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Background: The transforming growth factor-beta (TGF- b) pathway has been implicated in proliferation, migration and invasion
of various cancers. Endoglin is a TGF-b accessory receptor that modulates signalling. We identified Endoglin as an epigenetically
silenced tumour-suppressor gene in lung cancer by means of a genome-wide screening approach, then sought to characterise its
effect on lung cancer progression.

Methods: Methylation microarray and RNA sequencing were carried out on lung cancer cell lines. Epigenetic silencing of
Endoglin was confirmed by methylation and expression analyses. An expression vector and a 20-gene expression panel were used
to evaluate Endoglin function. Pyrosequencing was carried out on two independent cohorts comprising 112 and 202 NSCLC
cases, respectively, and the impact of Endoglin methylation on overall survival (OS) was evaluated.

Results: Methylation in the promoter region resulted in silencing of Endoglin, which could be reactivated by demethylation. Increased
invasion coupled with altered EMT marker expression was observed in cell lines with an epithelial-like, but not those with a mesenchymal-
like, profile when Endoglin was absent. Methylation was associated with decreased OS in stage I but not in stages II–III disease.

Conclusions: We show that Endoglin is a common target of epigenetic silencing in lung cancer. We reveal a link between
Endoglin silencing and EMT progression that might be associated with decreased survival in stage I disease.

The importance of epigenetic transcriptional silencing as a
mechanism of tumour-suppressor gene inactivation is well recog-
nised (Baylin and Herman, 2000; Teodoridis et al., 2004; Esteller,
2007). In human cancers, aberrant methylation of genes is a far
more frequent event than genetic mutation (Taby and Issa, 2010),

therefore it represents a valuable source of new biomarkers and
therapeutic targets. We identified Endoglin (CD105) by means of a
combined screen to identify novel epigenetically regulated genes in
lung cancer using methylation microarrays and RNA sequencing in
a panel of lung cancer cell lines.
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The Endoglin gene is located on chromosome 9q34.11
(Fernandez-Ruiz et al., 1993) and the protein functions as an
accessory receptor within the TGF-b signalling pathway
(Massague, 1998). Along with Betaglycan, it belongs to a class of
TGF-b receptors known as the accessory receptors. These influence
TGF-b signalling by regulating ligand access to type I and type II
receptors (Massague, 1998), resulting in an altered phosphoryla-
tion state which facilitates ligand access and transduction of the
intracellular signal (Guerrero-Esteo et al., 2002).

Deregulation of TGF-b signalling can result in chronic
inflammation and fibrosis (Bartram and Speer, 2004) and has a
vital role in cancer progression through enabling epithelial-to-
mesenchymal transition (EMT) and metastatic colonisation
(Meulmeester and Ten Dijke, 2011; Wendt et al., 2011). However,
it has also been shown to carry out tumour-suppressor functions
(Siegel and Massague, 2003; Meulmeester and Ten Dijke, 2011), for
example, via repression of the oncogenic Myc transcription factor
(Meulmeester and Ten Dijke, 2011). The dual functions of this
signalling pathway have confounded investigations into therapeutic
targeting of the TGF-b pathway (Gazdar et al., 2004; Hawinkels
and Ten Dijke, 2011; Smith et al., 2012). Therefore, further
research is warranted to illuminate the specific environmental cues
which regulate these dual functions.

The role of Endoglin at a molecular level has, for the most part,
only been examined in endothelial cells, where it has a crucial role
in angiogenesis and therefore tumour progression (Li et al., 1999;
Raab et al., 1999; Jonker and Arthur, 2002; Park et al., 2013).
However, there is evidence for expression of Endoglin in
non-endothelial cells (Kassouf et al., 2004; Postiglione et al.,
2005) and for an angiogenesis-independent role for Endoglin in
tumour suppression. Endoglin-mediated suppression of invasion
and migration has been shown in prostate cancer (Liu et al., 2002;
Craft et al., 2007), oesophageal squamous cell carcinoma (Wong
et al., 2008), extravillous trophoblasts (Mano et al., 2011),
HER2-positive breast cancer cells (Henry et al., 2011) and mouse
keratinocyte cells (Perez-Gomez et al., 2007). Given the role of
Endoglin as a TGF-b accessory receptor and the paradoxical effects
of the TGF-b pathway on tumour growth, we sought to investigate
the epigenetic regulation of Endoglin in NSCLC and to define its
function within these cancers.

