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- Fig. 3 Genetic and epigenetic alterations in four tumor suppressor
pathways. a In cell-cycle regulation, none of the 50 GCs had point
mutations of CDKN2A, whereas 13 GCs had heavy aberrant
methylation of CDKN2A and/or CHFR. b In mismatch repair, 1 GC
had a point mutation of MLHI (arrowhead), and 2 GCs had heavy
aberrant methylation of MLHI. ¢ In the p53 pathway, 19 GCs had
point mutations of TP53 (arrowheads), and 38 GCs had heavy
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aberrant methylation of 1 or more of its downstream genes. When
limited to the genes with moderate or abundant expression in normal
gastric mucosae (shown by hatching), 13 GCs had heavy aberrant
methylation of /IGFBP7. d In cell adhesion, 2 GCs had mutations of
CDH1 (arrowheads), and none of the 50 GCs had heavy aberrant
methylation of CDHI
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regulators, and 4 GCs had point mutations of PIK3CA or
PTPNI1 (Fig. 2b). Regarding the MAPK pathway, none of
the 50 GCs had aberrant methylation of its 1 negative reg-
ulator, and 11 GCs had genetic alterations of ERBB2, FLT3,
or KRAS (Fig. 2¢).

Tumor-suppressive pathways affected by epigenetic
and genetic alterations

We then analyzed tumor-suppressive pathways inactivated
in GCs. Regarding cell-cycle regulation, 13 of the 50 GCs
had heavy aberrant methylation of CDKN2A and/or CHFR,
whereas none of the 50 GCs had point mutations of
CDKNZ2A (Fig. 3a). Regarding mismatch repair, 2 GCs had
heavy aberrant methylation of MLH]I, and 1 GC had a point
mutation (Fig. 3b).

Regarding the p53 pathway, it is known that TP53
itself cannot be methylation silenced because it does not
have a CGI in its promoter region. However, its down-
stream genes with promoter CGIs could be methylation
silenced. Twenty-four downstream genes had promoter
CGIs and 38 GCs had heavy aberrant methylation of 1 or
more of the 24 genes (Fig. 3c). Among the 24 genes,
IGFBP7 was abundantly expressed (signal inten-
sity = 2,071.5) in normal gastric mucosae, and 13 GCs
had its heavy aberrant methylation. Nineteen GCs had
point mutations of 7P53.

Regarding cell adhesion, none of the 50 GCs had heavy
aberrant methylation of CDHI, and 9 GCs had partial
aberrant methylation. At the same time, 2 GCs had its point
mutations (Fig. 3d). Taken together, these results showed
that genes in GC-related pathways were more frequently
affected by epigenetic alterations than by genetic
alterations.

Association between pathway alterations
and clinicopathological characteristics

Associations between the pathway alterations and clinico-
pathological characteristics were analyzed using the data of
41 GCs with clinical information. First, the GCs were
classified into two groups by the presence of genetic or/and
epigenetic alterations of one of the seven cancer-related
pathways (the WNT pathway, the AKT/mTOR pathway,
the MAPK pathway, cell-cycle regulation, mismatch
repair, the p53 pathway, or cell adhesion), and by that of
genetic alterations of oncogenes. Then, from these classi-
fications, those with reasonable statistical power (five or
more in both groups) were selected for the clinicopatho-
logical analysis (namely, alterations of the MAPK path-
way, cell-cycle regulation, and the p53 pathway, and
genetic alterations of oncogenes).

@ Springer

As a clinicopathological factor, first, an association
with prognosis was analyzed by drawing Kaplan-Meier
curves using OS. The prognosis of patients with altera-
tions of the MAPK pathway and genetic alterations of
oncogenes tended to be better than that of patients with-
out such alterations (P = 0.166 and 0.093, respectively;
Fig. 4a,d). In contrast, alterations of cell-cycle regulation
and the p53 pathway did not show any associations
(Fig. 4b,c). Then, associations with other clinicopatho-
logical characteristics (gender, age, histological differen-
tiation, depth of tumor, lymph node metastasis, and
recurrence) were analyzed (Table 2). The presence of
genetic alterations of oncogenes was associated with
lymph node metastasis (P = 0.021). In contrast, altera-
tions of the MAPK pathway, cell-cycle regulation, and the
p53 pathway were not associated with any clinicopatho-
logical characteristics.

Discussion

In this study, we showed (i) that 15 and 21 of the 50 GCs
had genetic alterations of oncogenes and tumor suppressor
genes, respectively, and (ii) that genes in cancer-related
pathways were more frequently affected by epigenetic
alterations than by genetic alterations. When genetic and
epigenetic alterations were combined, all the 50 GCs had
alteration of cancer-related pathways. Although it is still
necessary to confirm that activities of cancer-related
pathways were indeed impaired by these genetic and
epigenetic alterations, all the genes analyzed here were at
least reported to be involved in the pathways. These
pathways were considered to be potential targets for
drugs.

Among the 50 GCs, some GCs had mutations and
amplifications of target genes of molecular-targeted ther-
apy. Three GCs had ERBB2 amplifications and 4 other
GCs had point mutations of genes involved in the AKT/
mTOR pathway. The 3 GCs with ERBB2 amplifications
are expected to respond to trastuzumab, which was shown
to improve survival of patients with HER2 (ERBB2)-
positive advanced GC in the ToGA trial [15]. The 4 GCs
with point mutations of genes involved in the AKT/
mTOR pathway might respond to everolimus, whose
efficacy was shown for renal cell carcinoma [16] and
breast cancer [31]. Clinical trials for GC are in progress
[32,.33]:

Tumor suppressor genes, such as CDHI, CDKN2A, and
MLHI, were inactivated more frequently by epigenetic
alterations than by genetic alterations. In addition, inacti-
vation of negative regulators of the WNT pathway by
epigenetic alterations was observed in all the 50 patients.
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These results showed that epigenetic alterations are
deeply involved in gastric carcinogenesis. Aberrant DNA
methylation can be restored by the DNA-demethylating
drugs 5-azacytidine (azacitidine) and 5-aza-2'-deoxycyti-
dine (decitabine), which are clinically used for patients
with myelodysplastic syndromes [34]. Recently, clinical
trials using DNA-demethylating drugs for solid tumors
have been actively conducted [35], and efficacy was shown
in recurrent metastatic non-small cell lung cancer [36].
There is a possibility that these epigenetic drugs are useful
for the treatment of GCs.

