-
tion management system (v8.11.6; MIPS France S.a.r.l., Paris, France).
Clinical data were retrieved through electronic chart review using
DxCare software (MEDASYS, Clamart, France). All patients with a diag-
nosis of HCC were discussed in the weekly multidisciplinary gastroin-
testinal oncology meeting dedicated to HCC (gastroenterologists,
radiologists, and surgeons). The clinical data and treatment decisions
related to HCC were recorded in the e-RCP SOLSTIS platform (https://
www.sante-lorraine.fr/), which is the official secured online service
for managing and producingmultidisciplinary consultation meeting re-
ports for patients with a diagnosis of cancer. The following data were
available in the electronic database: 1) demographic data, including
age and gender; 2) clinical data, including the etiology of cirrhosis (alco-
hol, nonalcoholic steatohepatitis [NASH], HCV, HBV, autoimmunity, or
hemochromatosis), and Child-Pugh score; 3) for patients with a diagno-
sis of HCC: the number of HCC nodules, the size of the largest HCC nod-
ule, and the BCLC stage; and 4) blood biomarkers, including albumin,
total bilirubin, and prothrombin activity (percentage). All patients
gave their informed consent to participate in the study. The Institutional
Review Board of the University Hospital of Nancy approved the study.
The Nancy Biochemical Database was reported to the French National

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Study design and diagnostic accuracy measures obtained in the initial (Nancy, France) and replication (Halle, Germany) studies, and their meta-analysis for the assessment of the
mSEPT9 test to diagnose hepatocellular carcinoma. AASLD: American Association for the Study of Liver Diseases; AUROC: area under the receiver operating characteristic curve; CT: com-
puted tomography; HCC: hepatocellular carcinoma; MLR: multivariate logistic regression model; NPV: negative predictive value; PPV: positive predictive value; US: ultrasonography.
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Commission for Data Protection and Liberties (CNIL No. 1763197v0),
which supervises the protection of individuals during the processing
of personal data (Oussalah et al., 2015).

2.3. Replication Study: Halle, Germany

The replication study was a matched case-control study. Patients
with cirrhosis and HCC represented the cases and were recruited be-
tween February 2013 and June 2016 at the Department of InternalMed-
icine, University Hospital of Halle (Germany). HCC-free patients with
cirrhosis were recruited at the same facility and were matched by age
and gender. All patients with a diagnosis of HCCwere discussed inmul-
tidisciplinary consultation meeting (gastroenterologists, radiologists,
and surgeons). HCC-free patients with cirrhosis were recruited if the
screening abdominal ultrasound showed no evidence of HCC at the
time of blood sampling for the mSEPT9 test and on the next visit six
months later. The following data were available through medical chart
review: 1) demographic data, including age and gender; 2) clinical
data, including the etiology of cirrhosis and Child-Pugh score; and
3) for patients with a diagnosis of HCC: the number of HCC nodules,
the size of the largest HCC nodule, and BCLC stage. All patients gave
their informed consent to participate in the study. The Institutional Re-
view Board of the University Hospital of Halle approved the study.
2.4. Diagnosis of HCC

All patients received clinical and biological evaluation, and liver
imaging according to the AASLD guidelines (Bruix & Sherman,
2011). A diagnosis of HCC was confirmed using an abdominal
contrast-enhanced CT scan and systematically discussed in multidis-
ciplinary consultation meetings. The adjudicating physicians (VL,
initial study; AZ, replication study) were blinded to patients' results
associated with the mSEPT9 test.

Image of Fig. 1
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2.5. Plasma mSEPT9 Test

