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Abstract: Curative therapies for cancer are often successful when it is early detected and treated. Cancer
screening aims at detecting cancer at early stages, before symptoms appear, and when the treatment is most
likely to be effective. But most cancer types lack well-established biomarkers allowing the identification
of the disease. Non-invasive tests, such as liquid biopsy, hold promise for screening people for cancer and
could help advance cancer early detection. Transposing liquid biopsy into clinic to improve survival rates of
patients with various types of cancers has been attracting much attention, due to the great potential of blood-
based biomarkers for early diagnosis. The present review focuses on the clinical relevance of liquid biopsy for
cancer screening, and summarizes the different studies conducted on several circulating biomarkers including
circulating cell-free DNA (cfDNA), circulating tumor cells (CTCs), circulating microRNAs (miRNAs) and

others, for the development of tests for early cancer detection.
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Cancer screening

The progression of cancer to late stages without the
appearance of symptoms is one of the main reasons for
being among the leading causes of death worldwide. The
development of an effective screening test that identifies
asymptomatic individuals to assess their likelihood having
the disease has a major objective to reduce morbidity or
mortality in the screened population by early detection,
when treatment is more successful (1). Therefore, an early
detection of cancer, before a person shows any signs of
illness, would increase the chances of recovery and patients’
overall survival and might help reduce cancer-related
mortality.

A screening test differs from a diagnostic test by the
fact that the second is used when a subject shows signs
or symptoms, to determine the presence or absence of a
disease, and is usually performed after a positive screening
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test to establish a definitive diagnosis.

The development of effective screening techniques for
early detection does not exist for many types of cancers,
and many have not proven effective in reducing cancer
mortality. That was due to various reasons, in particular
reduced sensitivity and specificity of the tests, inter and
intra-tumoral heterogeneity (2-4) or epidemiological
factors...

How to evaluate a screening test for cancer

In 1968, the World Health Organization (WHO) published
guidelines on the principles and practice of screening for
disease, which are often referred to as Wilson’s criteria (5).
But with the emergence of new genomic technologies, the
WHO modified these guidelines in 2008 with the new
understanding as follows (6): “The screening program should
respond to a recognized need, and its objectives should be defined
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at the outset. There should be a defined target population and
scientific evidence of the screening program’s effectiveness. The
program should integrate education, testing, clinical services
and program management, along with quality assurance and
mechanisms to minimize potential risks of screeming. It should
ensure informed choice, confidentiality and respect for automomry,
and promote equity and access to screening for the entire target
population. The evaluation should be planned from the outset, and
the overall benefits of screening should outweigh the barm”.

An ideal screening test for cancer would be able to
perfectly discriminate between individuals who have or
do not have the disease (1). In practice, screening tests
could exhibit false positives and false negatives (7). The
consequences of these results need to be carefully considered
when evaluating the advantages and disadvantages of the
test, and so taking into account its benefits on one hand
and its risks on the other (8). When a new screening test is
developed, it is regularly compared to the gold standard test,
the best test available, which usually consists of a diagnostic
test considered as definitive, like a biopsy for instance.
However, the latter is often invasive, expensive, unpleasant,
too late, or impractical to be used widely as a screening
test (1). The new test would be less expensive or noninvasive
for example. Its validity is translated by a high sensitivity,
which is the ability of the test to identify correctly those
who have that disease, and a high specificity reflecting its
capacity to identify correctly those who do not have the
disease (9).

In order to fully evaluate the performance of a screening
test, particular attention must be paid to the tested cohorts.
Indeed, a blind study, and an association of already
diagnosed individuals and populations at risk are a necessity.

Conventional biomarkers and screening tests

Different screening tests are currently being used for various
types of cancer. The pap smear test, for example, is used for
cervical dysplasia or cervical cancer but it does not show a
high sensitivity, however, it has a high specificity (10,11).
Mammography is the most common test used for breast
cancer screening (12,13), it has played a key role in reducing
breast cancer mortality nevertheless it presents a limited
sensitivity along with excessive false-positive results and the
potential of overdiagnosis. Assays for serum markers, such
as the tumor antigen CA 15-3 (cancer antigen 15-3) was also
applied in patients with breast cancer, but showed an average
sensitivity (55,6% sensitivity for a 98%specificity) (14).
As a result, this marker is preferentially used for treatment
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response monitoring than screening and early diagnosis.
The prostate-specific antigen (PSA) test could help find
prostate cancer before symptoms appear (15), although a
high PSA level does not always result from the presence of
cancer. Low-dose computed tomographic (CT) screening
is usually recommended for people with a high risk of
developing lung cancer (16) but some cancers might be
missed at screening and others might develop between
screening and detection. For colorectal cancer (CRC), the
two most common serum-based glycoprotein CRC markers,
the cancer embryonic antigen (CEA) and the carbohydrate
antigen 199 (CA199) are not appropriate for CRC screening
due to their low sensitivity and the lack of specificity,
especially for early-stage CRC [for CEA: sensitivity
of 40.9-51.8% and specificity of 85.2-95% (17-19)]
and are more appropriate to be used in monitoring the
CRC recurrence or patients’ response to surgical or
systemic therapy. In addition, stool based screening tests
for CRC were developed. The Hemoccult fecal occult
blood test (FOBT) has been used for a long time to aid
physicians in detecting hidden blood in stool specimen as an
early indication of CRC, with a sensitivity varying between
12.9% and 79.4% and a specificity of 86.7-97.7% (20).
However, since this test has many drawbacks in CRC
screening, the fecal immunochemical test (FIT) is more
commonly used in current CRC screening thanks to its low
cost with an overall sensitivity of 0.79 and overall specificity
of 0.94 (20). Another is the fecal DNA test (21). This
multitarget assay detected invasive cancers and adenomas
with high-grade dysplasia with 40.8% sensitivity and 94.4%
specificity (22). Cologuard is the first commercial Food and
Drug Administration (FDA) approved [2014] fecal DNA
test presenting a higher sensitivity than the FIT in CRC
and polyps but a lower specificity. However, this test is
somewhat expensive (23).

What is liquid biopsy?

Upon the National Cancer Institute (NCI) Dictionary of
Cancer Terms liquid biopsy is “A test done on a sample of
blood to look for cancer cells from a tumor that are circulating in
the blood or for pieces of DNA from tumor cells that are in the
blood” (24). To our point of view this definition is
rather imperfect and one can be uncomfortable to
associate a so complex entity such as cells regrouping
molecules, intermolecular associations, organelles,
compartmentalization, a closed concentration of factors or
enzymes, and programming, which are the smallest unit that
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can live on its own and that makes up all living organisms
and the tissues of the body, with cellular components such
as macromolecules (DNA, RNA or microRNA) either
strongly associated with proteins or encapsulated in micro-
vesicles (25). The improbable association of such different
biological entities may only rely on their circulating
property and on the potential clinical use of the information
provided by both biological sources. As indicated in the
NCI Dictionary of Cancer Terms: “A liquid biopsy may be
used to belp find cancer at an early stage. It may also be used to
belp plan treatment or to find out bow well treatment is working
or if cancer has come back. Being able to take multiple samples
of blood over time may also belp doctors understand what kinds
of molecular changes are taking place in a tumor.” Despite
incoherence in the term, we will use in this review the
term liquid biopsy in accordance with the NCI Dictionary
terminology and conventionally in the literature. The term
liquid biopsy therefore applies mainly in oncology mirroring
the biopsy of the tumor tissue. In addition, this terminology
cannot be used for circulating DNAs that are analysed in
the field of prenatal diagnosis, severe/acute inflammation
(sepsis), transplantation, or sports, for instance.

Liquid biopsies are not limited to the blood, though
this is greatly where the research is focused. Urine, saliva
or cervical fluid may also be used, as genetic information is
also present in these fluids.

Circulating cell-free DNA (cfDNA)

cfDNA has emerged as a potential biomarker especially in
cancer and is being widely investigated in translational and
clinical research (25-27). It may present the opportunity
to diagnose, monitor recurrence, and evaluate response to
therapy solely through a non-invasive blood draw. Several
efforts are being made in order to assess the potential of this
biomarker for early cancer screening and qualitative as well
as quantitative cfDNA alterations have been examined (26).
But despite intensive research, few cfDNA-based tests have
been translated to clinical practice. For instance, conflicting
data regarding total nuclear cfDNA concentration made
it hard for ¢fDNA-based tests to be developed and used
in clinic: plasma ¢fDNA concentrations in cancer patients
range from a few ng/mL to several thousand ng/mL,
which overlaps with the concentration range for healthy
individuals (27-29).

A cfDNA-based screening test must be able to
distinguish between signals from non-cancer and pre-
cancerous processes and the invasive malignancy in order
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to achieve high clinical sensitivity (30). It would also help
if the test could provide information on the tissue origin
which might be possible through circulating tumor DNA
(ctDNA), given the distinct differences in the patterns of
somatic alterations between different tumor types.