MATERIALS AND METHODS

Cell culture and reagents. Cell lines subjected to genome-wide
screening were maintained and analysed at Genentech, Inc. (San
Francisco, CA, USA) as previously described (Walter et al., 2012).
All other cell lines were provided by Michael Seckl (Imperial
College London, London, UK). Authentication was carried out
by STR profiling (Promega PowerPlex 18 System, Promega
Corporation, Madison, WI, USA) on cell lines used in functional
assays for which reference STR profiles were available (A549,
HOP-62, H23, H322M). The cell lines A549, HCC193 and HCC95
were maintained in DMEM (PAA Laboratories, Teddington, UK)
and all others in RPMI (PAA Laboratories) supplemented with
2mM L-glutamine, 50 mgml� 1 streptomycin, 0.5 Unitsml� 1

penicillin and 10% heat inactivated foetal calf serum (Gibco,
Paisley, UK) in a 37 1C humidified chamber with 5% CO2 and 95%
humidity. Transfected cell lines were maintained in medium
containing G418 (Sigma, Dorset, UK) as follows: 300 mgml� 1 for
HCC95 and H23, 500 mgml� 1 for A549, H322M and MOR.

Genome-wide methylation and expression analysis. Genome-
wide screening was carried out at Genentech, Inc. Cell lines were
profiled using the Infinium HumanMethylation450 Beadchip Kit
(Illumina Inc., San Diego, CA, USA) as previously described
(Walter et al., 2012). Array data have been submitted to the Gene

Expression Omnibus database (accession number GSE36216). A
single probe mapped to the short CpG island located within the
Endoglin gene promoter region. Beta values for probes mapping to
CpG island ‘shore areas’ (regions flanking CpG islands, up to 2 kb
up and downstream) were also analysed, as mounting evidence
suggests that shore areas may also directly affect gene expression
(Irizarry et al., 2009; Rao et al., 2013).

For expression analysis, NSCLC cell line RNA was used to
generate RNA-seq libraries using the TruSeq RNA Sample
Preparation Kit (Illumina Inc.). Processed libraries were sequenced
on the Illumina HiSeq 2000 Platform according to the manufac-
turer’s recommendation (Illumina Inc.). In all, 75� 75 base pair
(bp) paired-end data were collected, and RNA-seq reads were
aligned to the human genome version GRCh37 using GSNAP (Wu
and Nacu, 2010). All short-read sequencing data were evaluated for
quality control using the R Bioconductor Shortread package. To
normalise for coverage depth, Reads Per Kilobase of transcript per
Million mapped reads (RPKM) values were generated. RPKM
expression values for Endoglin were then visualised in Excel
(Microsoft, Redmond, WA, USA) and compared against methyla-
tion beta values at the Infinium probe site within the Endoglin gene.

DNA extraction and bisuphfite conversion. DNA was extracted
from cell lines using the DNeasy Blood and Tissue Kit (Qiagen,
Manchester, UK) as per manufacturer’s instructions. DNA from
formalin-fixed, paraffin-embedded (FFPE) tissues was extracted
using an optimised protocol. Briefly, tissue slices were deparaffi-
nised in xylene overnight and then washed twice in ethanol. Tissue
was digested by incubating in 0.2mgml� 1 proteinase K in lysis
buffer (300–500 ml) at 55 1C overnight. DNA was purified by
rescuing the aqueous phase using phenol saturated with tris,
followed by precipitation in isopropanol, then ethanol and finally
resuspension in ddH2O. Bisulphite modification of DNA was
carried out using the EZ DNA Methylation Kit (Zymo Research,
Irvine, CA, USA) exactly as per the manufacturer’s instructions,
using either 500 ng of cell line DNA or 1 mg of FFPE tissue DNA.

Methylation-specific PCR (MSP). PCR was carried out using
ThermoStart Taq PCR Master Mix (Thermo Scientific, Hemel
Hempstead, UK) with addition of 0.5mM primers and 10–20 ng
bisulphite-converted DNA in a 20 ml reaction. Commercially
available unmethylated and methylated DNA (Millipore, Watford,
UK) was included in all bisulphite conversion and PCR steps as a
control. See Supplementary Methods for all PCR cycling
conditions.