According to a genome-wide analysis of methylated
genes, several hundred to 1,000 genes whose promoter
CGIs are aberrantly methylated are accumulated in
cancers [37]. Expression levels of most of these genes
are absent or very low in normal cells [30]. Most of them
are considered not as drivers of carcinogenesis but as
passengers. Therefore, we separately analyzed TSS200
CGIs of genes expressed in normal gastric mucosae.
These genes are known to frequently include driver
genes in carcinogenesis [38]. DKK3 involved in the
WNT pathway and /GFBP7 involved in the p53 pathway

Survival day from diagnostic date

were expressed in normal gastric mucosae and frequently
methylated in GCs. It is known that downregulation of
DKK3 is correlated with tumor progression [39], and
that /GFBP7 can inhibit cell growth and induce apop-
tosis [40]. These results supported that aberrant meth-
ylation of DKK3 and IGFBP7 was involved in gastric
carcinogenesis.

Patients with genetic alterations of oncogenes had a
significantly smaller number of lymph nodes with metas-
tasis than those without, and their prognosis tended to be
better than those without. Although detailed mechanisms
are unknown, it is known that oncogene mutations are
associated with the CpG island methylator phenotype
(CIMP), and that the prognosis of the CIMP(4) patients
tends to be better than that of the CIMP(—) patients in GCs
[23]:

In conclusion, an integrated profile of genetic and epi-
genetic alterations of GC-related pathways was obtained
using a benchtop next-generation sequencer and a bead
array. The profile is expected to be useful for selection of
molecular-targeted and epigenetic drugs for individual
patients.
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Table 2 Associations between genetic/epigenetic alterations and clinicopathological findings

Variable N Alterations of MAPK P value Alterations of cell cycle P value Alterations of p53 pathway P value Genetic alterations of P value
pathway regulation oncogenes
+ - + - + - + -
Gender 1.000 0.398 0.567 1.000
Male 34 8 26 9 25 29 5 10 24
Female 7 1 6 3 4 7 0 2 5
Age 0.743 0.101 0.436 0.451
Mean £ SD 673+ 112 688 £ 12.0 732+ 122 666+ 112 69.0 +11.8 64.6 £ 11.6 707 £11.7 67.6 £ 11.8
(range) (38-88) (54-88) (38-83) (38-88) (47-76) (54-88) (38-84)
Histological differentiation 0.231 0.494 0.146 0.278
Differentiated 14 5 9 3 11 14 0 6 8
Undifferentiated 27 4 23 9 18 22 5 6 21 )
Depth of tamor 0.088 0.370 0.852 0.230
Tl ' 0 1 1 0 1 0 1 0
T2 9 4 5 2 7 9 0 4 5
T3 14 4 10 3 11 12 2 4 10
T4 17 1 16 6 11 14 3 3 14
Lymph node metastasis 0.070 0.524 0.173 0.021
NO 6 3 3 3 3 6 0 4. 2
N1 73 4 1 6 6 1 3 4
N2 10 1 9 2 8 7 3 0 10
N3 18 2 16 6 12 17 1 5 13
Recurrence 0.441 0.305 1.000 0.084
Negative 25 17 18 9 16 22 3 10 15
Positive 16 2 14 3 13 14 2 2 14

Depth of tumor and lymph node metastasis are based on the 7th edition tumor-node-metastasis classification of the International Union Against Cancer
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ANGPTLA 1s a secreted tumor suppressor that inhibits

angiogenesis

E Okochi-Takada', N Hattori', T Tsukamoto?, K Miyamoto®, T Ando’?, S Ito®, Y Yamamura®, M Wakabayashi', Y Nobeyama'*®

and T Ushijima'

Tumor suppressors with extracellular function are likely to have advantages as targets for cancer therapy, but few are known. Here,
we focused on angiopoietin-like 4 (ANGPTL4), which is a secreted glycoprotein involved in lipoprotein metabolism and
angiogenesis, is methylation-silenced in human cancers, but has unclear roles in cancer development and progression. We found a
deletion mutation in its coiled-coil domain at its N-terminal in human gastric cancers, in addition to hypermethylation of the
ANGPTL4 promoter CpG islands. Forced expression of wild-type ANGPTL4, but not ANGPTL4 with the deletion, at physiological levels
markedly suppressed in vivo tumorigenicity and tumor angiogenesis, indicating that the latter caused the former. Tumor-derived
ANGPTL4 suppressed in vitro vascular tube formation and proliferation of human umbilical vascular endothelial cells, partly due to
suppression of ERK signaling. These showed that ANGPTL4 is a genetically and epigenetically inactivated secreted tumor suppressor

that inhibits tumor angiogenesis.

Oncogene advance online publication, 20 May 2013; doi:10.1038/0nc.2013.174

Keywords: epigenetics; angiogenesis; tumor suppressor; gastric cancer; DNA methylation

INTRODUCTION

Tumor-suppressor genes (TSGs) are somatically inactivated by
genetic and/or epigenetic mechanisms."? Targeting TSGs for
molecular target therapy has been attempted mainly for p53.3*
However, the attempts have not been easy, partly due to the fact
that the p53 gene product is neither a cell surface protein nor a
typical enzyme.” Considering efficient delivery to targets, TSGs
whose products function extracellularly as secreted proteins are likely
to have advantages. So far, secreted frizzled-related proteins are
known as secreted tumor suppressors,®” but few others are known.

As a candidate, we previously identified that angiopoietin-like 4
(ANGPTL4), a member of the angiopoietin-like family, was silenced
by aberrant DNA methylation of promoter CpG islands (CGls)
(methylation-silenced) in human cancers.®® ANGPTL4 is a secreted
glycoprotein, and is involved in lipoprotein metabolism through
inhibition of lipoprotein lipase.’® In contrast, the role of ANGPTL4
in angiogenesis remains controversial.''™"® Likewise, its role in
tumor formation also remains controversial—some reports
suggesting its tumor-suppressive function'?'%'” and others its
oncogenic function.'®2°

Here, we aimed to clarify the role of ANGPTL4 in cancer
development and progression and also in tumor angiogenesis.

RESULTS AND DISCUSSION

Inactivation of ANGPTL4 by epigenetic and genetic mechanisms in
human gastric cancers

ANGPTL4 methylation was detected in 10 of 91 human gastric
cancers (11%) by quantitative real-time methylation-specific PCR

(Figure 1a). The mRNA and protein expression levels of ANGPTL4
in cancers with ANGPTL4 methylation were significantly lower than
those in cancers without methylation (Supplementary Figure S2).
Methylation status did not have any association with clinico-
pathological features, but had a significant association with
Epstein-Barr virus infection status and the presence of the
CGl methylator phenotype?’ (Supplementary Figure S1 and
Supplementary Table S1). In non-cancerous gastric mucosae of
71 gastric cancer patients and gastric mucosae of 58 healthy
volunteers, the methylation level was also quantified. It was
significantly higher in cancer patients than in healthy volunteers
and in individuals with H. pylori infection than in those without
(Figure 1b). This suggested the potential involvement of ANGPTL4
methylation in the formation of an epigenetic field for canceriza-
tion, a predisposed normal-appearing tissue.*?