Until now, several groups worked on developing tests
for the early screening of different types of cancer from a
single blood analysis. We listed in 7able 1 the most useful
and efficient screening tests. For CRC for example, many
groups have studied the screening or diagnostic relevance
of different cfDNA parameters, and several reports were
focused on the detection of methylated Septin9 in the
plasma which was found to be significantly higher in patients
with CRC than in patients with no evidence of disease (17),
making it a potential biomarker for this type of cancer
(33,34). The Epi proColon® (Epigenomics AG Corporation,
Berlin, Germany), based on a real-time polymerase chain
reaction (PCR) detection of methylated Septin9 from
blood, is the only commercially available blood based DNA
hypermethylation screening test for CRC (32) and is so
far the best among the commercial blood-based cancer
detection assays. The test discriminated between patients
with CRC and healthy controls with a sensitivity of 75-81%
and a specificity of 96-99%. Other studies were intended
to evaluate, in the plasma, different hypermethylated DNA
promoter regions and genes (37) previously found to be
CRC specific. The highest area under the curves (AUCs)
achieved were 0.85 for a test combining seven promotors
along with age and gender (35). In addition, an age-adjusted
panel of four cell-free nucleosomes was developed by
Volition and it provided an AUC of 0.97 (0.87 if not age-
adjusted) for the discrimination between CRC patients and
healthy controls (Table I). It showed high sensitivity for
early stages (75 and 86 at 90% specificity for stages I and II,
respectively). A second combination of four cf-nucleosome
biomarkers provided an AUC of 0.72 for the discrimination
of polyps from the healthy group (31).

The diagnostic potential of cfDNA was also examined
in other types of cancer (43), and cfDNA levels were
studied (38). For instance, quantitative analysis in lung
cancer (Table 1) showed increased levels of ¢fDNA in cancer
patients than in healthy individuals with approximately
a value of 0.88 for areas under the summary receiver
operating characteristic curves (44-47). Similar results were
observed for breast cancer with 78% sensitivity and 83%
specificity (53), and ovarian cancer (54) with a sensitivity of
70% and a specificity of 90%.

Circulating DNA consists not only of nuclear but
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Table 1 cfDNA and cancer screening

Article Journal/date Summary/results

Circulating nucleosomes as Clinical « The levels of 12 epigenetic cell-free nucleosome epitopes were measured in the
new blood-based biomarkers  Epigenetics, May sera of 58 individuals referred for endoscopic screening for CRC

for detection of colorectal 2017 o

«+ For the discrimination of CRC patients from healthy individuals, they developed
an age-adjusted panel of four cell-free nucleosomes. The AUC was 0.97 (0.87 if
not age-adjusted) with a high sensitivity at early stages (sensitivity of 75 and 86 at
90% specificity for stages | and I, respectively). A second combination of four cf-
nucleosome biomarkers provided an AUC of 0.72 for the discrimination of polyps
from the healthy group

cancer (31)

Epi proColon® 2.0 CE: A Molecular % Epi proColon® 2.0 CE consists of the Epi proColon® Plasma Quick Kit (M5-02-001),

Blood-Based Screening Test  Diagnosis and the Epi proColon® Sensitive PCR Kit (M5-02-002) and the Epi proColon® Control

for Colorectal Cancer (32) Therapy, April Kit (M5-02-003) — sufficient quantities of reagents for processing up to 32 samples
2017 including controls, divided between a maximum of four independent test runs

It consists of a real-time PCR detection of methylated Septin9 from blood derived
DNA in bisulfite converted DNA (bisDNA) from 3.5 mL human plasma samples

< It is the only commercially available blood based DNA hypermethylation screening
test for CRC

< The test results do not confirm the presence nor absence of colorectal disease
and it must be evaluated together with other clinical parameters, and positive test
results should be verified by colonoscopy or sigmoidoscopy

K3
o3

Epi proColon® 2.0 CE has been determined to have an estimated 95% limit of
detection (LoD) of 14 pg/mL (95% ClI, 9-19 pg/mL), assessed using the Applied
Biosystems 7500 Fast Dx with SDS v1.4

% Across studies, Epi proColon® 2.0 CE discriminated between patients with
colorectal cancer and healthy controls with a sensitivity of 75-81%; its specificity
for colorectal cancer versus healthy individuals was 96-99%

Performance of a second- Journal of <+ Peripheral blood samples of 135 patients with CRC, 169 with adenomatous polyps,
generation methylated SEPT9  Gastroenterology 81 with hyperplastic polyps, and 91 healthy controls were taken for SEPT9 testing
test in detecting colorectal and Hepatology, using Epi proColon 2.0 test

neoplasm (33) April 2015 # The sensitivity and specificity of SEPT9 for CRC were 74.8% and 87.4%,

respectively, but the sensitivity for advanced adenomas was 27.4%

« SEPT9 was positive in 66.7% of stage |, 82.6% of stage Il, 84.1% of stage Ill, and
100% of stage IV CRCs

< For 177 patients, both SEPT9 and FIT (fecal immunochemical test) were performed
and the sensitivity and specificity of FIT for CRC was 58.0% and 82.4%,
respectively

< SEPT9 showed better performance in CRC detection than FIT, but similar results
were found for advanced adenomas

Prospective evaluation of Gut, February < This study assessed the accuracy of circulating methylated SEPT9 DNA (mSEPT9)
methylated SEPT9 in plasma 2014 for detecting CRC in a screening population
for detection of asymptomatic o

¢+ Blood plasma samples of asymptomatic individuals =50 years old scheduled for
screening colonoscopy [7,941 men (45%) and women (55%), mean age =60 years]
were tested using the first generation of the commercially available Epi proColon
Assay

colorectal cancer (34)

"

% Results from 53 CRC cases and from 1,457 subjects without CRC showed a
standardised sensitivity of 48.2%; for CRC stages |-V, values were 35.0%, 63.0%,
46.0% and 77.4%, respectively for a 91.5% specificity

K3
o

The sensitivity for advanced adenomas was low (11.2%)

Table 1 (continued)
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Table 1 (continued)

Article Journal/date Summary/results

Hypermethylated DNA, a PloS One, July « The article presents a cross-sectional case-control study of 193 CRC patients and
circulating biomarker for 2017 102 colonoscopy-verified healthy controls

colorectal cancer < Thirty DNA promoter regions previously found to be CRC specific were evaluated
detection (35) using methylation specific polymerase chain reaction

% Individual DNA promoter regions could not provide an overall sensitivity above
30% at a reasonable specificity showing that individual hypermethylated DNA
promoter regions have limited value as CRC screening markers

«+ However, the combination of seven hypermethylated promoter regions (ALX4, BMP3,

NPTX2, RARB, SDC2, SEPT9, and VIM) along with the covariates sex and age showed

an optimism corrected AUC of 0.86 for all stage CRC and 0.85 for early stage CRC.

The overall sensitivity was 90.7% at 72.5% specificity using a cut point value of 0.5

Diagnostic and prognostic role International % Using an ALU-based Q-PCR method, the presence and integrity of cfDNA was
of cell-free DNA testing for Journal of assessed in a large cohort of CRC patients (n=114) in comparison to healthy
colorectal cancer patients (36) Cancer, January subjects (n=56) and patients with adenomatous lesions (n=22)

2017 <+ cfDNA concentration and integrity index were increased in CRC patients, and

cfDNA was significantly higher in advanced histopathological stage

« The discriminative capacity between CRC patients on one hand and controls or
adenoma patients on the other hand was moderate for the ALU83 and ALU244
fragment dosage. For ALU83 ROC curves’ AUCs were 0.7105 and 0.77083,
respectively, and ALU244 showed AUCs of 0.7205 and 0.7636, respectively

<+ The methylation profile of the promoters of OSMR and SFRP1 genes was also
evaluated in the cohort and was compared for 25 CRC patients in matched tissue
and plasma. Only three mismatched cases were observed

< A lower methylation quantification was observed in cfDNA than in tissue DNA, but
cfDNA methylation frequency was statistically different in controls, adenoma and
CRC patients and this frequency increased with the histopathological stage of tumor

< The adenoma and CRC patients’ methylated cfDNA showed a higher quantity of

ALU83 and ALU244

% An approach combining the detection of ALU fragments and cancer type-specific
epigenetic alteration, might improve the diagnostic efficiency for CRC

Aberrant Methylation of APC,  Clinical Cancer < The study consists of a retrospective analysis of the methylation status of 10 genes

MGMT, RASSF2A, and Wif- Research, in fresh-frozen tissues and corresponding plasma samples from 243 patients with
1 Genes in Plasma as a October 2009 stage | and Il sporadic colorectal cancer, 276 healthy individuals, and plasma from
Biomarker for Early Detection 64 colorectal adenoma patients using methylation-specific PCR

of Colorectal Cancer (37) < In order to find molecular markers with high sensitivity and specificity, the

methylation score (M score) was used

< Of the 243 colorectal cancer tissues, methylation was detected in 18% for p74,
34% for p16, 27% for APC, 34% for DAPK, 32% for HLTF, 21% for hMLH1, 39%
for MGMT, 24% for RARf2, 58% for RASSF2A, and 74% for Wif-1

< The plasma analysis for cancerous patients and healthy individuals showed that
the M score of any single gene had a sensitivity less than 40% after controlling for
age, sex, and tumor location, but in a model including APC, MGMT, RASSF2A,
and Wif-1 genes, the M score had 86.5% sensitivity and 92.1% specificity when 1.6
was used as a cutoff (AUC =0.927) with a positive predictive value of 90.6% and a
negative predictive value of 88.8%