Pyrosequencing. DNA was subjected to bisulphite conversion as
described above, and the region to be sequenced was amplified by
PCR (50 ng cell line/control DNA or 200–300 ng FFPE tissue
DNA). PCR was carried out using the Pyromark PCR Kit (Qiagen)
with the addition of 0.5 mM primers in a 30 ml reaction. In all, 3 ml of
PCR product was resolved on 2% agarose gels to confirm the
success of the reaction prior to sequencing. The biotinylated PCR
products were captured by binding to streptavidin-coated sephar-
ose beads and used as the template. Using the PyroMark Q96
Vacuum Prep Workstation (Qiagen), streptavidin-bound PCR
products were immobilised, washed, denatured and allowed to
anneal to the sequencing primer for 2min at 80 1C. The non-
biotinylated PCR primer was used as the sequencing primer and
was extended by addition of nucleotides by the PyroMark Q96 ID
pyrosequencer (Qiagen). Methylation at each CpG dinucleotide
was calculated from the ratio of C to T in the bisulphite-modified
sequence.

Reverse transcription and semi-quantitative real-time PCR
(qRT-PCR). RNA was extracted using a phenol-based protocol.
RNA (100 ng) was reverse transcribed into cDNA in a 20 ml
reaction using the High Capacity cDNA Kit (Applied Biosystems,
Foster City, CA, USA), as per the manufacturer’s instructions. All
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qRT-PCR reactions were conducted in triplicate. Commercially
available Taqman gene expression assays (Applied Biosystems)
together with Brilliant II QPCR Master Mix with low ROX (Agilent
Technologies, Berkshire, UK) were used for each gene and analysed
on the Stratagene Mx3000P QPCR System (Agilent Technologies).
RPLP0 was used as a reference gene. Taqman expression assays
were Hs00923996_m1 for Endoglin and Hs02992885_s1 for
RPLPO.

Western blotting. Lysates were diluted in 2� Laemmli buffer with
10% b-mercaptoethanol and denatured for 10min at 90 1C. Western
blotting was performed using standard techniques. Primary
antibodies used were mouse anti-CD105 (611314, BD Biosciences,
Oxford, UK) at 1 : 600 dilution and rabbit anti-b-actin (4970L, Cell
Signalling, Leiden, Netherlands) at 1 : 5000 dilution. Secondary
antibodies were HRP-linked anti-mouse IgG (7076S, Cell Signalling)
and HRP-linked anti-rabbit (7074S, Cell Signalling).

Immunohistochemistry. Endoglin expression was evaluated on
TMA sections using the monoclonal antibody SN6h (Dako,
Glostrup, Denmark) at 1 : 10 dilution, using a modified version
of the antigen retrieval protocol described elsewhere (Shi et al.,
1991). Briefly, the sections were rehydrated and heated in a
microwave oven at 900W for 20min in Citrate buffer at pH 6.
Primary antibody was used at 1 : 10 dilution for 1 h at
room temperature and then processed with Polymer-HRP Kit
(BioGenex, San Ramon, CA, USA) with diaminobenzidine
development and Mayer haematoxylin counterstaining. Endothe-
lial cells were used as a positive internal control. Negative controls
were obtained by omitting the primary antibody. Staining was
assessed using the semi quantitative immunohistochemical score
method. Intensity of staining and the percentage of positive cells
were assessed as previously described (Dhillon et al., 2010).

Methylation reversal assays. Cells were grown in culture medium
until 60% confluent. Fresh medium containing 5 mM of 5-aza-20-
deoxycytidine (AZA) (Sigma) was added, and cells were incubated
for 5 days. Trichostatin A (0.3 nM; TSA; Sigma) was added to
media for the final 16 h prior to harvest. On day 5, cells were
counted, washed in PBS and pelleted at 1� 106 cells per pellet and
stored at � 20 1C until DNA, RNA and protein extraction.

Transfections. For siRNA transfection, 10 nM of an Endoglin-
targeting siRNA (SI02663024, Qiagen) or a non-silencing siRNA
control (Qiagen) were transfected into cells using Lipofectamine
RNAiMax (Invitrogen). Culture medium was changed after 24 h.
For ectopic expression of Endoglin, cells were transfected with
purified pcDNA3.1 alone or pcDNA3.1 containing the long
isoforms Endoglin cDNA (a gift from Professor Clare Isacke,
Institute of Cancer Research, UK). Plasmid transfections were
carried out using X-tremeGENE HP DNA Transfection Reagent
(Roche, Welwyn Garden City, UK) as per the manufacturer’s
instructions.