ANGPTL4 mutation was then analyzed in 89 of the 91 gastric
cancers {due to sample availability), and a somatic 21-bp deletion
in exon 1 was identified in one specimen (cancer #217T) without
ANGPTL4 methylation (Figures 1c and d). ANGPLT4 consists of an
N-terminal coiled-coil domain (CCD) and a C-terminal fibrinogen-
like domain,**** and the 21-bp deletion was located in the CCD
(Supplementary Figure S3). The CCD is reported to be critical for
regulation of the anti-angiogenic activity of ANGPTL4,"® and the
deletion here involved one of the two cysteine residues (Cys76
and Cys80) essential for the activity regulation by
oligomerization 2>2°

Loss of heterozygosity (LOH), which suggests the presence of a
TSG,* was detected in 4 of 16 samples (25%) informative for a ¢/T
polymorphism at the second position of codon 266. The locus of
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Figure 1. Aberrant methylation and a mutation of ANGPTL4 in human gastric cancers, and methylation in non-cancerous gastric mucosae. (a)
ANGPTL4 methylation levels in gastric cancer specimens. Cancer samples were obtained from 91 gastric cancer patients undergoing
gastrectomy with informed consents and approval by the institutional review boards. Some of the samples and methylation data were
obtained from our previous study.®® Quantitative real-time methylation-specific PCR was conducted with sodium bisulfite-treated DNA and
primer sets specific to methylated and unmethylated sequences (Supplementary Table S2). Using a cutoff value of 6% (broken line), as in
previous studies,>*3® 10 cancer specimens were considered to have aberrant methylation. (b) ANGPTL4 methylation levels in gastric mucosae
of 58 healthy volunteers (30 male and 28 female; average age =55 years) and 71 non-cancerous gastric mucosae of gastric cancer patients
(50 male and 21 female; average age = 67 years) obtained by endoscopic biopsy of the antral region. H. pylori infection status was analyzed by
a serum anti-H. pylori IgG antibody test (SRL, Tokyo, Japan), rapid urease test (Otsuka, Tokushima, Japan) or culture test (Eiken, Tokyo, Japan).
The methylation level in gastric mucosae was significantly higher in gastric cancer patients than in healthy volunteers. The mean methylation
level is shown by a horizontal line. *P<0.05, **P<0.01 (the unpaired Welch’s t-test, two-sided). (c) A deletion mutation in a human gastric
cancer specimen. All the seven exons and splice donor/acceptor sites of ANGPTL4 were amplified by PCR (Supplementary Table S2), and the
PCR products were directly cycle sequenced. The sequences of a gastric cancer specimen (217T) and its corresponding non-cancerous tissue
(217N) between nucleotides 385 and 423 are shown. A 21-bp deletion in exon 1 was detected (shown in the gray background).
(d) Confirmation of the deletion mutation using DNA samples obtained from a single tissue section. A 117-bp region encompassing the
deletion was amplified by PCR, and the deletion was detected as a PCR product with a shorter size (96 bp). DNA from the cancer (T1), but not
that from non-cancerous areas (N1 and N2), yielded the shorter product (shown by arrows). T*, genomic DNA extracted from frozen tumor
tissues. If LOH was present in T1, the band intensity ratio was expected to be 1:1 (wild type:deletion mutant) (fraction of cancer cells was
pathologically assessed to be 61-67%). If LOH was not present, it was expected to be 2:1. The ratio observed was ~1:2, and LOH was
considered to be present in T1.

ANGPTL4, 19p13.3, has been suggested to contain TSGs, due to cancer cell lines (MKN28 and AGS) without ANGPTL4 expression
frequent LOH of the region in several types of cancers, such as had methylation of its promoter, and their treatment with 5-aza-
pancreatic and colon cancers.?®=? In addition, two human gastric ~ 2-deoxycytidine (5-aza-dC), a DNA methylation inhibitor,
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Figure 2. The effect of ANGPTL4 and its mutant with the 21-bp deletion on tumor formation. The complementary DNA of wild-type ANGPTL4,
its mutant with the deletion, and EGFP as a control were inserted into a mammalian expression vector plRESpuro3 with the human
cytomegalovirus immediate early promoter (Clontech, Mountain View, CA, USA). Individual vectors were transfected into MKN28 or AGS
gastric cancer cell lines, and transfectants were selected with puromycin (0.3 pg/ml). Athymic nude mice (BALB/cAJcl-nu/nu, CLEA, Tokyo,
Japan) were subcutaneously injected with cells (1 x 107 cells) mixed with an equal volume of Matrigel (BD Biosciences, San Diego, CA, USA). All
the animal experiments were approved by the Committee for Ethics in Animal Experimentation, and conducted in accordance with the
Guidelines for Animal Experiments of the National Cancer Center. (a) Representative photographs of transplanted tumors at 13 weeks (AGS)
and 5 weeks (MKN28). ANGPTL4 markedly suppressed tumor formation, while its mutant with the deletion lacked the activity. (b) Macroscopic
views of the tumors resected at 13 weeks (AGS) and at 5 weeks (MKN28). Introduction of ANGPTL4 markedly suppressed tumor sizes in both
cell lines. The variable degree of suppression in AGS might have been due to the lower ANGPTL4 expression level (Supplementary Figure S5c).
(c) Tumor growth curves after the injection. The volume of tumor (mm?) was calculated by the formula: (length x width?)/2. A timor volume
is shown as a mean£s.d. (N=10 in AGS and N=12 in MKN28). *P<0.05, 'P<0.001 (Student’s t-test).

a b
Control 0.8

=1 [ control
B ANGPTL4
[[JANGPTL4-mut

e
—

o
B

o
[N

Hb content / matrigel (pg/mg)