+ In the plasma of colorectal adenoma patients, the overall M score of the model
(APC, MGMT, RASSF2A, and Wif-1 genes) was found to show a sensitivity of
74.6% and a specificity of 91.3% (AUC =0.864), when 1.8 was used as the cutoff
value, after adjusting for age and sex. The positive predictive value was 71.6% and
the negative predictive value was 93.9%

Table 1 (continued)
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Article Journal/date Summary/results

Liquid Biopsies for Cancer: Journal of < Circulating DNA size profiling might distinguish early from late malignancies, that’s
Coming to a Patient near Clinical Medicine, why it’s being examined for inclusion in a screening blood test for cancer

You (38) January 2017 o

Detection of Circulating Tumor Science

DNA in Early- and Late-Stage  Translational

Human Malignancies (43) Medicine,
February 2014

Circulating DNA: diagnostic PloS One, 2012
tool and predictive marker

for overall survival of NSCLC

patients (44)

<

X3

’0

*

X3

’0

X3

’0

K3
o3

The detection of tumor-specific DNA methylation through a liquid biopsy is another
feasible approach for the development of diagnostic tests for early-stage cancer:

+ Differential methylation levels of three promoters, RASSF1A, CALCA, and
EP300, in the cell-free plasma could detect ovarian cancer from healthy
controls with a sensitivity of 90% and a specificity of 86.7% in a 30-patient
cohort study (39)

+ The methylation of the promoter region of the thrombomodulin gene (THBD)
could differentiate colorectal cancer and control blood samples with a sensitivity
of 71% and a specificity of 80% (40)

+ Several clinical studies have demonstrated the utility of ctDNA-based
biomarkers relative to protein biomarkers

+ The quantification of ctDNA mutants and the detection of their presence/
absence in colon cancer patients after surgery and chemotherapy proved to be
more clinically useful than the cancer embryonic antigen (CEA) test (41)

+ In metastatic breast cancer patients, a study demonstrated an improved
sensitivity for cancer detection of ctDNA over CA 15-3: of 85% vs. 59% (42)

They evaluated the ability of ctDNA to detect tumors in 640 patients with various
cancer types using digital polymerase chain reaction-based technologies

In more than 75% of patients with advanced pancreatic, ovarian, colorectal,
bladder, gastroesophageal, breast, melanoma, hepatocellular, and head and
neck cancers, ctDNA was detected but in less than 50% of primary brain, renal,
prostate, or thyroid cancers

For patients with localized tumors, ctDNA was detected in 73%, 57%, 48%, and
50% of patients with colorectal cancer, gastroesophageal cancer, pancreatic
cancer, and breast adenocarcinoma, respectively

ctDNA was often present in patients without detectable circulating tumor cells,
suggesting that these two biomarkers are distinct entities

In a separate panel of 206 patients with metastatic colorectal cancers, the
sensitivity of ctDNA for the detection of clinically relevant KRAS gene mutations
was 87.2% and its specificity was 99.2%

The study aimed to assess the discriminative capacity and the prognostic value
of the amounts of circulating DNA (cDNA) between NSCLC patients and healthy
individuals

Plasma of 309 individuals (104 cancer patients and 205 healthy controls) were
analysed and the cDNA levels were assessed through a real-time PCR method
targeting the hTERT single copy gene

Increased cDNA levels in NSCLC patients compared to control individuals were
observed and the area under the ROC curve was 0.88 (95% Cl, 0.84-0.92;
P<0.0001)

Lower cut-off values increased the sensitivity of the assay but at the cost of
specificity and vice versa: with a threshold of 20 ng/mL, there is a probability of
illness of 71% when the test is positive (PPV). A DNA cut-off level of >20 ng/mL
differentiated between lung cancer patients and controls with a specificity of 83%
and sensitivity of 79%

A decreased overall survival time was observed in patients presenting high cDNA
levels, when compared to lower cDNA concentrations

Table 1 (continued)
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Table 1 (continued)

Article Journal/date

Summary/results

Value of quantitative analysis  Lung Cancer,
of circulating cell free DNA August 2010
as a screening tool for lung

cancer: a meta-analysis (45)

The diagnostic value of Lung Cancer,
circulating cell free DNA October 2016
quantification in non-small

cell lung cancer: A systematic

review with meta-analysis (46)

The Emerging Role of “Liquid  Current Oncology
Biopsies,” Circulating Tumor  Reports, January
Cells, and Circulating Cell-Free 2017

Tumor DNA in Lung Cancer

Diagnosis and Identification of

Resistance Mutations (47)

Identification of Circulating EBioMedecine,
Tumor DNA for the Early August 2016
Detection of Small-cell Lung

Cancer (52)

Value of circulating cell-free Oncotarget,
DNA analysis as a diagnostic ~ February 2017
tool for breast cancer: a meta-

analysis (53)

>

K3
o3

X3

’0

K3
o3

It consists of a meta-analysis of 10 studies were including 752 lung cancer patients
and 635 healthy controls

Sensitivity, specificity, and other measures of accuracy of circulating DNA assay

in the diagnosis of lung cancer were pooled using random-effects models and
summary ROC curves were used to summarize overall test performance

For quantitative analysis of circulating cell-free DNA in lung cancer screening, the
summary estimates were a sensitivity of 0.80 (95% CI, 0.77-0.83); a specificity of
0.77 (95% Cl, 0.74-0.80); a positive likelihood ratio of 4.54 (95% Cl, 2.66-7.76); a
negative likelihood ratio of 0.28 (95% Cl, 0.19-0.40); and a diagnostic odds ratio of
20.33 (95% ClI, 10.12-40.86)

The AUC was 0.89 (weighted AUC, 0.88), indicating a high level of overall accuracy

The diagnostic value of cfDNA quantification for non-small cell lung cancer (NSCLC)
was estimated in 15 studies with a total of 1,193 patients with lung cancer and 1,059
controls

Pooled results showed 81% sensitivity (95% Cl, 76-84%); 85% specificity (95%
Cl, 77-91%); 23.87 diagnostic odds ratio (95% Cl, 13.37-42.61); and 0.89 for areas
under the summary receiver operating characteristic curves (95% ClI, 0.86-0.92)
Endorsed screening strategies including low-dose CT scans have a low sensitivity
and high false positive rates of >90% as well as low adoption as a practiced
standard of care

The significant difference in DNA concentration in the serum/plasma of lung cancer
patients with healthy controls or patients with benign diseases opened up the
possibility of the use of this biomarker in screening assays (48-51)

Plasma of 51 small cell lung cancer (SCLC) and 123 controls were assessed for the
presence of TP53 mutations

Thirty-one TP53 mutations were detected in the cfDNA of 49% SCLC patients
(85.7% early-stage and 54.1% late-stage) and 18 mutations in 11.4% of non-
cancer controls

The results were replicated in an independent series of 102 non-cancer controls
and showed a comparable proportion of TP53 mutated samples (10.8%) which
suggests that somatic mutations occur in cfDNA among individuals without cancer
diagnosis and causes a serious challenge for ctDNA screening tests development

Allelic fractions of the TP53 mutations were significantly higher in cases than in
controls (P=0.0004)

The objective of this study was to systematically evaluate the diagnostic value of
cfDNA for breast cancer

Twenty-five studies with relevant diagnostic screening were included with 15
quantitative analysis studies and 10 qualitative analysis studies and a total number
of 1,705 histologically diagnosed breast cancer patients, 1,079 healthy controls,
and 234 patients with benign breast diseases

The mean sensitivity, specificity and AUC of the Summary ROC plots for 24 studies
that distinguished breast cancer patients from healthy controls were 0.70, 0.87,
and 0.9314, yielding a DOR of 32.31

For the 14 quantitative analyses of cfDNA for breast cancer diagnosis, the
estimates of sensitivity and specificity were 0.78 and 0.83, respectively. The value
for PLR was 4.83, and NLR was 0.22. The DOR value was 24.40 and AUC 0.9116
The 10 qualitative studies produced 0.50, 0.98, 0.9919, and 68.45, sensitivity,
specificity, AUC and DOR respectively

The specificity, sensitivity, AUC and DOR for eight studies that distinguished
malignant breast cancer from benign diseases were 0.75, 0.79, 0.8213, and 9.49

Table 1 (continued)
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Article Journal/date

Summary/results

Circulating Cell Free DNA PloS One, June
as the Diagnostic Marker for 2016

Ovarian Cancer: A Systematic

Review and Meta-Analysis (54)

Combined circulating tumor Proceedings
DNA and protein biomarker- of the National
based liquid biopsy for the Academy of
earlier detection of pancreatic  Sciences,
cancers (55) September 2017

Direct detection of early-stage Science

cancers using circulating Translational
tumor DNA (56) Medicine, August
2017

< A meta-analysis of nine diagnostic studies published from 2001 to 2014, including
462 ovarian cancer patients and 407 controls was conducted