We collected blood samples by phlebotomy using lavender-topped
EDTA Vacutainer Tubes 10 mL (BD Medical Systems, Franklin Lakes,
NJ, USA) and prepared plasma (3.5 mL) from blood samples within
4 h of collection by centrifugation of blood tubes (1350 ± 150 rcf,
12 min), transfer to a 15-mL polypropylene centrifuge tube with a con-
ical bottom, and recentrifugation (1350 ± 150 rcf, 12 min) as recom-
mended by the manufacturer's protocol (http://www.epiprocolon.
com/; REF M5–02-001, M5–02-002, and M5–02-003). Plasma samples
were stored at −80 °C until analysis at the Department of Molecular
Medicine and Personalized Therapeutics, Department of Biochemistry,
Molecular Biology, Nutrition, and Metabolism, University Hospital of
Nancy, in the initial study; and the Molecular Biology Laboratory of
the University Hospital of Halle in the replication study. We used an
Epi proColon 2.0 CE (Epigenomics AG, Berlin, Germany) qualitative
test for real-time PCR detection of mSEPT9 DNA in bisulfite-converted
DNA from human plasma samples according to themanufacturer's pro-
tocol. According to the FDA statement, the mSEPT9 test is a qualitative
in vitro diagnostic test to detect methylated SEPT9 DNA in EDTA plasma
derived from patient whole blood specimens (Epigenomics, 2016). It
uses a real-time PCRwith a fluorescent hydrolysis probe for themethyl-
ation specific detection of the SEPT9 DNA target (Epigenomics, 2016).
ThemSEPT9 assay consists of DNA extraction fromplasma, bisulfite con-
version of DNA, purification of bis-DNA, and real-time PCR. Real-time
PCR analysis was performed on a LightCycler 480 instrument I (Roche
Applied Science, Basel, Switzerland) in the initial study and an Applied
Biosystems 7500 Real-Time PCR System (ABI7500; Life Technologies,
Darmstadt, Germany) in the replication study. PCR was performed in
triplicate, and PCR curves for mSEPT9 were generated. According to
manufacturer protocol, the validity of each sample batch was deter-
mined by SEPT9 and ACTB crossing point (CP) values for the positive
and negative controls, using the following thresholds: positive control
(CP_SEPT9 ≤40.6 and CP_ACTB ≤29.5, for the three PCR); negative con-
trol (no CP for SEPT9 and CP_ACTB ≤36.5, for the three PCR). Patient trip-
licate was considered as valid if the CP_ACTB was ≤33.1. The triplicate
was considered as “SEPT9 positive” if the CP_SEPT9 was b50, and it
was considered as “SEPT9 negative” if no CP_SEPT9 was reported. The
median CP_SEPT9 value from both initial and replication studies was
36 (IQR, 33–39). ThemSEPT9 test is designed by themanufacturer to re-
turn four possible results in increasing order of the number of positive
triplicates (0/3, 1/3, 2/3, or 3/3). Importantly, these results do not corre-
spond to the repeatability of the experiment. According to this principle,
the results of the mSEPT9 test correspond to a continuous, ordinal vari-
able that can vary between 0 and 3.

2.6. Statistical Analyses

Quantitative variables are expressed as themedian and interquartile
range (IQR, 25th and 75th percentiles). Categorical variables are
summarised as frequency counts and percentages. We assessed the di-
agnostic accuracy of the mSEPT9 test and AFP using receiver operating
characteristic (ROC) analysis (DeLong et al., 1988). The classification
variable used in the ROC analysis was the diagnosis of HCC. For each
ROC analysis, we reported the area under the receiver operating charac-
teristic curve (AUROC) and the associated p-value. The exact binomial
method was applied to estimate the 95% confidence intervals (CIs) of
the AUROC. The optimal diagnostic cut-off was defined using the
Youden index J. Bias-corrected and accelerated (BCa)-bootstrap interval
after 10,000 iterations for the Youden index and its associated values
were performed (Efron & Tibshirani, 1994). Other diagnostic accuracy
measures included: sensitivity, specificity, positive and negative likeli-
hood ratios, and positive and negative predictive values. Pairwise
AUROC comparison was carried out according to the procedure de-
scribed by Delong et al. (DeLong et al., 1988) To derive variables that
are potentially associated with HCC in univariate analysis, we
performed univariate binary logistic regression using HCC diagnosis as
a dependent variable. To identify variables that are independently asso-
ciated with a diagnosis of HCC, all significant items resulting from the
univariate analyses were integrated into a binary logistic regression
model formultivariate analysis usingHCC diagnosis as a dependent var-
iable. All variableswith p b 0.1were included in themodel and variables
with p b 0.05 were retained in the model. The Child-Pugh score was
used as a covariate instead of albumin, bilirubin, and prothrombin
time, because these three variables are used to calculate the Child-
Pugh score, thus avoiding collinearity issues. The results are shown as
the regression coefficient, standard error (SE), odds ratios (ORs), and
95% CI for each independent predictor, and the percentage of cases cor-
rectly classified by the logistic regression model. We assessed model
discrimination using ROC analysis and model calibration using the
Hosmer and Lemeshow goodness-of-fit test. To estimate the pooled ef-
fect size for diagnostic accuracy measures retrieved from the initial and
replication studies, we performed meta-analyses on the sensitivities,
specificities, negative predictive values (NPVs), positive predictive
values (PPVs), and ORs using the generic inverse variance method
(Borenstein et al., 2009) under the random-effectsmodel (DerSimonian
and Laird procedure) (DerSimonian & Laird, 1986). Pooled AUROC was
calculated using the weighted summary AUROC method under the
random-effects model (DerSimonian & Laird, 1986) as described by
Zhou et al. (2009)We assessed statistical significance for heterogeneity
by use of theχ2-basedQ statistic and the I2 statistic for the extent of het-
erogeneity. Heterogeneity was considered significant if p b 0.1 and I2