0.0

Figure 3. For caption see next page.
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Figure 4. In vitro anti-angiogenic activity of tumor-derived ANGPTL4 and its molecular mechanisms. (@) Suppression of vascular tube
formation by ANGPTL4. A conditioned medium was prepared by mixing the medium of subconfluent MKN28 cells expressing control or
ANGPTL4 and the HUVEC medium with VEGF-A (10ng/ml) at 1:2. HUVECs on feeder neonatal normal human dermal fibroblast cells
(Angiogenesis Kit, Kurabo, Osaka, Japan) arrived from the manufacturer on day 0, and the conditioned medium was supplemented on days 1,
4,7 and 9.0n day 11, cells were fixed and endothelial tubes were stained with anti-CD31antibody (BD Pharmingen, San Diego, CA, USA). The
experiment was conducted in triplicate. Scale bars, 50 pm. (b) Quantification of the extent of vascular tube formation, Four parameters were
scored in nine visual fields per well using the angiogenesis quantification software (Kurabo), and all the four parameters were shown to be
suppressed by ANGPTLA4. The results are shown as a meants.d. *P<0.001 (Student’s t-test). (c) Suppression of the HUVEC growth by
ANGPTL4, but not by its mutant with the deletion. HUVECs were seeded at a density of 1 x 10° cells/10-cm dish on day 0, and the conditioned
medium prepared as in a was supplemented on days 1, 3 and 5. The number ‘of cells was counted on day 3 and day 6 by a Countess
Automated Cell Counter (Invitrogen, Carlsbad, CA, USA). Each culture was carried out three times, and the result is shown as a mean£s.d.
*p=84x 1074 *P=55x 1075 (Student’s t-test). (d) The effects of ANGPTL4 and its mutant with the deletion on the cell cycle of HUVECs.
The HUVECs on day 6 of ¢ were stained with propidium iodide, and cell populations in different phases of the cell cycle were determined by a
FACS Caliber flow cytometer (Becton Dickinson, San Diego, CA). S-phase arrest was observed in HUVECs exposed to ANGPTLA4, but not to its
mutant with the deletion. *P<0.05, **P <0.01 (Student’s t-test). () Immunoblot analysis of various signal molecules in HUVECs on day 6 of .
Decrease of pERK1/2 and increase of pMEK1/2 were induced by ANGPTL4 and also by its mutant with the deletion. This was considered
because the deletion mutation affected mainly the interaction between ANGPTL4 and extracellular matrix, which was not necessary for this
analysis. Primary antibodies used include anti-phospho-ERK1/2 (1:100, Cell Signaling Technology, Danvers, MA, USA), anti-total ERK1/2 (1:100,
Cell Signaling Technology), anti-phospho-MEK1/2 (1:1000, Cell Signaling Technology), anti-total MEK1/2 (1:100, Cell Signaling Technology),
anti-p21 (1:200, Cell Signaling Technology), anti-cleaved Caspase-3 (Asp175) (1:200, Cell Signaling Technology), anti-cleaved PARP (Asp214)
(1:200, Cell Signaling Technology) and anti-actin (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Secondary antibodies conjugated to
horseradish peroxidase were obtained from Cell Signaling Technology.

|
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Figure 3. Inhibition of tumor angiogenesis by ANGPTL4, but not by its mutant with the deletion. (a) Macroscopic view of the Matrigel plugs
recovered in the Matrigel plug assay. Matrigel (Matrigel basement membrane matrix high concentration, phenol red-free, BD Biosciences) was
mixed with the MKN28 cells (5 x 10° cells) expressing control, ANGPTL4, or its mutant with the deletion. The Matrigel plug was subcutaneously
injected into 5-week-old female athymic nude mice on day 1, and was recovered on day 10. Marked inhibition of tumor angiogenesis by
ANGPTL4, but not by its mutant with the deletion, was observed. Brown color shows infiltration of blood vessels into the Matrigel plugs. (b)
Hemoglobin content in the Matrigel plugs (N=10). The plugs were homogenized in red blood cell-lysing buffer (Sigma-Aldrich, St Louis, MO,
USA), and the supernatants were measured with Drabkin’s reagent (Sigma-Aldrich) to quantify the hemoglobin content in the plug. The
content is shown as a mean +s.d. (N=10). *2=8.0 x 10~ % **P=12x 10~ % (Student’s t-test).
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demethylated the promoter and restored the ANGPTL4 expression
{Supplementary Figure S4). This showed methylation silencing of
ANGPTL4 in these cell lines.

Marked suppression of in vivo tumor growth by ANGPTL4, but not
by a mutant with the deletion

The function of ANGPTL4, along with its mutant with the deletion,
was examined by stably introducing wild-type or mutant ANGPTL4
complementary DNA into MKN28 and AGS. The expression levels

of the exogenous wild-type ANGPTL4 and its mutant were kept in”

the range comparable to its physiological expression in gastric
mucosae (Supplementary Figure S5a), and expression of ANGPTL4
with the deletion mutation was confirmed by the ampilification of
a shorter size fragment (Supplementary Figure S5b).

Regarding in vitro effects, the ANGPTL4 expression did not affect
cell morphology, motility or cell growth (Supplementary Figures
$6-58). However, in vivo, sizes of engrafted tumors were strikingly
suppressed by the wild-type ANGPTL4, markedly in AGS and
almost completely in MKN28 (Figure 2). In contrast, when the
mutant ANGPTL4 was expressed in MKN28, it did not show any
anti-tumorigenic effect. The presence of ANGPTL4 mRNA and
protein expression in the transplanted tumors was confirmed
(Supplementary Figures S9 and $10). The role of ANGPTL4 in tumor
development and progression: has been highly controversial, but
our data clearly showed that ANGPTL4 suppresses tumor forma-
tion, at least in gastric cancers.

lnhibitior_\ of tumor angiogenesis as a mechanism for tumor
suppression

As a mechanism for tumor suppression by ANGPTL4, anti-
angiogenic activity of tumor-derived ANGPTL4 was examined.
We performed an in vivo Matrigel plug angiogenesis assay to
observe the vascularization that invades into a Matrigel’' using
MKN28 cells with control (EGFP), ANGPTL4, and its mutant with the
deletion. Ten days after subcutaneous transplantation, the
Matrigel plugs containing the control cells showed a high
degree of blood vessel recruitment, as visualized by the high
content of hemoglobin (Figure 3) and by the staining of CD31-
positive vascular endothelial cells (Supplementary Figure S11). In
contrast, the Matrigel plugs containing the ANGPTL4-expressing
cells showed a marked suppression of the blood vessel recruit-
ment. However, ANGPTL4 with the deletion mutation did not have
such activity. The lack of the suppressive effect was in accordance
with a report that the CCD was essential for the interaction with
the extracellular matrix and for its in vivo suppressive activity.'®
These results strongly indicated that the marked anti-angiogenic
activity of tumor-derived ANGPTL4 was the cause of the marked
suppression of tumor growth by ANGPTL4.