X3

’0

The summary estimates for quantitative analysis of circulating cfDNA in ovarian
cancer screening showed a sensitivity of 0.70, a specificity of 0.90, a positive
likelihood ratio of 6.60, a negative likelihood ratio of 0.34, a diagnostic odds ratio of
26.05, and an AUC of 0.89

<+ The objective of this study was to combine blood tests for KRAS gene mutations
with carefully thresholded protein biomarkers to determine whether the
combination of these markers was superior to any single marker

<+ Two hundred and twenty-one patients with resectable pancreatic ductal
adenocarcinomas and 182 control patients without known cancer were tested

« KRAS mutations were detected in the plasma of 30% of the patients, and with a
100% concordance with the mutations found in the patient’s primary tumor

+ The combination of KRAS with four thresholded protein biomarkers (CA19-9,
CEA, HGF, and OPN) increased the sensitivity to 64%. Only one of the 182 plasma
samples from the control cohort was positive for any of the DNA or protein
biomarkers (99.5% specificity)

<+ They developed an approach called targeted error correction sequencing (TEC-Seq)
that allows ultrasensitive direct evaluation of sequence changes in circulating cell-
free DNA using massively parallel sequencing, and used it to examine 58 cancer-
related genes encompassing 81 kb

% The analysis of plasma from 44 healthy individuals identified genomic changes
related to clonal hematopoiesis in 16% of asymptomatic individuals but no
alterations in driver genes related to solid cancers were found

2
o

Plasma samples from 194 patients with breast cancer (n=45), colorectal cancer
(n=42), lung cancer (n=65), and ovarian cancer (n=42) were analyzed and the
concentration of cfDNA in plasma from cancer patients (12 ng/mL) was significantly
higher than that observed in healthy individuals (average of 7 ng/mL; P=0.001)

+ The evaluation of 200 patients with colorectal, breast, lung, or ovarian cancer
detected somatic mutations in the plasma of 71%, 59%, 59%, and 68%,
respectively, of patients with stage | or Il disease

< Of the 194 patients analyzed, more than 3/4 of colorectal cancer patients, 2/3
of ovarian cancer patients, and most of the lung and breast cancer patients had
detectable alterations in driver genes

X3

’0

The analysis of mutations in the circulation revealed high concordance with
alterations in the tumors of these patients

Table 1 (continued)
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Table 1 (continued)
Article Journal/date Summary/results
Next-Generation Sequencing  Cell, February <+ For successful cancer screening, a platform that provides direct, sensitive, and

of Circulating Tumor DNA for 2017
Early Cancer Detection (30)

specific measures of cancer and its attributes is needed

% The fraction of tumors that shed detectable levels of ctDNA, by tumor type and

stage, is not well studied. The studies to date have small numbers of samples and
use a variety of measurement techniques that are often not comparable

«»+ ctDNA detection has the potential to be more specific to the presence of the
tumor than other measurements of proteins and metabolites. However, the
implementation of such a test would be technically challenging, since many genes
would have to be simultaneously queried for alterations in order to cover enough of
the known diversity in cancer genomes

<+ While next-generation DNA sequencing technology does enable high degrees of
target multiplexing, the depth of sequencing would also have to be very high to
sample enough ctDNA molecules to reliably measure them in a background of
mostly non-tumor-derived cfDNA

K3
o3

To achieve high clinical specificity, a ctDNA-based screening test must be capable

of distinguishing between the background signal originating from such non-cancer
or pre-cancerous processes and the invasive malignancy of real interest

« An ideal non-invasive screening test would also provide information on the tissue
of origin to streamline the downstream workup, including imaging and tissue
diagnosis. This information may be possible through ctDNA, given the distinct
differences in the patterns of somatic alterations between different tumor types, at
least at a population level

<+ GRAIL is a recently created company, formed to develop ctDNA-based cancer
screening tests. It is conducting a 10,000-plus subject study, called the Circulating
Cell-Free Genome Atlas (CCGA) to create a reference library of the cancer
mutations in the blood for the most common cancers and the background
mutations found in matched healthy subjects. It will be the largest database
on mutations found in the blood of cancer patients. It intends to apply a next-
generation sequencing approach, combining sequencing depth and breadth of
genomic coverage, as well as machine learning, to develop models based on cell-
free DNA for the accurate classification of subjects with and without cancer

<+ The Cancer Moonshot Initiative recently announced the Blood Profiling Atlas
Project, which also aims to compile data on cancer signals in the blood

CRC, colorectal cancer; AUC, area under the curve; PCR, polymerase chain reaction; Q-PCR, quantitative polymerase chain reaction;
ROC, receiver operating characteristic; DOR, diagnostic odds ratio; PLR, positive likelihood ratio; NLR, negative likelihood ratio.

mitochondrial DNA (mtDNA). Other studies have been
published on the clinical significance of mtDNA levels
and integrity in the peripheral blood in different types of
cancer (Table 2) such as lung (57,58), breast (59), colorectal
(60,61), non-Hodgkin lymphoma (62), and others (63-70).
At this time, published data are discordant and it is impossible
to draw any conclusion. The lack of pre-analytical and
analytical studies on circulating cell-free mtDNA could explain
in part this discordance, since it is poorly characterized and
little is known about its structural properties.

© Translational Cancer Research. All rights reserved.
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Circulating tumor cells (CTCs)

The discovery of cells released in the bloodstream or
escaping from the tumor is of primary importance and
has led to intense research for about 20 years. CTCs
are incredibly hard to isolate and do not always indicate
genetically cancerous cells. The value of CTCs in
diagnosing different types of cancers has been also assessed
in several studies (7zble 3) (71,72). In lung cancer for
example (78), Tanaka er 4l. showed that CTC enumerations
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Table 2 Mitochondrial DNA and cancer screening

Article Journal/date Summary/results
Mitochondrial DNA Carcinogenesis, % The association of mtDNA copy number and lung cancer risk was assessed in 227
copy number and May 2010 prospectively collected cases and 227 matched controls

lung cancer risk in a
prospective cohort
study (57)

Pre-diagnostic Oncotarget,
leukocyte mitochondrial March 2016
DNA copy number and
risk of lung cancer (58)

Mitochondrial DNA PloS One, June
Copy Number Is 2013
Associated with Breast

Cancer Risk (59)

Mitochondrial Copy Cancer

Number Is Associated  Epidemiology,

with Colorectal Cancer Biomarkers &

Risk (60) Prevention,
September 2012

There was evidence that the risk of lung cancer increased in a dose-dependent manner
with mtDNA copy number (ptrend 5 0.008)

The association between mtDNA copy number and lung cancer risk was evident among
heavy smokers (=20 cigarettes per day), but not light smokers (<20 cigarettes per day),
however, the interaction between mtDNA copy number and smoking was not significant

This study consists of a prospective investigation, using a Q-PCR based assay, of the
relationship between mitochondrial DNA copy number (mtCN) and the risk of lung cancer in
463 case-control pairs from the the Nurses’ Health Study (NHS) (285 cases and 285 controls)
and the Health Professionals Follow-Up Study (HPFS) (178 cases and 178 controls)

Current heavy smokers (>24 cigarettes/day) had significantly lower mtCN compared with
never smokers (P=0.05)

No overall association was observed between mtCN and lung cancer risk

Compared to the high log_mtCN group, the risk of lung cancer was 1.29 (95% ClI, 0.89-
1.87) for the median group, and 1.11 (95% ClI, 0.75-1.64) for the low group

Among current smokers, compared to participants with high levels of log_mtCN, those
with median levels had a significantly higher risk of lung cancer (OR =2.09; 95% Cl,
1.12-3.90), but not those with low levels (OR =1.37; 95% ClI, 0.75-2.48)

The interaction between mtCN and smoking status on lung cancer risk was not significant

The association between mtDNA copy number in peripheral blood and breast cancer
risk was studied in 183 breast cancer cases with pre-diagnostic blood samples and 529
individually matched controls

The relative quantification of mtDNA copy number to nuclear DNA, was positively
associated with breast cancer risk overall (P for trend =0.01)

Relative mtDNA copy number was associated with breast cancer risk only among those
women from whom a blood sample was collected within 3 years of breast cancer diagnosis

No association was observed between mtDNA copy number and breast cancer risk
among women who donated a blood sample >3 years prior to breast cancer diagnosis (P
for trend =0.41)

MtDNA copy number was negatively correlated with time to breast cancer diagnosis
(r=20.15; P=0.048)

The association between mtDNA copy number in peripheral blood and colorectal cancer
risk was studied in 422 colorectal cancer cases (168 cases with pre-diagnostic blood and
254 cases with post-diagnostic blood) and 874 controls who were free of colorectal cancer

After measuring the relative mtDNA to nuclear DNA copy number using real-time PCR, a
U-shaped relationship between the relative mtDNA copy number and colorectal cancer
risk was observed

Compared with the 2nd quartile, the OR (95% ClI) for subjects in the lowest and highest
quartiles of relative mtDNA copy numbers were 1.81 (1.13-2.89) and 3.40 (2.15-5.36),
respectively (P curvilinearity <0.0001)

This U-shaped relationship was present in both men and women, similar for colon cancer
and rectal cancer, and independent of the timing of blood draw with regard to cancer
diagnosis