Cell-based assays. Where indicated, TGF-b1 (Peprotech, Rocky
Hill, NJ, USA) was added at a concentration of 10 ngml� 1 and the
TGF-b receptor inhibitor SB 431542 (Sigma) at 20mM. Cell
viability and proliferation were measured using the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
assay. Data are represented as background-corrected raw values
and normalised to a control sample. For scratch wound-healing
assays, cells were serum-starved overnight and scratched across the
diameter of the well with a sterile pipette tip in the morning. Cells
were washed twice with PBS and culture medium with or without
TGF-b1 (10 ngml� 1) was added. Scratch wounds were photo-
graphed immediately and after 16–30 h depending on speed of
migration. Distance migrated was quantified using the ImageJ
software, version 1.45 (US National Institutes of Health, Bethesda,
MD, USA). For the tumour spheroid-based invasion assay, cell

suspension were seeded into ultra-low attachment 96-well round-
bottomed plates (Corning, Boston, MA, USA) and incubated for 4
days at 37 1C, 5% CO2, 95% humidity. On day 4, 70 ml of medium
was removed without disrupting the sphere and carefully replaced
with 70 ml of Matrigel (BD Biosciences) with TGF-b or inhibitor as
indicated above. After 4 days, spheroids were photographed at
� 40 magnification using an inverted microscope (Olympus
CKX-41, Center Valley, PA, USA) equipped with a digital camera
(Micropix, Midhurst, UK). The BD BioCoat Tumor Invasion
System (BD Biosciences) was used as per the manufacturer’s
instructions to measure invasion of the HCC95 cell line as these
could not be induced to form spheroids. Data are represented as
fluorescence at 24 h� fluorescence at time zero for each well.
Technical replicates (n¼ 4) are then averaged and normalised to
the untreated empty vector control.

EMT gene expression analysis. To determine the expression
levels of 20 EMT-related genes (Walter et al., 2012), cell line cDNA
was analysed using a Taqman Low Density Array (TLDA, Applied
Biosystems) at Genentech. Total cDNA (200 ng) was amplified
using Taqman Universal PCR MasterMix (Applied Biosystems) on
a TLDA card. All samples were assayed in triplicate. Two custom-
designed reference genes, AL-1377271 and VPS-33B, and a
commercial reference gene assay, 18S (Hs99999901_s1, Applied
Biosystems), were also included in the panel. A mean of the Ct
values for the three reference genes was calculated for each sample,
and the expression levels of EMT target genes were determined
using the 2�DCT method. dCt values were used to cluster cell lines
according to EMT gene expression levels using the Cluster v.3.0
and Treeview v.1.60 softwares (Eisen Lab, University of California,
Berkeley, CA, USA; http://rana.lbl.gov/EisenSoftware.htm).

Primary tissues. One hundred and twelve lung cancer tissues, 20
tumour-adjacent tissues and 10 biopsy tissues from cancer-free
emphysema patients were obtained as FFPE specimens with
informed patient consent and local ethics committee approval
from the S. Croce General Hospital, Cuneo, Italy and are referred
to in the text as ‘cohort 1’. Tissues were from surgical resection
samples of NSCLC patients. Two hundred and two lung cancer
tissues and 20 tumour-adjacent tissues from biopsies or surgical
resection were obtained as FFPE sections with informed patient
consent and local ethics committee approval from Imperial College
Healthcare NHS Trust, London. These are referred to in the text as
‘cohort 2’. In all cases, the diagnosis and presence of adequate
tumour representation in the specimen was confirmed by
histopathological analysis. Patient characteristics are summarised
in Supplementary Table S1.

Statistical analysis. Associations between Endoglin methylation
status and clinicopathological characteristics were analysed using the
Chi-squared test, Fishers exact test or Kendall’s tau-b statistic, where
appropriate. Kaplan–Meier analysis was used to compare survival of
methylated and unmethylated populations. Multivariate Cox regres-
sion analysis was carried out to estimate hazard ratios for the effect of
Endoglin methylation together with potential confounding variables
on overall survival. Differences in functional traits of cell lines were
analysed by one or two-way analysis of variance, as appropriate. In all
cases, P-values o0.05 were considered significant. Analyses were
carried out using the IBM SPSS Statistics 21 software (IBM
Corporation, Armonk, NY, USA) or GraphPad Prism 6 software
(GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS

Endoglin is epigenetically downregulated in lung cancer cell
lines. Endoglin was identified in a genome-wide screen for novel
epigenetically regulated genes in lung cancer using methylation
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microarrays (Illumina Human 450K Methylation BeadChip)
coupled with RNA-seq (Illumina Inc.) in a panel of 65 lung
cancer cell lines. A single methylation array probe mapped to the
Endoglin CpG island (Figure 1A) and displayed high methylation
values (b-value 40.5) for more than half of the cell line panel.
These highly methylated cell lines showed minimal basal
expression of the gene, while cell lines with lower methylation
values showed higher expression levels (Figure 1B). Based on this,
Endoglin was selected for validation and further investigation.