Mechanisms for the anti-angiogenic activity of the tumor-derived
ANGPTL4

The mechanisms of how tumor-derived, secreted ANGPTL4 exerts
its anti-angiogenic effect were analyzed. First, we conducted a
vascular tube formation assay using human umbilical vein
endothelial cells (HUVECs). A conditioned medium from
ANGPTL4-expressing cells suppressed vascular tube formation of
HUVECs, as visualized by staining with anti-CD31antibody
(Figure 4a), and all the parameters to assess vascular formation
were markedly suppressed (Figure 4b). This result showed that a
large part of the anti-angiogenic activity of tumor-derived
ANGPTL4 was mediated by the suppression of vascular tube
formation in the tumor microenvironment.

The effect of the conditioned medium on the growth of HUVECs
was then analyzed. The conditioned medium from cells expressing
ANGPTL4, but not that from cells expressing its mutant with the
deletion, suppressed the growth (Figure 4c). Cell cycle analysis
showed that the conditioned medium from ANGPTL4-expressing
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cells significantly increased the number of cells in the S phase,
suggesting that it induced an S-phase arrest (Figure 4d). However,
the amount of p21, a potential inducer of the S-phase arrest,*? was
not increased (Figure 4e). No induction of apoptosis was observed
by western blot analysis of apoptosis-related proteins, cleaved
Caspase-3 and cleaved PARP (Figure 4e), or by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (Supplementary Figure S8).

Finally, the effect of tumor-derived ANGPTL4 on the MAPK
signaling was analyzed. The conditioned medium from the
ANGPTL4-expressing cells clearly inhibited the phosphorylation
of ERK1/2 (pERK1/2) (Figure 4e), and the phosphorylation of its
immediate upstream mediator, pMEK, was in contrast increased.
The conditioned medium from the cells expressing the mutant
with the deletion showed a similar activity to that of the ANGPTL4-
expressing cells. As CCD is not important for the delivery to target
cells in vitro and the fibrinogen-like domain is important for
inhibition of the Raf/MEK/ERK signaling,’’ it was considered that
the deletion mutation did not affect the inhibition activity.

This study demonstrated that ANGPTL4 is a mutated and
methylation-silenced tumor suppressor whose product is secreted
and inhibits angiogenesis. ANGPTL4 mutation (loss-of-function)
was identified for the first time in any type of cancers, and the
anti-angiogenic activity of tumor-derived ANGPTL4 was shown
here also for the first time. These data warrant further research
into utilizing ANGPTL4 as a target of anti-angiogenesis cancer
therapy.
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Abstract

Contamination of normal cells is almost always present in tumor samples and affects their molecular analyses. DNA
methylation, a stable epigenetic modification, is cell type-dependent, and different between cancer and normal cells.
Here, we aimed to demonstrate that DNA methylation can be used to estimate the fraction of cancer cells in a tumor
DNA sample, using esophageal squamous cell carcinoma (ESCC) as an example. First, by an Infinium
HumanMethylation450 BeadChip array, we isolated three genomic regions (TFAP2B, ARHGEF4, and RAPGEFL1) i)
highly methylated in four ESCC cell lines, ii) hardly methylated in a pooled sample of non-cancerous mucosae, a
pooled sample of normal esophageal mucosae, and peripheral leukocytes, and iii) frequently methylated in 28
ESCCs (TFAP2B, 24/28; ARHGEF4, 20/28; and RAPGEFL1, 19/28). Second, using eight pairs of cancer and non-
cancer cell samples prepared by laser capture microdissection, we confirmed that at least one of the three regions
was almost completely methylated in ESCC cells, and all the three regions were almost completely unmethylated in
non-cancer cells. We also confirmed that DNA copy number alterations of the three regions in 15 ESCC samples
were rare, and did not affect the estimation of the fraction of cancer cells. Then, the fraction of cancer cells in a tumor
DNA sample was defined as the highest methylation level of the three regions, and we confirmed a high correlation
between the fraction assessed by the DNA methylation fraction marker and the fraction assessed by a pathologist
(r=0.85; p<0.001). Finally, we observed that, by correction of the cancer cell content, CpG islands in promoter
regions of tumor-suppressor genes were almost completely methylated. These results demonstrate that DNA
methylation can be used to estimate the fraction of cancer cells in a tumor DNA sample.
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Introduction

Contamination of normal cells, such as normal epithelial
cells, fibroblasts, and peripheral leukocytes, is almost always
present in tumor samples. Such contamination influences the
results of cancer genome analyses [1-4], and RNA expression
analysis [5,6]. If the fraction of cancer cells in a tumor DNA
sample can be readily assessed, we can conduct more
accurate analysis by excluding samples with extremely low
tumor cell content, and by normalizing the raw data based
upon the fraction of cancer cells. Traditionally, a fraction of
cancer cells in a tumor sample has been assessed by

PLOS ONE | www.plosone.org

pathological analysis using neighboring sections. However,
preparation of such sections is sometimes difficult or
impossible due to sample availability, and, above all, expert
pathologists are necessary for such analysis.

To overcome these issues, technologies to estimate a
fraction of cancer cells were recently developed using single
nucleotide  polymorphism (SNP) microarray and next
generation sequencing (NGS) [7-10]. With SNP microarray, the
fraction of cancer cells can be calculated by detecting genomic
regions with copy number alterations and measuring the
degree of allelic imbalance using SNPs in the genomic regions
[7-9]. With NGS, tumor-specific mutations can be identified,
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and the fraction of cancer cells can be calculated based upon
the mutant allele frequency [10]. Since these technologies were
originally developed for the analysis of SNPs or mutations, they
suffer from complicated calculation formulae, expensive
reagents, and the necessity of analysing paired normal
samples.

DNA methylation is a stable epigenetic modification, and
some genomic regions are methylated in a cell type-dependent
manner [11-13]. Between cancer and normal cells, many
genomic regions are reported to be differentially methylated in
many types of cancers, and some of them are causally
involved in cancer development and progression [14-18].
Among such differentially methylated genomic regions, some
specific genomic regions may be completely methylated in
cancer cells but yet completely unmethylated in normal cells,
such as normal epithelial cells, fibroblasts, and peripheral
leukocytes. If so, DNA methylation levels of the specific
genomic regions can reflect the fraction of cancer cells in a
sample (Figure 1A), and such estimation of the fraction of
cancer cells using DNA methylation can become a useful
method for cancer studies.

In this study, we aimed to demonstrate that DNA methylation
could be used as a fraction marker for the estimation of a
fraction of cancer cells in a tumor DNA sample, using
esophageal squamous cell carcinoma (ESCC) samples as an
example. To this end, we conducted a genome-wide
methylation analysis to search specific genomic regions
completely methylated in ESCC cells and completely
unmethylated in various normal cells.