Table 2 (continued)
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Article

Journal/date

Summary/results

Association between
mitochondrial DNA
content in leukocytes
and colorectal cancer
risk (61)

A prospective study
of mitochondrial DNA
copy number and
risk of non-Hodgkin
lymphoma (62)

Diagnostic and
prognostic potential
of circulating cell-
free genomic and
mitochondrial DNA
fragments in clear cell
renal cell carcinoma
patients (63)

Circulating
Mitochondrial DNA
Level, a Noninvasive
Biomarker for the Early
Detection of Gastric
Cancer (64)

Cancer, July 2011

Blood, November
2008

Clinical Chimica
Acta, January
2016

Cancer
Epidemiology,
Biomarkers &
Prevention,
November 2014

mtDNA content was measured in peripheral blood lymphocytes of 320 CRC patients and
320 controls by Q-PCR

mtDNA content was significantly higher in cancer patients than in controls, and high
mtDNA content was associated with a significantly increased CRC risk

mtDNA copy number was analysed in peripheral white blood cells of 104 males with non-
Hodgkin lymphoma (NHL) and 104 control

The results showed that a dose-response relationship exists between mtDNA copy
number and NHL risk, with the most pronounced effect for chronic lymphocytic leukemia
(CLL)/small lymphocytic lymphoma subtype (SLL)

CfDNA was extracted from EDTA plasma of healthy people (n=40), non-metastatic (n=145)
and metastatic (n=84) clear cell renal cell cancer (RCC) patients using the QlAamp
Circulating Nucleic Acid Kit

Genomic and mitochondrial cfDNA concentrations were determined using gPCR of
different cfDNA fragments (67-306 bp) (target: APP for nuclear DNA)

Genomic cfDNA fragments of APP with 67 bp (APP-1) and 180 bp (APP-2) as well as of
Alu sequences with 79 bp (SINE-1) and 248 bp (SINE-2) were not different between the
controls and non-metastatic RCC patients, but metastatic RCC patients showed lower
concentrations of the long 306 bp APP-3 fragment compared to the controls

Significantly higher concentrations of the short APP-1 in comparison to APP-2 and APP-3
were found in the RCC groups

Increased mitochondrial cfDNA concentrations in metastatic RCC in comparison to
controls and non-metastatic RCC were observed with a decreased integrity index

The cfDNA integrity indices decreased from controls to metastatic patients

An AUC >0.75 was observed for predicting recurrence-free survival and overall survival
with concordance indices >0.80

MtDNA in peripheral leukocytes of 28 patients with non-atrophic gastritis (NAG), 74
patients with gastric cancer, and 48 matched asymptomatic controls was measured by
quantitative real-time PCR assay. In parallel, the serologic level of IL8 was determined

Mean mtDNA level was higher in patients with gastric cancer (P=0.0095) than in controls,
with values >8.46 significantly associated with gastric cancer (OR =3.93)

Three ranges of mtDNA values were identified: interval | <2.0, interval Il 2.0-20, interval Il
>20

Interval | included mainly NAG cases, and few gastric cancer samples and interval lll
corresponded almost exclusively to patients with gastric cancer. All controls fell in interval
II, together with some NAG and gastric cancer cases

IL8 levels were significantly higher in patients with gastric cancer (P<0.05), with levels >
50 pg/mL observed exclusively in patients with gastric cancer, allowing to distinguish
them within interval Il

mMtDNA results validated in a second cohort of patients: mtDNA was significantly higher
in gastric cancer than in patients with preneoplasia

Table 2 (continued)

© Translational Cancer Research. All rights reserved.

tcr.amegroups.com Transl Cancer Res 2018;7(Suppl 2):S105-S129



S116

Table 2 (continued)

Tanos and Thierry. Cancer screening with liquid biopsy

Article Journal/date Summary/results
Cell-free Circulating Archives « ccf-mtDNA copy number in serum samples obtained from 25 patients with Ewing’s
Mitochondrial DNA in of Medical sarcoma (EWS) as well as 20 age-matched individuals were detected by quantitative real-

the Serum: A Potential
Non-invasive
Biomarker for Ewing’s
Sarcoma (65)

Cell-free circulating
mitochondrial DNA
content and risk

of hepatocellular
carcinoma in patients
with chronic HBV
infection (66)

A prospective study
of mitochondrial DNA
copy number and the
risk of prostate
cancer (67)

Research, July
2012

Scientific
Reports, April
2016

Cancer Causes
& Control, June
2017

time PCR assays using mtDNA 16s RNA-specific primers to amplify a 79-bp fragment

The quantification of ccf nuclear DNA was determined by amplifying a 97-bp fragment of
the house-keeping gene GAPDH

Levels of ccf-mtDNA in the serum of EWS patients were significantly lower than in healthy
controls with a sensitivity =76.1%, a specificity =68.4% and an AUC =0.708

Serum levels of ccf-mtDNA were associated with the status of tumor metastasis

This study aimed to determine circulating mtDNA content in serum samples from 116 HBV
related hepatocellular carcinoma (HCC) cases and 232 frequency-matched cancer-free HBV
controls, and evaluate the retrospective association between mtDNA content and HCC risk

The relative mtDNA content was measured by gRT-PCR in which the ratio of the copy
number for mitochondrial ND1 gene to the copy of a human single copy gene 36B4 was
used to determine the relative mtDNA content

HCC cases had significantly lower circulating mtDNA content than controls (1.06 versus
2.47, P=0.000017)

Patients with a lower level of serum mtDNA content (<2.47) exhibited a significantly
increased HCC risk with a crude OR of 2.22 (95% ClI, 1.39-3.56; P=0.00087) in univariate
analysis and an adjusted OR of 2.19 (95% Cl, 1.28-3.72, P=0.004) in multivariate analysis
adjusting for age, gender, smoking status, drinking status, family history of cancer, and
cirrhosis, compared to those with a higher mtDNA content (>2.47)

Using the patients with the highest level of mtDNA content as reference, patients with
lower levels of mtDNA content showed significantly increased HCC risk in a dose-
dependent manner in both univariate and multivariate analyses (P for trend =0.00016, and
0.001, respectively)

When mtDNA content was added to multivariate analysis adjusting for age, gender,
smoking status, drinking status, family history of cancer, and cirrhosis, the AUC of the
ROC curve significantly increased from 0.7133 to 0.7511 (P=0.046)

The AUC was 0.8020 in the multivariate model including demographic variables plus AFP,
and the AUC significantly increased to 0.8498 after adding mtDNA to the model (P=0.032).
Similar results were found in the models including each of the liver enzymes which
showed that mtDNA provided additional diagnostic value when jointly used with AFP or
common liver enzymes

Seven hundred and ninety-three cases and 790 men control were assessed to evaluate
the association between pre-diagnosis mtDNA copy number, measured in peripheral
blood leukocytes, and the risk of prostate cancer (PCa)

Overall, no significant difference of the median mtDNA copy number between cases and
controls

When the results were stratified by disease aggressiveness, a positive association was
found with increasing mtDNA copy number for non-aggressive disease (OR =1.29, P=0.044)
but not aggressive PCa (OR =1.02, P=0.933), though a Wald test for heterogeneity of the
coefficients for mtDNA copy number was not statistically significant (P=0.334)

Among controls, higher mitochondrial DNA copy number was associated with an
increased PSA level (P=0.014)

Increasing mitochondrial DNA copy number was associated with an increased risk of non-
aggressive prostate cancer with high (=4.0 ng/mL) PSA at diagnosis (OR =1.32, P=0.037),
but not low PSA at diagnosis (OR =1.16, P=0.527)

Table 2 (continued)
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Article Journal/date Summary/results

Lower mitochondrial Molecular < MtDNA copy number was measured in peripheral blood leukocytes (PBLs) from 139
DNA copy number Carcinogenesis, endometrial cancer patients and 139 age-matched controls to determine the association
in peripheral blood June 2016 of mtDNA copy number with the risk of endometrial cancer

leukocytes increases
the risk of endometrial

cancer (68) (P<0.001)

% The normalized mtDNA copy number was significantly lower in endometrial cancer
cases (median, 0.84; range, 0.24-2.00) than in controls (median, 1.06; range, 0.64-1.96)

«»+ Dichotomized into high and low groups based on the median mtDNA copy number value

in the controls, individuals with low mtDNA copy number had a significantly increased risk
of endometrial cancer (adjusted OR, 5.59; 95% Cl, 3.05-10.25; P<0.001) compared to
those with high mtDNA copy number

Circulating BJU International, <+ The diagnostic and prognostic value of the quantification and the integrity of cell-free
mitochondrial DNA in July 2009 mtDNA was studied in the serum of 74 patients with testicular cancer and 35 healthy
the serum of patients individuals
\év;r:::(t:'gr:g :ir(::/el « mtDNA levels were significantly higher in cancer patients than in controls with a