Methylation of Endoglin was confirmed in a sub-panel of 18
lung cancer cell lines using pyrosequencing (Figure 2B) and MSP
(Figure 2C), which correlated for all cell lines. Endoglin expression
was confirmed by qPCR quantification of mRNA and western
blotting quantification of the 98 kDa Endoglin protein. Protein
levels were found to reflect mRNA levels, and both RNA and
protein levels were negligible in cell lines with methylation 4 50%
(Figures 3A and B).

To validate epigenetic mechanisms as a direct cause of Endoglin
transcriptional silencing, we performed methylation reversal assays
using the demethylating agent AZA and/or the HDAC inhibitor
Trichostatin A (TSA). In the highly methylated cell lines MOR and
H322M, removal of epigenetic marks resulted in significant
re-expression of Endoglin mRNA and protein. Re-expression was
seen upon treatment with AZA and AZA combined with TSA,
although no synergistic effect of the combined treatment was
observed. Treatment with TSA alone had no effect on Endoglin
expression (Figures 3C and D). In contrast, treatment with AZA
and/or TSA had no effect in cell lines without Endoglin
methylation (Figures 3C and D, HOP-62 cell line), confirming
that the effects of AZA on Endoglin expression are a result of the
direct effect on the methylation status of the promoter region.
Together, these findings provide conclusive evidence that methyla-
tion-dependent epigenetic regulation is a common mechanism of
Endoglin silencing in lung cancer cell lines.

Loss of Endoglin drives EMT progression in lung cancer cell
lines with an epithelial-like, but not a mesenchymal-like,
expression signature. Next, we sought to determine the functional

significance of Endoglin in lung cancer. We hypothesised that loss
of Endoglin may affect TGF-b signalling. As this pathway involves
a delicate balance of pro- and anti-invasion, migration and
proliferation signals, a range of assays were carried out to quantify
these functional traits, including MTT assays for cell viability and
proliferation, 3D spheroid models or transwell assays to study
invasion and scratch wound-healing assays to analyse migration.
Assays were performed with and without addition of TGF-b1
and/or a TGF-b receptor inhibitor and Endoglin levels were
modified using ectopic expression and RNA interference,
respectively. The following cell lines were selected: the highly
methylated and Endoglin-silenced NSCLC cell lines HCC95, H23,
A549 and H322M with and without transfection with a pcDNA3.1
plasmid to ectopically express the gene, as well as the unmethylated
and Endoglin expressing cell line HOP-62, with and without
transient silencing with an Endoglin-targeting siRNA.

We identified two distinct phenotypes within the panel of
transfected cell lines. The first phenotype, which includes the cell
lines H322M and HCC95, refers to cells in which absence of
Endoglin leads to increased invasion coupled with decreased
migration and proliferation (Figures 4A and B). In contrast, in the
second group which included the cell lines H23, A549 and HOP-62,
Endoglin expression had no effect on migration, invasion or
proliferation either with or without TGF-b. Representative data for
the cell line H23 is shown in Figure 4C, data for additional cell lines
are available in Supplementary Figure S1.