Materials and Methods

Ethics Statement

This study was conducted with the approval of the
Institutional Review Board of the National Cancer Center
Hospital, the Osaka City University Hospital, and the National
Taiwan University Hospital. Written informed consents were
obtained from all individuals.

Samples and ESCC Cell Lines

A total of 160 ESCC samples were collected at the National
Cancer Center Hospital, the Osaka City University Hospital,
and the National Taiwan University Hospital. The 160 ESCC
samples consisted of 39 biopsy samples and 121 surgical
specimens. The biopsy samples were derived from 39 patients
who underwent endoscopic biopsy and were diagnosed to
have an ESCC (33 male and 6 female; average age = 63,
range = 30-78). Samples were stored in RNAlater (Applied
Biosystems, Foster City, CA, USA) at -80 °C. The surgical
specimens were derived from 121 patients who were
diagnosed to have a histologically invasive ESCC and had
undergone esophagectomy (98 male and 23 female; average
age = 65, range = 41-82). Among the 121 surgical specimens,
25 specimens were obtained from samples embedded in
paraffin wax block after fixation with formalin or 70% ethanol,
and the other 96 specimens were obtained from samples
stored in RNAlater (Applied Biosystems) after resection.
Additionally, laser capture microdissection (LCM) was
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performed for eight surgical specimens embedded in paraffin
wax block using LM200 (Arcturus, Mount View, CA, USA) as
described [19].

Four ESCC cell lines KYSE30, KYSES0, KYSE220, and
KYSE270 [20] were purchased from Health Science Research
Resources Bank (Osaka, Japan). Genomic DNA was extracted
by using the phenol/chloroform method.

Genome-wide DNA Methylation Analysis

Genome-wide screening of differentially methylated CpG
sites was performed using an Infinium HumanMethylation450
BeadChip array, which covered 482,421 CpG sites (lllumina,
San Diego, CA, USA) as described previously [21]. 11,551
CpG sites on the sex chromosomes were excluded, and the
remaining 470,870 CpG sites were used for the analysis. The
methylation level of each CpG site was represented by a 8
value, which ranged from 0 (completely unmethylated) to 1
(completely methylated).

Methylation-sensitive High Resolution Melting Analysis
(MS-HRMA)

For MS-HRMA, first, 1 ug of DNA digested with BamHI was
treated with sodium bisulfite and suspended in 40 pL of TE

-buffer as described [22]. Second, PCR was conducted using 1

pL aliquot of the sodium bisulfite-treated DNA, primers capable
of amplifying both methylated and unmethylated DNA (Table
S1) [23], SYBR Green | (BioWhittaker Molecular Applications,
Rockland, MD, USA), and an iCycler Thermal Cycler (Bio-Rad
Laboratories, CA, USA). Third, HRMA of the PCR product was
conducted to obtain the melting profile of the PCR product by
plotting the negative derivative of fluorescence over
temperature (-dF/dT vs. T), using the iCycler Thermal Cycler
software (Bio-Rad Laboratories, Ver. 2.1). Finally, the
methylation level of a sample was assessed by comparison of
its melting profile. with those of fully methylated and
unmethylated controls, along with mixtures of 0, 20, 40, 60, 80,
and 100% methylated controls. As a fully methylated control,
genomic DNA treated with Sssl methylase (New England
Biolabs, Beverly, MA, USA) was used. As a fully unmethylated
control, sodium bisulfite-modified DNAs obtained from non-
cancerous esophageal mucosae without methylation of the
analyzed regions was used. '

Genomic DNA Copy Number Analysis

Copy number alterations of the genomic regions were
analyzed by quantitative realtime PCR using an iCycler
Thermal Cycler (Bio-Rad Laboratories) with SYBR green |
(BioWhittaker Molecular Applications). The number of DNA
molecules in a sample was measured for three regions flanking
the candidate genes and control genes [ALB (4q13.3), GAPDH
(12p13) and KCNAT (12p13.32)] located on chromosomal
regions with infrequent copy number alterations. The primer
sequences are shown in Table S2. The number of DNA
molecules of the three candidate genes was normalized fo
those of the control genes. The normalized number of DNA
molecules in a sample was compared with that in human
leukocyte DNA to obtain copy number alterations. All the
analysis was conducted in triplicate. Significant copy number
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Figure 1. Selection processes of specific genomic regions. (A) The concept of estimation of the fraction of cancer cells in a
tumor DNA sample using DNA methylation. (B) Selection of specific genomic regions, which were completely methylated in ESCC
cells and completely unmethylated in various normal cells, by genome-wide methylation analysis using an Infinium
HumanMethylation450 BeadChip array. Fourteen CpG sites were finally selected, and those were derived from 11 genomic regions.
(C) Three genomic regions (TFAP2B, ARHGEF4, and RAPGEFL1) selected as components of a fraction marker. Gene structure
and the location of a CpG island are shown at the top, and the B values of the CpG sites analyzed by the Infinium bead array are
shown. The CpG site identified by the Infinium bead array is boxed by a rectangle with a dotted line. A CpG map around the CpG
site(s) identified is shown at the bottom. Vertical lines {solid and broken) show CpG sites and broken lines show CpG sites whose B
values were measured by the bead array. Closed arrows show primers for MS-HRMA.

doi: 10.1371/journal.pone.0082302.g001
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Table 1. Genomic regions identified by beadchip analysis.

DNA Methylation as a Marker of Tumor Cell Fraction

No. Gene symbol Gene name Chr nt, number Probe D Relation to CpG island Position to gene Incidence?
1 TFAP2B** Transcription factor AP-2 beta 6 50791202 ©g27260772 Island Body 24
. 50791419  ¢g22248052 Island Body 14
SOX20T SOX2 overlapping transcript 3 181438216 cg05513806 S_Shore Body 22
3  ARHGEF4* Rho guanine nucleotide exchange factor (GEF) 4 2 131792772 ¢g13024709 Island Body 20
4 RAPGEFL1* Rap guanine nucleoﬁde exchange factor (GEF)-like 1 17 38347603 cg20668644 Island Body 19
38347968 cg24903006 S_Shore Body 19
38347710  cg00129651 lIsland Body 14
5 GRKT* G protein-coupled receptor kinase 7 3 141516705 cg25640519 S_Shore Body 18
6 - 2 200327334 cg07835424 Island - 18
7 - 2 119607885 cg09385093 Island - 18
Potassium voltage-gated channel, shaker-related subfamily,
8  KCNA3* : 1 111217194 ¢g20302133 Island 1stExon 15
member 3 :
9  BCATT* Branched chain amino-acid transaminase 1, cytosolic 12 25055967 c¢g20399616 Island Body 14
10 KLF16* Kruppel-like factor 16 18 1857004 ©g04998634 Island Body 14
M1 - 1 170630558 ¢g23089825 Island - 14