) ) ) . distinguishing sensitivity of 59.5%, a specificity of 94.3% and an AUC of 0.787
noninvasive diagnostic
biomarker (69) < No difference in the mtDNA integrity was observed between patients and healthy

individuals

Circulating Urologic <+ The serum of 84 bladder cancer, 33 renal cell carcinoma, 23 prostate cancer patient and
mitochondrial DNA Oncology: 79 healthy individual, was analyzed for cell-free circulating mtDNA levels and integrity
|n' serumf a u.nlversal Sem/ne{rs' < The results showed a significant increase in circulating mtDNA levels in cancer patients
diagnostic biomarker and Original compared to healthy controls (84% sensitivity and 97% specificity)
for patients with Investigations,
urological July 2012 <+ mtDNA integrity was increased in renal cell carcinoma and bladder cancer compared to

malignancies (70)

healthy individuals and prostate cancer patients

» A correlation was also observed between mtDNA integrity and pathological stage in renal

cell cancer on one hand, and tumor grade in bladder cancer on the other hand

Q-PCR, quantitative polymerase chain reaction; CRC, colorectal cancer; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; OR, odds

ratio; AUC, area under the curve; PSA, prostate-specific antigen.

had an inadequate discriminating potential between patients
with lung cancer and nonmalignant disease [AUC =0.598
(P=0.122)] (73). But on the other hand, other groups showed
that a CTC count of more than 25 had a high sensitivity
(89%) and specificity (100%) for the differentiation between
benign and malignant disease (74), and a cut-off threshold of
8.7 folate receptor-positive-CTC units between the control
group and patients with lung cancer presented an AUC of
0.7956 (sensitivity =77.7% and specificity =89.5%) (75).
CTCs were also detected in patients with chronic obstructive
pulmonary disease (COPD) (Table 3), a risk factor for lung
cancer, without clinically detected lung cancer (76), in
addition CTCs number was higher in patients with stage IV
NSCLC compared with patients with stage IIIB (77).
While technology to capture and profile CTCs has
advanced rapidly, the complexity and the weak analytical

© Translational Cancer Research. All rights reserved.
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signal may limit clinical utility relative to ctDNA-based
methods (38). Initial studies, such as that performed by
Diaz et al., suggest that when both ctDNA and CTCs were
present, ctDNA fragments outnumbered CTCs by 50 to
1 (79) providing a much higher analytical signal.
Nonetheless, CTCs do not have the disadvantage of
the necessity to measure very small amounts of mutated
fragments in the plasma due to the important release of wild
type cfDNA in some patients whose tumors are invaded by
a tumor microenvironment in a large proportion (>90% of
the cells). In a recent trial of lung cancer patients, ctDNA
outperformed CTCs for detection of the KRAS mutation,
revealing sensitivities of 96% and 52%, respectively (80).
Very recently, there has been a certain enthusiasm for single
cell analysis which might be of importance for screening,
since this approach is technically feasible. The results
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Table 3 CTCs and cancer screening

Article Journal/date Summary/results

Circulating tumour cells British Journal <+ Blood was collected prospectively from 100 pre-treated patients [28 with non-

as a biomarker of Cancer, June adenocarcinoma diagnosis and 72 with pancreatic ductal adenocarcinoma (PDAC)], and
for diagnosis and 2016 samples were evaluated for the presence and number of CTCs using the microfluidic
staging in pancreatic NanoVelcro CTC chip

71
cancer (71) < KRAS mutation analysis was used to compare the CTCs with primary tumor tissue

< In five patients tested: 100% concordance for KRAS mutation subtype between primary
tumor and CTCs

% The presence of CTCs was observed in 54/72 patients with confirmed PDAC with a
sensitivity =75.0%, a specificity =96.4% and an AUC =0.867)

% Using a cut-off of =3, CTCs in 4 ml of blood were able to discriminate between local/
regional and metastatic disease (AUC =0.885)

The prognostic and Oncotarget, June < Based on the published results of 30 different studies with a total of 2,161 urothelial
diagnostic value of 2017 cancer patients, the prognostic and diagnostic value of CTCs in urothelial cancer was
circulating tumor cells assessed

in bladder cancer and
upper tract urothelial
carcinoma: a meta-
analysis of 30 published
studies (72)

< Concerning the diagnostic accuracy of CTC detection, the overall sensitivity and
specificity were 0.35 and 0.97 respectively with significant heterogeneity (°=89.40% and
89.71%), with a pooled positive likelihood ratio (PLR) and negative likelihood ratio (NLR)
of 11.2 and 0.67 respectively. The diagnostic odds ratio (DOR) was 17 and the summary
ROC curve (sROC) for the included studies which reflects the global summary of test’s
performance showed an AUC of 0.70, so a moderate accuracy of the diagnostic test

Circulating tumor cell Clinical Cancer < The role of CTC counts in the discernment between primary lung cancer and

as a diagnostic marker Research, nonmalignant diseases was examined in a cohort of 150 patients clinically suspected

in primary lung November 2009 to have or with a diagnosis of primary lung cancer (125 primary lung cancer and 25 with
cancer (73) nonmalignant disease)

« Thirty point six percent of lung cancer patients and 12% of patients with nonmalignant
disease had detectable CTCs

< CTC enumerations were higher in lung cancer patients, but ROC curve analysis
demonstrated an inadequate potential of the CTC counts to discriminate between
patients with lung cancer and nonmalignant disease [AUC =0.598 (P=0.122)]

Circulating tumor cells  The Annals of + CTCs were evaluated from potential lung cancer patients to predict the malignancy of
in diagnosing lung Thoracic Surgery, lung lesions
cancer: clinical and June 2015

< CTCs were isolated by size method from peripheral blood of 77 patients with malignant
(n=60) and benign (n=17) lung lesions. They were morphologically classified as cells with
malignant feature, cells with uncertain malignant feature, and cells with benign feature,
then statistically correlated with clinicocytopathologic characteristics of corresponding
lung lesion

morphologic
analysis (74)

< A CTC count of >25 had high sensitivity and specificity for the differentiation between
benign and malignant disease (sensitivity =89% and specificity =100%)

< Isolated CTCs shared similar histology and morphological features (72%) with biopsy
samples

+ In tested stage | patients (42%), the numbers of CTCs correlated with tumor size (P=0.001)

Table 3 (continued)
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Table 3 (continued)
Article Journal/date Summary/results
Clinical Significance Journal of % Folate receptor (FR)-positive circulating tumor cells (FR+CTCs) were detected by a novel

of Folate Receptor-
positive Circulating
Tumor Cells Detected
by Ligand-targeted

Cancer, 2017

ligand-targeted polymerase chain reaction (LT-PCR) detection technique

« FR+CTC levels of patients with lung cancer were significantly higher than controls (patients
with benign lung diseases and healthy controls)

Polymerase Chain < A cut-off threshold of 8.7 CTC units was established between control group and patients

Reaction in Lung
Cancer (75)

RS

with lung cancer with an AUC =0.7956, a sensitivity =77.7% and a specificity =89.5%

« Compared with established clinical biomarkers [CEA, cytokeratin 19 fragment

(CYFRA21-1), and neuron-specific enolase (NSE)], FR+CTC showed the highest
diagnostic efficiency (highest AUC), so a combination of FR+CTC, CEA, NSE, and
CYFRA21-1 could significantly improve the diagnostic efficacy in differentiating patients
with lung cancer from benign lung disease

“Sentinel” circulating
tumor cells allow early
diagnosis of lung
cancer in patients with
chronic obstructive

October 2014

PloS One, <+ Chronic obstructive pulmonary disease (COPD) is a risk factor for lung cancer;

< This study aimed to examine the presence of CTCs, in complement to CT-scan, in COPD
patients without clinically detectable lung cancer as a first step to identify a new marker
for early lung cancer diagnosis

pulmonary disease (76) % The presence of CTCs was examined by an ISET filtration-enrichment technique, for 245
subjects without cancer, including 168 (68.6%) COPD patients, and 77 subjects without
COPD (31.4%), including 42 control smokers and 35 non-smoking healthy individuals

% The presence of CTCs in 5 out of 168 COPD patients predicted the appearance of lung
nodules 1-4 years after initial detection of CTCs

< No CTCs were detected in control smoking and non-smoking healthy individuals

<+ CTCs can be detected in patients with COPD without clinically detectable lung cancer

cancer

Evaluation and
Prognostic Significance Oncology, April
of Circulating Tumor 2011

Cells in Patients With

Non-Small-Cell Lung

Cancer (77) detected)

% Monitoring “sentinel” CTC-positive COPD patients may allow early diagnosis of lung

Journal of Clinical < The detection as well as the prognostic significance of CTCs were assessed in 101 stage
Il or IV NSCLC patients

% The CTCs number was higher in patients with stage IV NSCLC (n=60; range, 0-146)
compared with patients with stage IlIB (n=27; range, 0-3) or lllA disease (n=14; no CTCs

< In univariate analysis, progression-free survival was 6.8 vs. 2.4 months with P<0.001, and

overall survival (OS) was 8.1 vs. 4.3 months with P<0.001 for patients with fewer than five
CTCs compared with five or more CTCs before chemotherapy, respectively

RS

% In multivariate analysis, CTC number was the strongest predictor of OS [hazard ratio (HR),

7.92; 95% Cl, 2.85-22.01; P<0.001], and the point estimate of the HR was increased with
incorporation of a second CTC sample that was taken after one cycle of chemotherapy
(HR, 15.65; 95% Cl, 3.63-67.53; P<0.001)

CTC, circulating tumor cell; AUC, area under the curve; NSCLC, non-small cell lung cancer.

on this subject are, for the moment, little discussed or
not convincing (81). In addition to the paucity of CTCs’
number in blood, one of the major drawbacks of CTC
analysis would be the necessity of an immediate processing
(within a half day), while it would be up to 5 days for
cfDNA analysis with full blood stabilizing tubes (Zuble 3).
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Nevertheless, CTCs are more related to the liquid
biopsy terminology and intrinsically more powerful since
determination of cellular markers may be combined to the
genetic information in the same blood sample, and they
are rather of relevance for real-time diagnosis of cancer
progression.
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Other molecular circulating biomarkers

Other circulating biomarkers were investigated for the early
detection of cancer (Table 4). The diagnostic relevance of
circulating cell-free microRNAs (miRNAs) was studied in
the blood of patients with different types of cancer (96). A
study showed that tumor-associated circulating miRNAs
are elevated in the blood of breast cancer patients and
associated with tumor progression (82). A multivariable
signature of nine circulating miRNAs was validated and
it provided a high discrimination between breast cancer
patients and healthy controls with a corresponding AUC
of 0.665 (83). Other circulating miRNA signatures were
identified for the early diagnosis of lung malignancies (84).