N 50% (Higgins et al., 2003). Considering pooled sensitivities and speci-
ficities for each threshold of the mSEPT9 test result, we used a Bayesian
approach to assess the PPV and the NPV and their 95% CI according to an
HCC prevalence ranging from 1 to 99%, as described by Mercaldo et al.
(Mercaldo et al., 2007) We assessed the categorical NRI of the
mSEPT9-based strategy (≥2 positive triplicates) in comparison with
the AFP-based strategy (AFP N20 ng/mL, optimal threshold according
to EASL-EORTC guidelines (2012)) for the diagnosis of HCC as a classifi-
cation variable. The categorical NRI is an index that attempts to quantify
how well the mSEPT9-based model reclassifies patients compared with
the AFP-based model (Leening et al., 2014). The categorical NRI is re-
ported as a percentage with 95% CI and the associated p-value (Kundu
et al., 2011; Team RC, 2013). All statistical analyses, except NRI analysis,
were conducted using the SAS® 9.4 platform (Cary, NC, USA), MedCalc
for Windows v16.8.4 (MedCalc Software, Ostend, Belgium) and Com-
prehensive Meta-Analysis (version 2.2.050; BioStat Software, Engle-
wood, NJ, USA) on the basis of a two-sided type I error with an alpha
level of 0.05. The NRI analysis was performed using the PredictABEL R
package (http://www.genabel.org/packages/PredictABEL) (Kundu
et al., 2011; TeamRC, 2013). All statistical analyses related to secondary
aims #1 and #2 were based on both the initial and replication studies.
The statistical analyses related to secondary aims #3 to #5 were based
on the initial study.
2.7. Study Power and Sample-size Calculation

We calculated the number of subjects required in the initial
study on the basis of the primary aim. Using an alpha risk of 0.05,
a study power of 95%, an expected AUROC of 0.95 that was com-
pared with a reference AUROC of 0.75 (two-sided test), a ratio of
cases:controls of 1:3, and a hypothesised rank correlation coeffi-
cient of 0.5 in both cases and controls, the required number of pa-
tients with HCC was 29, and the required number of patients
without HCC was 87, for a total of 116 patients. In the replication
study, using a study power of 80% instead of the highly stringent
threshold of 95% used in the initial study, and a ratio of cases:con-
trols of 1:1, the number of patients in each group was 30, for a
total of 60 patients. Both the initial and replication studies were
well powered for the primary outcome.

http://www.epiprocolon.com
http://www.epiprocolon.com
http://www.genabel.org/packages/PredictABEL
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2.8. Role of the Funding Source

The funding sources had no role in the design and conduct of the
study; collection, management, analysis, and interpretation of the
data; preparation, review, or approval of the manuscript; and the deci-
sion to submit the manuscript for publication.

3. Results

In the initial study, a total of 191 patients were included. Among
these, five had insufficient clinical and/or radiological data, leaving
186 patients for the final analysis (Supplementary Fig. 1). Among the
186 cirrhotic patients retained in the final analysis, 51 had HCC
(Table 1; Fig. 1). In the replication study, a total of 143 patients were
Table 1
Clinical and biological variables associated with HCC diagnosis in univariate analysis.

Initial study: Nancy (France) Patients without HCC (n = 135)

Continuous variables Median (IQR)
Age (years) 57 (49–66)
Child-Pugh score at inclusion 5 (5–5)
mSEPT9, number of positive triplicates (0 to 3) 0 (0–1)
AFP (ng/mL) 4.6 (2.8–8.0)
Number of HCC nodules (n) –
Size of the largest HCC nodule (mm) –

Categorical variables Count (%)
Male gender 89 (65.9)
Etiology of cirrhosisb

HCV 55 (40.7)
Alcoholic 20 (14.8)
NASH 23 (17.0)
HBV 27 (20.0)
Hemochromatosis 9 (6.7)
Autoimmune liver diseasec 11 (8.2)

BCLC stage
Stage 0-A –
Stage B –
Stage C –
Stage D –

Number of positive mSEPT9 triplicate
Triple-negative test: 0 on 3 87 (64.4)
1 on 3 27 (20.0)
2 on 3 15 (11.1)
Triple-positive test: 3 on 3 6 (4.44)

Replication study: Halle (Germany) Patients without
HCC (n = 56)

Continuous variables Median (IQR)
Age (years) 63 (60–69)
Child-Pugh score at inclusion 6 (5–7)
mSEPT9, number of positive triplicates (0/3 to 3/3) 0 (0–1)
Number of HCC nodules (n) –
Size of the largest HCC nodule (mm) –

Categorical variables Count (%)
Male gender 45 (80.4)
Etiology of cirrhosis, alcoholic 38 (67.9)
BCLC stage

Stage A –
Stage B –
Stage C –
Stage D –

Number of positive mSEPT9 triplicate
Triple-negative test: 0 on 3 42 (75.0)
1 on 3 9 (16.1)
2 on 3 3 (5.4)
Triple-positive test: 3 on 3 2 (3.6)

95% CI: 95% confidence interval; AFP: alpha-fetoprotein; HBV: hepatitis B virus; HCV: hepatitis
quartile range; NASH: nonalcoholic steatohepatitis; mm: millimeter; BCLC: Barcelona clinic liv

a Univariate logistic regression analysis.
b More than one etiology of cirrhosis could be present in the same patient.
c Autoimmune liver disease: autoimmune hepatitis, primary biliary cholangitis, primary scle
d The odds ratio for the mSEPT9 test was reported for the continuous scale.
e One patient had missing data regarding BCLC classification.
included. Among these, 34 cirrhotic patients had insufficient clinical
and/or radiological data, and six HCC patients had been previously
treated with selective internal radiation therapy, leaving 103 patients
for the final analysis (Supplementary Fig. 2). Among the 103 cirrhotic
patients retained in the final analysis, 47 had HCC (Table 1; Fig. 1).