NOTE: ZIncidence of frequency of hypermethylation (Bvalue > 0.5) in 28 ESCCs. *Primers for HRMA were successfully designed. *Primers for HRMA could not be

designed.
doi: 10.1371/journal.pone.0082302.t001

alterations (gain or loss) were defined as more than a 1.5-fold
increase or less than a 0.67-fold decrease. :

Pathological Analysis of Fraction.of Cancer Cells

From paraffin-embedded surgical specimens, serial slice
sections with 3-um thickness were prepared. One section was
stained with hematoxylin-eosin, and the remaining sections
were used for DNA exiraction. An experienced pathologist (R.
K.) estimated the fraction of cancer cells by microscopic
examination.

Statistical Analyses

The correlation between the fraction of cancer cells
estimated by the fraction marker and that assessed by the
“pathologist was analyzed using Pearson's product-moment
correlation coefficients. A difference in the mean fractions of
cancer cells was analyzed by Student's t test, and the
difference in the variances of the cancer cell fraction was
analyzed by Levene's test. All the analyses were performed
using PASW statistics version 18.0 (SPSS Japan Inc., Tokyo,
Japan), and the results were considered significant when p
values <0.05 were obtained by a two-sided test.

Results

Selection of Specific Regions by Genome-wide
Screening .
Genome-wide methylation analysis was performed using
DNA of i) 28 ESCCs obtained by endoscopic biopsy, ii) four
ESCC cell lines (KYSE30, KYSES0, KYSE220, and KYSE270),
iii) peripheral leukocytes of one healthy volunteer, iv) a pool of
normal esophageal mucosae of four healthy volunteers, and v)
a pool of non-cancerous esophageal mucosae of eight ESCC
patients. We searched for CpG sites that were highly
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methylated (B value > 0.8) in alt the four ESCC cell lines and
hardly methylated (8 value < 0.1) in peripheral leukocytes, the
pool of normal mucosae, and the pool of non-cancerous
mucosae, and isolated 2,752 CpG sites from 470,870
informative CpG sites. From the 2,752 CpG sites, we selected
14 CpG sites in which the incidence of hypermethylation (8
value > 0.5) in the 28 ESCCs was more than 50% (Figure 1B).

The 14 CpG sites were derived from 11 genomic regions,
which we defined as regions within 500bp for convenience
(Table 1). From the 11 genomic regions, we excluded
SOX20T, which was reported to be highly amplified in ESCC
cells [24], and three regions without known genes. For the
seven remaining regions, we attempted to design primers for
MS-HRMA, which is known as a sensitive and specific method
to assess DNA methylation levels [25]. We were able to design
primers for three regions (TFAP2B, ARHGEF4, and
RAPGEFL1) (Figure 1C).

Qualification of the Three Regions as a Fraction Marker

To confirm that the three regions were completely
unmethylated in non-cancerous cells, and completely
methylated in cancer cells, we analyzed their methylation levels
in i) eight LCM-purified non-cancer cell samples from eight
ESCCs, ii) eight LCM-purified cancer cell samples from the
eight ESCCs, iii) the eight ESCCs before LCM, iv) peripheral
leukocytes of one healthy volunteer, and v) the four ESCC cell
lines (Figure 2A).

In the eight LCM-purified non-cancer cell samples and the
peripheral leukocytes, all three regions were almost completely
unmethylated, and in the four ESCC cell lines, all of them were
completely methylated. In the eight LCM-purified cancer cell
samples, at least one of the three regions was almost
completely methylated. However, TFAP2B in sample Et5T,
ARHGEF4 in EX1T, Et2T, Et4T, and Et5T, and RAPGEFLT in

December 2013 | Volume 8 | Issue 12 | 82302



DNA Methylation as a Marker of Tumor Cell Fraction

A , 1 TFAP2B
=2 ARHGEF4
mms RAPGEFL1

013§
N -8 8 Nl o

.80} n :

@ 1 n 1]

g 60 I i

5 3 ¥

L I 7]

&

;40-

=

et

5 1

=

20}
” [ ]
0 H’Iu—-—-: v“l.ﬂ-;r‘n‘n :ﬂl| L i L L : . L L L . L L L L = ¥l ; L L
mmmmmMmTImImImn mmumTMmT@mIMOiIMmImMoHM?IMmmmMmiMmTIMmmMmMim rxX X XX
= N W H O O N 0 = N W h OO N =N WR OO N <
zzzzz zzzZ2 A AHA-A4+4H4 é‘%%%%
W o NN
Non-cancer cell Cancer cell Before LCM % e e b o
(]
72}
LCM-purified samples ESCC cell lines
B
Iref.
2 T T
900
1.5
L4
L]
° e ®
S0 'y
by 2pee o0
T .': on, 1:".
M % o0
o .
0.67 * o
0.5}

TFAP2B  ARHGEF4 RAPGEFL1

Figure 2

Figure 2. Qualification of the three regions as a fraction marker. (A) Methylation levels of the three regions were analyzed in i)
eight LCM-purified non-cancer cell samples from three ESCCs, ii) eight LCM-purified cancer cell samples from the three ESCCs, iii)
the eight ESCCs before LCM, iv) peripheral leukocytes of one healthy volunteer, and v) four ESCC cell lines. One or more of the
three regions were almost completely methylated in purified cancer cells and cancer cell lines, and all were hardly methylated in
non-cancer cells. (B) Copy number alterations of the three regions were analyzed by quantitative PCR using 15 ESCCs.

doi: 10.1371/journal.pone.0082302.g002

Et2T were not completely methylated, possibly due to same time, the region with the highest methylation level in the
heterogeneity among cancer cells. Such regions were not LCM-purified cancer cell samples also showed the highest
suitable as a fraction marker for some specific samples. At the methylation level in the ESCCs before LCM. Therefore, the
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highest methylation level of the three regions was considered
to reflect the fraction of cancer cells in the ESCCs.