Another study suggested, for breast cancer, that the
presence of circulating cancer-associated macrophage
like cells might have a utility as a screening tool and may
differentiate patients with malignant disease, benign breast
conditions, and healthy individuals (92). Tumor educated
platelets (TEPs) are another studied circulating biomarker
and it was shown that TEPS mRNA profiles can be used
to distinguish between healthy donors and cancer patients
(93,94) (1uble 4).

New avenues for molecular cancer screening
tests based on cfDNA analysis

Genetic alteration profile

Based on the assumption that early-detection coupled with
early treatment would be key to saving lives, liquid biopsies
also have the potential to allow physicians to identify
patients whose tumors have specific mutations in the least
invasive way possible. Several attempts were made towards
this goal especially with the use of sophisticated Next-Gen
sequencing methods applied on circulating DNA. Thus,
the group of Velculescu recently evaluated this strategy on
138 patients with early tumors and it successfully identified
the early-stage cancer in more than half of the patients
using targeted error correction sequencing (TEC-Seq) (56).
cfDNA analysis was used to detect the return of cancers
after treatment. Authors noted that 58 genes are typically
associated with breast, lung, ovarian cancer and CRC. Of
the 138 cancers, they could detect 86 stage I and stage 1I
cancers. The genes were sequenced in 100 patients and 82
of them showed the same mutations in blood samples as well
as in the tumor tissue samples. None of 44 tested healthy
patients as control group have cancer-derived mutations. The
limitations of the study/technological strategy is the difficulty
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in identifying the rare DNA from cancers and in showing up
results from other types of genetic alterations or mutations
that a person is born with or develops during his life.

Another study showed that TP53 mutations were also
detected in the plasma of 49% small cell lung cancer (SCLC)
patients with significantly higher allelic fractions in cases
than in controls (52).

Virus genome detection

Dennis Lo’s group very recently described an elegant study
in which the strategy is to detect the Epstein-Barr virus
which is involved in most nasopharyngeal cancer cases,
and to hunt for viral DNA that tumors shed into the blood
in large quantities, rather than rare bits of cancer cells
themselves (97). Viral DNA was found in 1,112 or 5.6% of
a cohort of 20,000 men. Of those, 309 also had the DNA on
confirmatory tests a month later; and, 34 turned out to have
cancer following endoscopy and MRI examinations. More
cases were found at the earliest stage. Only one person who
tested negative on screening developed nasopharyngeal
cancer within a year. Clearly this approach is promising and
prescription appears warranted.

Circulating DNA fragmentation

Our team first observed that (I) shorter circulating DNA
molecules were more abundant in the plasma of CRC
patients relative to healthy individuals; (II) the quantity
of short circulating DNA fragments <145 bp is directly
correlated with ctDNA concentration (98); (III) and that
mutant cfDNA derived from malignant cells is highly
fragmented compared to non-mutant cfDNA (99). Optimal
detection by quantitative PCR (Q-PCR) of c¢tDNA is
obtained with amplicons <100 bp (100) and Atomic Force
Microscopy analysis showed that ¢fDNA fragments from
cancer patient plasma are mostly averaging 135 bp (28).
High discrimination between stage IV CRCs and healthy
individuals was reported when targeting a short amplicon
(63 bp) (28). In another report, we revealed that mutant
cfDNA fragment proportion was much higher than non-
mutant cfDNA below 145 bp size range (99). These
observations were later confirmed by Leszinski er a/., who
showed that DNA integrity was significantly higher in
patients with CRC when compared with healthy controls
and with individuals with benign colorectal diseases
(P=0.005 and 0.006, respectively) (101); and by Jiang er al.
using massively parallel sequencing to study the size profiles
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Table 4 Other molecular circulating biomarkers for cancer screening

Article Journal/date

Summary/results

Circulating microRNAs  Breast Cancer
as blood-based Research,
markers for patients November 2010
with primary and

metastatic breast

cancer (82)

Novel circulating Molecular
microRNA signature as  Oncology, July
a potential non-invasive 2014
multi-marker test in ER-

positive early-stage

breast cancer: A case

control study (83)

Circulating epigenetic ~ Lung Cancer,
biomarkers in lung May 2017
malignancies: From

early diagnosis to

therapy (84)

K3
D

RS
<

RS
<

In the serum of 59 primary breast cancer patients, 30 metastatic patients and 29 healthy
women, the relative concentration of total RNA and of breast cancer-associated miR10b,
miR141 and miR155 were measured

The relative concentrations of total RNA (P=0.0001) and miR155 (P=0.0001) in serum
significantly discriminated primary breast cancer patients from healthy women

miR10b (P=0.005), miR34a (P=0.001) and miR155 (P=0.008) allowed the discrimination
between metastatic patients and healthy controls

The presence of metastases correlated with the levels of total RNA (P=0.0001), miR10b
(P=0.01), miR34a (P=0.003) and miR155 (P=0.002)

For patients with primary breast cancer, individuals with an advanced tumor stage (pT3
to 4) had significantly more total RNA (P=0.0001) and miR34a (P=0.01) in their blood than
patients at early tumor stages (pT1 to 2)

Serum from 48 patients with ER-positive early-stage breast cancer obtained at diagnosis
(24 lymph node-positive and 24 lymph node-negative) and 24 age-matched healthy
controls underwent Global miRNA analysis using LNA-based quantitative real-time PCR
(qRT-PCR)

A signature of miRNAs was subsequently validated in an independent set of 111 serum
samples from 60 patients with early-stage breast cancer and 51 healthy controls and
further tested for reproducibility in three independent data sets from the GEO Database

A multivariable signature, that provided considerable discrimination between breast
cancer patients and healthy controls with P=0.012 and a corresponding AUC =0.665, was
identified. It consisted of nine MiRNAs (miR-15a, miR-18a, miR-107, miR-133a, miR-139-
5p, miR-143, miR-145, miR-365, and miR-425)

No association between miRNA expression and tumor grade, tumor size, menopausal or
lymph node status was observed

The signature was also successfully validated in a previously published independent data
set of circulating miRNAs in early-stage breast cancer (P=0.024)

The hypermethylation of tumor suppressor genes is frequently observed in cancers, and
such epigenetic changes are potential markers for detecting and monitoring tumors

The presence of methylated DNA in the serum or plasma of patients was revealed for
various types of malignancy, including lung cancer (29,85)

Methylated tumor suppressor genes, such as p16INK4A, RARB2, and RASSF1A were
found in the blood of lung cancer patients (86-88)

A profile of 10-serum miRNAs (miR-20a, miR-24, miR-25, mir-145, miR-152, miR-199a-
5p, miR-221, miR-222, miR-223, miR-320) has been identified by analyzing serum
miRNAs from a sample set including 400 NSCLC cases and 220 controls (89)

The miR-183 family (miR-96, miR-182, and miR-183), a group of onco miRs, has been
found to be overexpressed in lung tumors and serum of NSCLC patients (90)

Based on the use of miRNAratios, a mirRNA signature was developed with a potential for
general clinical use. A miRNA signature classified (MSC) algorithm was defined by using
24-miRNA ratios, for prediction, diagnosis, and prognosis of lung cancer. It was able to
reduce false-positive rate of low-dose computer tomography (LDCT), thus improving the
efficacy of LC screening (91)

Table 4 (continued)
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Article Journal/date Summary/results
Circulating Cancer- Cancer The article consists of two related but separate studies:
Associated Epidemiology,

Macrophage-Like Cells Biomarkers &
Differentiate Malignant ~ Prevention, July
Breast Cancer 2016

and Benign Breast

Conditions (92)

RNA-Seq of Tumor- Cancer Cell,
Educated Platelets November 2015
Enables Blood-Based

Pan-Cancer, Multiclass,

and Molecular Pathway

Cancer Diagnostics (93)

% In the first study, circulating cancer-associated macrophage-like cells (CAML) were
isolated from blood samples of patients with known malignant disease (n=41) using
CellSieve microfilters. The prevalence and specificity were compared against 16 healthy
volunteers