3.1. Primary Aim: Diagnostic Accuracy of the mSEPT9 Test for HCC

3.1.1. Initial Study
According to the ROC analysis, the mSEPT9 test exhibited high diag-

nostic accuracy for HCC,with anAUROC of 0.944 (95%CI, 0.900–0.970; p
b 0.0001) (Supplementary Table 1; Fig. 1, Fig. 2A). The optimal thresh-
old (≥2 positive triplicates) was associated with a sensitivity of 94.1%
(95% CI, 83.8–98.8) and a specificity of 84.4% (95% CI, 77.2–90.1).
Patients with HCC (n = 51)

Median (IQR) OR (95% CI) pa

69 (61–75) 1.10 (1.06–1.14) b0.0001
6 (5–7) 3.03 (1.91–4.81) b0.0001
3 (3–3) 9.06 (4.85–16.96) b0.0001
18.1 (7.1–265.1) 1.03 (1.01–1.05) 0.004
4 (1–5) – –
38 (25–74) – –

Count (%) OR (95% CI) pa

43 (84.3) 2.78 (1.21–6.40) 0.02

15 (29.4) 0.61 (0.30–1.21) 0.16
30 (58.8) 8.21 (3.95–17.09) b0.0001
17 (33.3) 2.44 (1.17–5.08) 0.02
2 (3.9) 0.16 (0.04–0.71) 0.02
1 (2.0) 0.28 (0.04–2.27) 0.23
0 (0) – 0.99

13 (25.5) – –
20 (39.2) – –
16 (31.4) – –
1 (2.0) – –

1 (2.0) —d –
2 (3.9) —d –
8 (15.7) —d –
40 (78.4) —d –

Patients with
HCC (n = 47)

Median (IQR) OR (95% CI) pa

67 (61–75) 1.06 (1.01–1.11) 0.03
8 (6–9) 1.29 (1.05–1.58) 0.02
3 (3–3) 5.81 (3.36–10.03) b0.0001
2 (1–4) – –
40 (25–70) – –

Count (%) OR (95% CI) pa

42/47 (89.4) 2.05 (0.66–6.41) 0.22
39/47 (83.0) 2.31 (0.90–5.94) 0.08

18 (39.1)e – –
10 (21.7)e – –
7 (15.2)e – –
11 (23.9)e – –

3 (6.4) —d –
4 (8.5) —d –
1 (2.1) —d –
39 (83.0) —d –

C virus; HCC: hepatocellular carcinoma; HIV: human immunodeficiency virus; IQR: inter-
er cancer staging classification.

rosing cholangitis.



Fig. 2. (A) Diagnostic accuracy of themSEPT9 test for hepatocellular carcinoma diagnosis in the initial and replication studies. In the initial study, the diagnostic accuracy of themSEPT9 test
was also reported in the subgroup of patients with HCV- and alcohol-related cirrhosis. (B) Bayesian estimation of the positive and negative predictive values of the three mSEPT9 test
thresholds for HCC diagnosis for varying prevalence values of hepatocellular carcinoma. Red line: positive predictive value; Blue line: negative predictive value; dashed line: 95%
confidence interval.

Table 2
Diagnostic accuracy of the mSEPT9 test for HCC diagnosis in initial and replication studies.

Criterion Study phase Patients Sensitivity
(95% CI)

NLR (95% CI) NPV (95% CI) Specificity
(95% CI)

PLR (95% CI) PPV (95% CI)

mSEPT9 (≥1 positive
triplicate)

Initial study, (Nancy) Entire population 98.0
(89.6–100)

0.03
(0.004–0.20)

98.9
(92.6–99.8)

64.4
(55.8–72.5)

2.76
(2.20–3.50)

51.0
(45.3–56.7)

HCV-related
cirrhosis

93.3
(68.1–99.8)

0.10
(0.02–0.70)

97.3
(84.3–99.6)

65.5
(51.4–77.8)

2.70
(1.80–4.00)

42.4
(33.3–52.1)

Alcoholic cirrhosis 100
(88.4–100)

0 (—) 100 (—) 50.0
(27.2–72.8)

2.00
(1.30–3.10)

75.0
(65.9–82.3)

Replication study,
(Halle)

Entire population 93.6
(82.5–98.7)

0.09 (0.03–0.3) 93.3
(82.3–97.7)

75.0
(61.6–85.6)