The methylation level of a region in a sample can be affected
by a copy number alteration of the region. Therefore, we
analyzed copy number alterations of the three regions using 15
ESCCs (Figure 2B). For ARHGEF4, no significant copy number
alterations were observed. In contrast, for TFAP2B and
RAPGEFL1, significant copy number alterations were abserved
at low frequencies (TFAP2B, 1.64-1.65 fold changes in three of
the 15 ESCCs; RAPGEFL1, 0.60-fold change in one of the 15
ESCCs). Assuming that 2-fold or 0.5-fold copy number
alterations were present in cancer cells, a deviation of the
measured methylation level from the true fraction of cancer
cells was calculated to be less than 17.2% (Figure S1). Also,
the incidence of significant copy number alterations of TFAP2B
and RAPGEFL1 was low (TFAP2B, 20%; RAPGEFL1, 6.7%).
Therefore, the effect of the copy number alterations of
TFAP2B, and RAPGEFL1 was considered to be minimal in the
estimation of a fraction of cancer cells. Finally, we defined the
fraction of cancer cells as the highest methylation level of the
three regions.

Analysis of the Accuracy of the Fraction Marker

We then analyzed whether the cancer cell fraction estimated
by the fraction marker really reflected the fraction of cancer
cells estimated by microscopic examination. We measured
methylation levels of the three regions in 20 ESCCs (Figure
3A), and estimated the fraction of cancer cells in each sample,
using the highest value of the three regions. In the 20 ESCCs,
TFAP2B, ARHGEF4, and RAPGEFL1 showed the highest
values in nine, nine, and two samples, respectively.
Independently, the fraction of cancer cells was estimated by
microscopic examination of serial sections. We were able to
observe a good correlation between the two methods (r=0.85;
p<0.001) (Figure 3B). This result confirmed that the fraction of
cancer cells estimated by the fraction marker accurately
reflected the true fraction of cancer cells in a tumor sample.

Application of the Fraction Marker

We applied the fraction marker to compare the fractions of
cancer cells between biopsy samples and surgical specimens.
The fractions of cancer cells in 39 biopsy samples and 96
surgical specimens were assessed using the fraction marker.
Among the 135 samples, TFAP2B, ARHGEF4, and
RAPGEFL1 had the highest values in 60, 37, and 38 samples,
respectively, and the highest values were defined as the
fractions of cancer cells in the samples. The mean fraction of
cancer cells in the biopsy samples (meantSD, 53.5+17.1%;
range, 7.3-86.7%) was not significantly different from that in the
surgical specimens (56.7+18.9%; 14.0-87.3%) (p=0.377)
(Figure 4A). The variances were large in both the biopsy
samples and in the surgical specimens, and there was no
significant difference between the biopsy samples and surgical
specimens (p=0.076). This confirmed that contamination of
normal cells must be taken care of for analysis of tumor DNA
samples with unknown cancer cell contents.

The fraction marker was also applied to exclude the effect of
contamination of normal cells in DNA methylation analysis. For
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this purpose, we selected CpG sites within 200 bp from
transcription start sites (TSS200) for two tumor-suppressor
genes (cg22879515 (M/R34B) [26], and ¢g23180938 (CDOT)
[27]), and assessed distributions of their B values obtained in
the initial genome-wide methylation analysis. CpG sites in
TSS200 of tumor-suppressor genes were used since they were
expected to have no or complete methylation in cancer
samples because of the growth advantage conferred by their
methylation. The pvalues of the two CpG sites were less than
0.1 in the peripheral leukocytes, the pool of normal mucosae,
and the pool of non-cancerous mucosae, and the two CpG
sites were considered to be almost completely unmethylated in
normal cells. Raw B values of the two CpG sites and Bvalues
corrected for the cancer cell content [Corrected B value = B
value/(a fraction of ESCC cells in the sample (%)/100)] were
then compared (Figure 4B). Using the B values corrected by
the fraction marker, some samples showed complete
methylation (B value = 0.8), some samples showed almost no
methylation (§ value < 0.2). This result suggested that by using .
the fraction marker, we were able to minimize the effect of
contamination of normal cell DNA in tumor DNA samples for
methylation analysis.

Discussion

In this study, the fraction of cancer cells in an ESCC sample
was successfully estimated using DNA methylation levels as a
fraction marker. To achieve this, we isolated three genomic
regions (TFAP2B, ARHGEF4, and RAPGEFL1) that were
highly and frequently methylated in ESCC cells, but not in
normal cells, by genome-wide methylation analysis. This is the
first study in which a fraction of cancer cells in a tumor DNA
sample was estimated using DNA methylation. Recently,
differentially methylated genomic regions between cancer and
normal cells have been identified in many types of cancers
[14-18]. Therefore, we can expect to identify specific genomic
regions highly and frequently methylated in in the other types of
cancer cells, but not in normal cells. By measuring DNA
methylation levels of such specific genomic regions, the
fraction of cancer cells can be also estimated in DNA samples
of other types of cancers. .

The accuracy of the fraction marker was verified by
comparing the fraction of cancer cells estimated by the fraction
marker with that estimated by microscopic examination. A high
accuracy was supported by a good correlation between the
fractions of cancer cells estimated by the two methods (r=0.85).
Also, the methylation levels of two CpG sites in TSS200 of two
tumor-suppressor genes (M/R34B and CDOT) were corrected,
and some cancer samples showed almost complete
methylation. Scatter plot analysis of the B values before and
after the correction showed that some of the samples with low
B values had large increases (Figure S2). Practically, our
fraction marker has the advantage over microscopic
examination because it can be used for samples only with DNA
and the dedication of experienced pathologists is not
necessary. Our fraction marker also has an advantage over
approaches using SNP microarray and NGS because it can be
used even without paired normal samples, and can be
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Figure 3. Analysis of the accuracy of the fraction marker. (A) Methylation levels of the three regions were analyzed in 20
ESCCs by MS-HRMA. The fraction of cancer cells in each sample was defined as the highest methylation level of the three regions.
(B) Correlation between the fraction of cancer cells estimated by the fraction marker and that assessed by microscopic examination.
The correlation between the two methods, calculated using Pearson's product-moment correlation coefficient, was sufficiently high
(r=0.85).

doi: 10.1371/journal.pone.0082302.g003
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Figure 4. Application of the fraction marker. (A) Application of the fraction marker to comparison of the fraction of cancer cells
between biopsy samples and surgical specimens. Fractions of cancer cells in 39 biopsy samples and 96 surgical specimens were
estimated by the fraction marker, and no significant difference was observed. (B) Application of the fraction marker to DNA
methylation analysis. Raw {8 values of two CpG sites [cg22879515 (MIR34B), ¢cg23180938 (CDO1)] were corrected by the cancer
cell content in 28 ESCCs. Some ESCCs had almost complete methylation (B value 2 0.8).

- doi: 10.1371/journal.pone.0082302.g004
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