3
*

"

A follow-up double-blind pilot study was conducted on 41 women undergoing core-
needle biopsy to diagnose suspicious breast masses. CAMLs were found in 93% of
known malignant patients (average 19.4 cell/sample), but none in the healthy controls.
In subjects undergoing core biopsy for initial diagnosis, CAMLs were found in 88% of
subjects with invasive carcinoma and 26% with benign breast conditions

+ Comparing subjects with benign conditions (n=19, excluding the high-risk noninvasive
lesions) to those with invasive carcinoma (n=17) results in an ROC curve with an
AUC of 0.78 (95% Cl, 0.63-0.92), with a threshold of 1CAML as a positive finding, a
sensitivity =88%, a specificity =74%, a PPV =75%, and a NPV =88%

+ The results showed that all breast cancer subtypes based on ER, PR, and HER2 status
produce detectable levels of CAMLs and that there is not a pronounced effect of tumor
stage or nodal status on the presence of these cells

+ These preliminary pilot studies suggest that the presence of CAMLs may differentiate
patients with malignant disease, benign breast conditions, and healthy individuals, and
therefore have a utility as a screening tool

< MRNA sequencing of 283 platelet samples [healthy donors (n=55) and both treated and
untreated patients with early, localized (n=39) or advanced, metastatic cancer (n=189)]
was conducted to determine the diagnostic potential of Tumor-educated blood platelets
(TEPSs)

% The study includes six tumor types: non-small cell lung carcinoma (NSCLC, n=60),
colorectal cancer (CRC, n=41), glioblastoma (GBM, n=39), pancreatic cancer (PAAD,
n=35), hepatobiliary cancer (HBC, n=14), and breast cancer (BrCa, n=39)

<+ Tumor-educated platelets (TEPs) are implicated as central players in the systemic and
local responses to tumor growth, thereby altering their RNA profile

+ MRNA profiles of tumor-educated platelets are distinct from platelets of healthy
individuals, and they were able to distinguish 228 patients with localized and metastasized
tumors from 55 healthy individuals with a 96% accuracy

<+ Across six different tumor types, the location of the primary tumor was correctly identified
with 71% accuracy

% MET or HER2-positive, and mutant KRAS, EGFR, or PIK3CA tumors were accurately
distinguished using surrogate TEP mRNA profiles

Table 4 (continued)
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Article Journal/date Summary/results

Platelet RNA signatures Cancer and < TEP (tumor-educated platelets): Tumor-associated biomolecules are transferred to

Metastasis
Reviews, July

for the detection of
cancer (94)

platelets resulting in their “education”. External stimuli, such as activation of platelet
surface receptors and lipopolysaccharide-mediated platelet activation, induce specific

2017 splicing of pre-messenger RNAs (mMRNASs) in circulating TEPs. TEPs may also undergo
queue-specific splice events in response to signals released by cancer cells and the
tumor microenvironment such as by stromal and immune cells

patients

RNA

< Platelet mRNA profiles can be used to distinguish between healthy donors and cancer

+ Platelets can sequester extracellular vesicles from cancer cells harboring tumor-specific

< EGFRUVIII, a deletion mutant of the epidermal growth factor receptor (EGFR), is such a

specific tumor RNA which is considered to be present in 30% of glioblastoma tumors.
Traces of this very malignant tumor of the central nervous system could be detected

by RT-PCR of platelets from these patients. The EGFRvIII RNA transcript was detected
with a sensitivity of 80% (4 out of 5 EGFRUVIIl-positive tumors were detected), and a
specificity of 96% (25 out of 26 EGFRvlII-negative tumors were scored as negative). In
addition, microarray analysis discovered an RNA signature that could distinguish between
glioblastoma patients (n=8) and healthy controls (n=12) (95)

RS

+ mRNA sequencing of tumor-educated platelets distinguishes cancer patients from healthy

individuals with 96% accuracy (93)

RNA, ribonucleic acid; ER, estrogen-receptor; LNA, locked nucleic acid; GEO, Gene Expression Omnibus; AUC, area under the curve;
NSCLC, non-small cell lung cancer; NPV, negative predictive value; PPV, positive predictive value; PR, progesterone receptor; LC, lung

cancer.

of hepatocellular carcinoma patient plasma DNA samples at a
single-base resolution in a genome-wide manner (102). Based
upon these observations, various DNA integrity indexes were
evaluated with various efficacies in discriminating healthy and
cancer patients due to the lack of readily standard operating
procedures (69,70), and sufficient tested patient number
(98,99). Only the recent study of Tanos et al. reported
statistically evaluated screening power of a specific DNA
integrity index as determined by a Q-PCR method (103).

This screening strategy is based upon a differential
between cfDNA structure deriving from malignant and
healthy cells rather than on the ¢fDNA sequence. This
would lead to easier implementation, and to lower screening
test cost. Works on circulating DNA size profiling are
ongoing to set Q-PCR and sequencing approaches toward
its inclusion in a screening blood test for cancer.

A test based on circulating mtDNA: the MiTest

We previously showed that the amount of cfDNA may be
a discriminatory factor between healthy subjects and CRC
patients (28) and the receiver operating characteristic (ROC)
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curve analysis revealed an AUC of 0.91 (Figure I). We also
showed that quantifying and associating circulating mtDNA
and nuclear DNA content enables to distinguish cancer
subjects from healthy individuals (103). We determined an
index based on the detection of particular sequences in the
nuclear and mitochondrial genomes. When applied to cell
culture supernatant, a significant difference was observed
between normal and cancer cell lines (Figure 2A), and in
plasma, this index is statistically lower in CRC patients
than that of healthy subjects (Figure 2B,C,D). Our findings
suggest that the MiTest consists of a powerful screening
test for early cancer detection, and studies are ongoing to
combine this marker with other parameters in order to
increase the discriminative potential of the test in large
cohorts of patients and healthy individuals.

Conclusions

Scientists discovered that tumors shed cells and nucleic acids
into the blood circulation more than a century and 70 years
ago, respectively (104,105). These molecules and cells were
more recently found to reveal some of the same information
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P value <0.0001. ¢fDNA, circulating cell-free DNA; ROC, receiver operating characteristic; AUC, area under the curve.
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that tissue biopsies provide (25,106,107). As termed here,
liquid biopsy research has expanded in the last decade,
generating a rapidly growing area of interest in oncology.
Both academic and industry researchers from diverse areas of
expertise are working on many fronts to develop, refine, and
establish clinical uses for liquid biopsy tests (108).

The minimally invasive nature of liquid biopsy for
malignancy without the delay, cost, and risk associated
with tissue biopsy, potentially at a microscopic stage before
radiologic detectability are promising advantages for cancer
screening (38). Several circulating biomarkers are being
investigated, from ¢fDNA, CTCs, circulating miRNAs
and others, for the development of tests for early cancer
detection. Exosomes, containing certain proteins and
nucleic acids, could also be a source of multiple markers of
malignancy which the analysis might be promising for the
development of screening methods (109,110). But a few of
these biomarkers were validated towards clinical practice.
c¢fDNA of nuclear and mitochondrial origin seems to
have an advantage in cancer screening compared to other
biomarkers by showing better efficiency, and at this time,
it appears to possess the characteristics to be more rapidly
implemented. Combining various analysis from blood
sample such as the detection by sequencing of selected
mutations and genes and of protein biomarkers might be an
attractive approach as very recently reported by Cohen ez
al. (111). While high specificity level (99%) and an overall
AUC of 0.91 were observed, their data showed a moderate
sensitivity (varying from 30% to 99% upon cancer types),
and the cost of this multi-parametric analysis could hinder
its routine use as a massive screening test. This approach
should, at least, be considered for populations at risk or for
specific malignant diseases.

It is to be feared or hoped that the worldwide use of a
screening test will be distinguished in two ways: (I) with a test
approved by public health administrations and reimbursed,
followed by a statistically long and rigorous study; and (II)
privately/individually (e.g., pregnancy test) with a moderate
level of performance or evaluation proposed in the near future.

Standardization of the pre-analytical parameters
and better knowledge on the exact origin and structure
of ¢cfDNA would provide the additional step for the
implementation of its analysis. Advancement on
sophisticated Q-PCR methods or Next-Gen sequencing
will inevitably improve reliability of the analytical
performance of the future tests. As indicated by Dennis Lo
of The Chinese University of Hong Kong: “We are brick
by brick putting that technology into place”. Looking forward,
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we may consider that liquid biopsies could add a new
dimension to the cancer screening and diagnosis role of
the primary care physician prior to oncology referral (38).
At least, investigation of liquid biopsy screening power
in tandem with other tests, such as a magnetic resonance
imaging (MRI) is warranted. We envision that liquid
biopsy tests may be used to screen for early-stage cancer in
high-risk individuals, such as those with hereditary cancer
syndromes. Nevertheless, it is crucial to further investigate
these emerging biomarkers. In addition, a combined use of
multiple markers may be a way to achieve more significance
in early cancer detection, and increase the sensitivity and
specificity of the tests. The years to come seem to be
exciting, while universal screening, that constitutes the “holy
grail” in oncology, appears to be accessible.
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