3.74 (2.4–5.9) 75.9
(66.5–83.3)

mSEPT9 (≥2 positive
triplicates)

Initial study, (Nancy) Entire population 94.1
(83.8–98.8)

0.07
(0.02–0.20)

97.4
(92.7–99.1)

84.4
(77.2–90.1)

6.05
(4.10–9.00)

69.6
(60.5–77.3)

HCV-related
cirrhosis

86.7
(59.5–98.3)

0.16
(0.04–0.60)

95.9
(86.6–98.8)

85.5
(73.3–93.5)

5.96
(3.00–11.70)

61.9
(45.4–76.1)

Alcoholic cirrhosis 96.7
(82.8–99.9)

0.04
(0.006–0.30)

93.7
(68.2–99.1)

75.0
(50.9–91.3)

3.87
(1.80–8.30)

85.3
(73.0–92.6)

Replication study,
(Halle)

Entire population 85.1
(71.7–93.8)

0.16 (0.08–0.3) 87.9
(78.5–93.5)

91.1
(80.4–97.0)

9.53
(4.10–22.20)

88.9
(77.5–94.9)

mSEPT9 (3 positive
triplicates)

Initial study, (Nancy) Entire population 78.4
(64.7–88.7)

0.23
(0.10–0.40)

92.1
(87.4–95.2)

95.6
(90.6–98.4)

17.65
(8.00–39.10)

87.0
(75.1–93.7)

HCV-related
cirrhosis

66.7
(38.4–88.2)

0.35
(0.20–0.70)

91.4
(83.8–95.6)

96.4
(87.5–99.6)

18.33
(4.50–74.90)

83.3
(55.0–95.3)

Alcoholic cirrhosis 83.3
(65.3–94.4)

0.19
(0.08–0.40)

78.3
(61.5–89.0)

90.0
(68.3–98.8)

8.33
(2.20–31.30)

92.6
(76.9–97.9)

Replication study,
(Halle)

Entire population 83.0
(69.2–92.4)

0.18 (0.09–0.3) 87.1
(78.2–92.7)

96.4
(87.7–99.6)

23.23
(5.90–91.20)

95.1
(83.2–98.7)

95% CI: 95% confidence interval; NLR: negative likelihood ratio; NPV: negative predictive value; PLR: positive likelihood ratio; PPV: positive predictive value.
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Sensitivity, specificity, positive and negative likelihood ratios, PPVs, and
NPVs for each of the mSEPT9 thresholds from the initial study are re-
ported in Table 2.

3.1.2. Replication Study
The results from the replication study were consistent with those of

the initial study with regards to all diagnostic accuracy measures
(Table 2; Fig. 1). The AUROC of the mSEPT9 test to diagnose HCC was
0.930 (95% CI, 0.862–0.971; p b 0.0001) (Supplementary Table 1;
Fig. 1, Fig. 2A) with an optimal threshold of ≥2 positive triplicates.
Based on this cut-off value, the sensitivity and the specificity were
85.1% (95% CI, 71.7–93.8) and 91.07% (95% CI, 80.4–97.0), respectively.
Sensitivity, specificity, positive and negative likelihood ratios, PPVs,
and NPVs for each of the mSEPT9 thresholds from the replication
study are reported in Table 2.

3.1.3. Meta-analysis of Diagnostic Accuracy Measures of the mSEPT9 Test
for HCC

Using a random-effects meta-analysis of the results retrieved from
both the initial and replication studies, we calculated the pooled effect
size estimates for all diagnostic accuracymeasures (Table 3). The pooled
AUROC of the mSEPT9 test for HCC diagnosis was 0.940 (95% CI,
0.910–0.970; p b 0.0001) without heterogeneity (I2 = 0%; p = 0.68)
or publication bias. The pooled sensitivities, specificities, PPVs, and
NPVs for each of the three mSEPT9 thresholds are reported in Table 3.
Considering the pooled sensitivities and specificities for each of the
mSEPT9 thresholds, we used a Bayesian approach to assess the PPVs
and NPVs and their 95% CIs according to an HCC prevalence ranging
from 1 to 99% (Fig. 2B). A triple-negative mSEPT9 test had the highest
NPV for excluding HCC, whereas a triple-positive mSEPT9 test had the
highest PPV for retaining a diagnosis of HCC (Supplementary Fig. 3). A
triple-positive or negative mSEPT9 test result was observed in 76%
(220/289) of the patients included in the study (initial study: 134/186,
72%; replication study: 86/103, 84%).

3.2. Secondary Aims

3.2.1. Variables Independently Associated with HCC Diagnosis
In the univariate analysis, the following variables were associated

with HCC diagnosis: age, albumin, bilirubin total, prothrombin time
(%), Child-Pugh score, mSEPT9, AFP, alcohol-related cirrhosis, autoim-
mune cirrhosis, HBV-related cirrhosis, and NASH-related cirrhosis
(Table 1). In the multivariate logistic regression analysis, the number
of positive mSEPT9 triplicates, taken as a continuous variable, was the
Table 3
Meta-analysis of diagnostic accuracy measures of the mSEPT9 test for HCC diagnosis based on

Criterion Diagnostic accuracy measure Effect

Pooled

mSEPT9, (≥1 positive triplicate) Sensitivity 96.8
NPV 97.2
Specificity 68.8
PPV 63.3

mSEPT9, (≥2 positive triplicates) Sensitivity 90.6
NPV 93.3
Specificity 87.2
PPV 79.2

mSEPT9, (3 positive triplicates) Sensitivity 80.8
NPV 90.6
Specificity 95.8
PPV 91.5

mSEPT9 (continuous variable) AUROC 0.940b

Triple-negative mSEPT9 test for excluding HCC Odds ratio 54.66
Triple-positive mSEPT9 test for diagnosing HCC Odds ratio 91.53

95% CI: 95% confidence interval; NLR: negative likelihood ratio; NPV: negative predictive value
a The pooled effect size was calculated using the generic inverse variance method according
b The pooled effect size for AUROCS was calculated using the weighted summary area unde

Zhou et al. (2009)
only independent variable significantly that was associated with HCC
diagnosis (OR = 6.30, for each mSEPT9 positive triplicate; 95% CI,
2.92–13.61, p b 0.0001). The multivariate logistic regression model
was well calibrated with an optimal overall model fit (p b 0.0001).
The AUROC associated with the discrimination of the logistic regression
model in the initial study was 0.969 (95% CI, 0.930–0.989), which cor-
roborated the results obtained from the univariate ROC analysis.
Performing the same approach on the replication study, we obtained
similar results, because the number of positive mSEPT9 triplicates was
the only independent variable associated with the diagnosis of HCC
(OR = 6.07, for each mSEPT9 positive triplicate; 95% CI, 3.25–11.35, p
b 0.0001). The logistic regression model in the replication study was
well calibrated with an optimal overall model fit (p b 0.0001). The
model discrimination assessment in the replication study showed an
AUROC of 0.942 (95% CI, 0.878–0.978). The log files of the logistic re-
gression models are available in the Supplementary Appendix. Using a
random-effects meta-analysis, the pooled odds ratio for each mSEPT9
positive triplicate was 6.15 (95% CI, 2.93–9.38, p b 0.0001, no heteroge-
neity: I2=0%, p=0.95; and no publication bias) (Fig. 3A). Consistently,
the pooled AUROC associated with the discrimination of the logistic re-
gression models was 0.962 (95% CI, 0.937–0.987, p b 0.0001, no hetero-
geneity: I2 = 0%, p = 0.36; and no publication bias) (Fig. 3B).

3.2.2. Diagnostic Accuracy of the mSEPT9 Test for BCLC stage A HCC
Among the initial and replication studies, 33 patients had a BCLC

stage A HCC and were compared with 191 HCC-free patients. To diag-
nose BCLC stage A HCC, the mSEPT9 test exhibited an AUROC of 0.863
(95%CI, 0.811–0.906; p b 0.0001). The sensitivities, specificities, positive
and negative likelihood ratios, PPVs, and NPVs are reported in Supple-
mentary Table 2.

3.2.3. Comparison of the Diagnostic Performance of the mSEPT9 Test with
that of AFP for HCC

The mSEPT9 test exhibited significantly higher diagnostic accuracy
for HCC detection compared with that of AFP (difference between
AUROCs = 0.115 [95% CI, 0.042–0.187], SE = 0.04, p = 0.002). Addi-
tionally, the mSEPT9 test exhibited comparable diagnostic accuracy in
the subgroup of patients with HCV- or alcohol-related cirrhosis com-
pared with that observed in the entire patient cohort (Supplementary
Table 1; Fig. 2A). Interestingly, the mSEPT9 diagnostic accuracy was
higher than that of AFP among patients with HCV-related cirrhosis (dif-
ference between AUROCs=0.181 [95% CI, 0.029–0.334], SE=0.08, p=
0.02) (Supplementary Table 1; Fig. 2A).
initial and replication studies.

size estimation Heterogeneity assessment

effect sizea 95% CIa SEa pa Q I2 p

92.4–100 2.233 b0.0001 0.810 0.00% 0.37
92.1–100 2.585 b0.0001 1.667 40.03% 0.20
58.6–79.0 5.221 b0.0001 2.020 50.49% 0.16
38.9–87.7 12.448 b0.0001 23.113 95.67% b0.0001
81.9–99.2 4.403 b0.0001 1.749 42.81% 0.19
84.1–100 4.708 b0.0001 5.214 80.82% 0.02
80.8–93.7 3.292 b0.0001 1.547 35.35% 0.21
60.3–98.1 9.650 b0.0001 9.784 89.78% 0.002
72.4–89.1 4.255 b0.0001 0.286 0.00% 0.59
86.1–95.1 2.303 b0.0001 1.417 29.43% 0.23
92.6–99.1 1.664 b0.0001 0.052 0.00% 0.82
83.6–99.4 4.028 b0.0001 1.720 41.86% 0.19
0.910–0.970b 0.015b b0.0001b 0.173 0.00% 0.68
18.17–164.45 1.754 b0.0001 0.347 0.00% 0.56
37.89–221.10 1.568 b0.0001 0.283 0.00% 0.59

; PLR: positive likelihood ratio; PPV: positive predictive value; SE: standard error.
to Borenstein et al. (Borenstein et al., 2009)
r the ROC curve under the fixed-effects model and random-effects model, as described by
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Fig. 3. (A) Meta-analysis of the odds ratios from initial and replication studies for the association between a positive mSEPT9 triplicate and the diagnosis of hepatocellular carcinoma. The
calculated summary effect is denoted by the solid diamond at the bottom of the forest plots, the width of which represents the 95% confidence interval. Publication bias was estimated
using a funnel plot. (B) Meta-analysis of the area under the receiver operating characteristic curves associated with the discrimination of logistic regression models from initial and
replication studies. The calculated summary effect is denoted by a solid diamond at the bottom of the forest plots, the width of which represents the 95% confidence interval.
Publication bias was estimated using a funnel plot. AUROC: area under the receiver operating characteristic curve; LR: logistic regression.
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3.2.4. Net Reclassification Improvement for HCC Diagnosis Using an
mSEPT9-Based Strategy as Compared with an AFP-Based Strategy

We assessed the NRI of the mSEPT9-based strategy (mSEPT9 ≥ 2, the
optimal ROC-defined threshold) in comparison with an AFP-based
strategy (N20 ng/mL, the optimal threshold according to EASL-EORTC
guidelines) and found a categorical NRI of 35.83% (95% CI,
19.06–52.61%; p b 0.0001) in favor of the mSEPT9-based strategy.
4. Discussion

The circulating cell-free DNA-based epigenetic biomarker, mSEPT9,
exhibited high diagnostic accuracy for HCC, with an AUROC of 0.94,
and thus could be considered a promising biomarker for diagnosing
HCC among patients with cirrhosis. In the multivariate logistic regres-
sion analysis, mSEPT9 was the only independent variable that was sig-
nificantly associated with a diagnosis of HCC, even after adjusting for
potential confounders. Our results indicated that mSEPT9 exhibited
higher diagnostic accuracy compared with that using AFP, notably in
HCV-related patients with cirrhosis, characterized by a lower diagnostic
accuracy of AFP for HCC diagnosis (Gopal et al., 2014). Triple-positive
and triple-negative mSEPT9 tests had the highest PPV and NPV for
retaining or excluding a diagnosis of HCC, respectively. Patients present-
ingwith one of these two results accounted for almost 80% (220/289) of
cases and could benefit froma straightforward interpretation of their di-
agnostic test. Patients with two positive triplicates (15%, 42/289) were
at high risk of HCC diagnosis because the specificity and the PPV corre-
sponding to this threshold were 87.2% and 79.2%, respectively. Patients
with onepositive triplicate (9%, 27/289) had amoderate PPV for HCC di-
agnosis and could benefit from close follow-up. However, the optimal
diagnostic strategy in these patients remains to be defined and should
be based on prospective longitudinal studies.

Recently, a composite statistical model based on gender, age, AFP,
AFP-L3, and des-γ-carboxyprothrombin (DCP) was developed for HCC
diagnosis (theGALADmodel) (Berhane et al., 2016). However, the diag-
nostic threshold of the GALAD model was not standardized and varied
across cohorts, making it difficult to use at the individual patient level
(Berhane et al., 2016). Notably, the EASL-EORTC guidelines do not rec-
ommend the use of AFP, AFP-L3, and DCP in routine clinical practice
for HCC diagnosis (EASL-EORTC guidelines, 2012). Furthermore, based
on the reported figures for the sensitivity and specificity of the GALAD
model, and considering an HCC prevalence of 30%, the calculated PPVs
for HCC diagnosis were 79%, 76%, and 76% in cohorts in the United
Kingdom, Germany, and Japan, respectively (Berhane et al., 2016). In
our study, the pooled PPV for a triple-positivemSEPT9 testwas 91%. Fur-
thermore, using a Bayesian approach, PPVs for a triple-positive mSEPT9
test were N 90% over a wide range of HCC prevalence.

Septins are guanosine-5′-triphosphate-binding proteins belonging
to a family of highly conserved eukaryotic proteins. They are recognized
as components of the cytoskeleton, with several functions, including
subcellular compartmentalization and cell division (Mostowy &
Cossart, 2012;Weirich et al., 2008). Septins are implicated in the forma-
tion offilamentous complexes that are involved in various processes, in-
cluding cytokinesis, vesicle trafficking, apoptosis, and maintenance of
cell polarity. Disruption of SEPT9 expression resulted in incomplete
cell division (Hall & Russell, 2004; Grutzmann et al., 2008). In humans,
14 septins have been described, with abnormalities in expression re-
ported during carcinogenesis (SEPT1–7, 9, and 12) (Mostowy &
Cossart, 2012). Additionally, SEPT9 acts as a tumor suppressormodulat-
ing rapid and/or uncontrolled cell division (Russell et al., 2000).

Image of Fig. 3
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Although the SEPT9 gene is expressed in tissues throughout the body, its
expression is silenced or diminished by aberrant promotermethylation,
which can be reactivated by treatment with azacitidine, providing evi-
dence of potential regulation of this gene by DNA methylation
(Grutzmann et al., 2008; Burrows et al., 2003). The hypomethylating
agents azacitidine and decitabine (5-aza-2′-deoxycytidine) are cur-
rently approved for the treatment of several specific forms of
myelodysplastic syndromes, chronic myelomonocytic leukemia, and
acute myeloid leukemia, and are currently being investigated for use
in non-hematological cancers (Kantarjian et al., 2006; Fenaux et al.,
2009). Interestingly, incubation of Huh-7 HCC cells with azacitidine re-
sulted in cell death in a time- and dose-dependent manner (Ilyas et al.,
2015). These findings highlighted the role of SEPT9 as a key regulator of
cell division and tumor suppression, with SEPT9 hypermethylation
being associated with carcinogenesis and suggesting the potential use-
fulness of mSEPT9 as an HCC-related diagnostic biomarker.

Our study had several strengths. First, to the best of our knowledge,
this is thefirst study to report a promising epigenetic biomarker for HCC
diagnosis in patients with cirrhosis. Second, the results from the initial
and replication studies showed consistent diagnostic accuracy mea-
sures ofmSEPT9. Indeed,we used ameta-analytic approach that showed
no significant heterogeneity between the diagnostic accuracymeasures.
Importantly, the two study protocols were initiated at different time
points and were independently developed by each study center. Third,
we avoided misclassification bias through a robust diagnostic approach
according to current guidelines for defining HCC, the use of abdominal
contrast-enhanced CT scan, and evidence-based care through multidis-
ciplinary consultation meetings (Bruix & Sherman, 2011). The adjudi-
cating physicians were blinded to the patients' results associated with
the mSEPT9 test. Fourth, we used data from prospectively maintained
databases, electronic health records, and the secured online platform
to manage and produce multidisciplinary consultation meeting reports,
thereby reducing the risk of bias. Fifth, we were able to adjust the diag-
nostic accuracy analysis for several potential confounders, such as age,
gender, Child-Pugh score, and etiology of cirrhosis, which confirmed
the mSEPT9 test as a highly accurate diagnostic biomarker of HCC. Fi-
nally, we used a second-generation, commercially-available mSEPT9
assay that requires fewer components and handling steps, and provides
resultswithin eight hours,making its usemore amenable to automation
for a wide range of in vitro diagnostic solutions.

Both the initial and replication studies have a phase II biomarker de-
sign with relatively small sample size and deserve to be confirmed in
more extensive studies. Furthermore, the majority of patients included
in the replication study had alcoholic cirrhosis. Nevertheless, we have
carried out study power analysis, sensitivity analyses, and heterogene-
ity testing to establish the robustness and the consistency of the results
obtained from both the initial and replication studies.We have initiated
the SEPT9-CROSS trial (NCT03311152) to confirm the diagnostic accu-
racy of mSEPT9 for HCC on 440 patients with cirrhosis that were in-
cluded prospectively. Although mSEPT9 showed good diagnostic
accuracy for HCC detection among patients with cirrhosis, it also ex-
hibits a cross-specificity with colorectal adenocarcinoma. Nevertheless,
in patientswith cirrhosis, the pre-test probability of HCC ismuch higher
than that observed for any other type of cancer (Sorensen et al., 1998).
For instance, a patient with cirrhosis is 30 times more likely to develop
HCC than colorectal cancer (Sorensen et al., 1998; Komaki et al., 2017).
It should be noted that when a disease has a low prevalence, the PPV
can be dramatically reduced (Manrai et al., 2014). For instance, the
PRESEPT trial that assessed mSEPT9 for colorectal cancer diagnosis
found a very low PPV (4.82%) because of the low prevalence of the dis-
ease in the screened population (Church et al., 2014). Thus, a positive
mSEPT9 test in a patient with cirrhosis should first evoke a high level
of suspicion for HCC, given the high probability of HCC in this at-risk
population. Surveillance cohort studies of patients with cirrhosis will
allow evaluating the diagnostic accuracy of the mSEPT9 test in the
screening setting.
In conclusion, mSEPT9 constitutes a promising circulating epigenetic
biomarker for HCC diagnosis at the individual patient level. Future pro-
spective studies should assess the mSEPT9 test in a screening algorithm
for patients with cirrhosis to improve risk prediction and the personal-
ized therapeutic management of HCC.
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