As Endoglin is involved in TGF-b signalling, a pathway known
to be capable of stimulating EMT (Zavadil and Bottinger, 2005;
Kalluri and Weinberg, 2009; Wendt et al., 2011), we hypothesised
that loss of Endoglin may be driving EMT progression. If this is the
case, cells that are epithelial-like could be induced by loss of
Endoglin to undergo EMT while, conversely, cells that have already
transitioned to a mesenchymal profile would not be affected.
To address this, cell lines were analysed using an optimised 20-
gene EMT marker expression panel (Walter et al., 2012) to classify
their EMT profile. EMT marker expression profiles were generated
by cluster analysis following quantification of EMT marker
expression. Expression data for the cell lines mentioned above
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Figure 1. A genome-wide screen identifies Endoglin as a candidate epigenetically regulated gene in lung cancer. (A) Representation
of the Endoglin gene with location of methylation array probes. Thick black horizontal lines represent exons. The location of the CpG island is
shown in dark grey, with the shore areas in light grey. Location of methylation array probes that target a single CpG dinucleotide are shown
underneath as vertical black lines. (B) Heat map representation of microarray data showing Endoglin expression and methylation levels in a
panel of lung cancer cell lines. Heat map shows methylation as beta values, calculated from the ratio of methylated signal to total signal. Cell lines
are arranged in order of increasing methylation of the array-targeted CpG site within the Endoglin CpG island. Expression is represented as
reads per kilobase per million (RPKM) from high-throughput RNA-seq (Illumina Inc.). RPKM values are colour-coded from lowest (green) to highest
(yellow). The full colour version of this figure is available at British Journal of Cancer online.
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were combined with an extended panel of 80 cell lines published
previously (Walter et al., 2012; data not shown) for cluster analysis.

As expected, cell lines showing no Endoglin-dependent func-
tional changes (H23, A549 and HOP-62, referred to as Group 2)
displayed a mesenchymal-like profile while cell lines that showed
an Endoglin-dependent invasive phenotype (HCC95 and H322M,
referred to as Group 1) are epithelial-like (Figure 5A). Analysis of
individual EMT marker genes in representative cell lines confirmed
that absence of Endoglin in epithelial-like cells induces pro-EMT
expression changes (Figure 5B), while having no effect on marker
expression in cells that are mesenchymal (Figure 5C).

Together, these findings suggest a tumour-suppressing effect of
Endoglin expression in tumours that have not undergone EMT.
We therefore hypothesised that transcriptional silencing of
Endoglin may be associated with increased invasion and conse-
quently an increased risk of disease recurrence in patients with
NSCLC. As EMT is linked with increased loco-regional and distant
metastatic spread, we also hypothesised that the effects of Endoglin
on patient outcome should be most relevant for patients with early-
stage disease where EMT is less likely to have taken place.

Endoglin is methylated in primary NSCLC and predicts poor
clinical outcome in early-stage disease. To test these hypotheses,
Endoglin methylation was analysed in two independent, single-
centre cohorts of NSCLC patients who underwent complete
surgical resection. Cohort 1 comprised of only patients with stage
I disease, whereas cohort 2 included patients with stages I–III
NSCLC. The median follow-up is 7.24 years for cohort 1 and 1.38
years for cohort 2.

FFPE tissues from the resected primary tumours were analysed
for methylation using the pyrosequencing assay validated in our cell
line panel. As with cell lines, methylation of primary tissues was
calculated as the average across 13 CpG sites within the amplicon
generated by the pyrosequencing primers. A panel of non-tumour
lung tissue samples were used as controls for the definition of a
cutoff for methylation in tumour samples. For each cohort, the
cutoff was defined as the average of control tissues plus 3 s.ds.

Applying this to our panel of tumour samples, cutoff values of
47% and 32% methylation were used for cohorts 1 and 2,
respectively. This led to 42% of cohort 1 and 23% of cohort 2 being
classified as methylated for Endoglin. Methylation-dependent
silencing of Endoglin expression was confirmed by immunohis-
tochemistry in cohort 1; representative samples are shown in
Figures 6D–G. Analysis of the clinicopathological parameters
suggested that Endoglin methylation might be correlated with
gender (higher incidence in male patients) and squamous cell
histology, but results were inconsistent across both cohorts
(Supplementary Table S1).

Kaplan–Meier analysis of both cohorts by stage suggested a
stronger effect of Endoglin on survival for patients with stage I
disease (Figure 6A) compared with stages II–III disease
(Figure 6B), although statistical significance was not reached. A
multivariate Cox proportional hazards analysis was carried out to
control for potential confounding factors, such as age, gender,
grade, stage and histology. In this model, Endoglin was found to be
a significant predictor of overall survival in stage I but not stages
II–III cancers (Figure 6C). Stage 1 disease is characterised by the
lack of metastatic lymph node involvement, whereas stage II or III
disease commonly involves metastatic infiltration of loco-regional
lymph nodes. Therefore, our findings are in keeping with the
hypothesis that Endoglin methylation is of prognostic relevance in
early-stage cancers that might not have undergone EMT.

DISCUSSION

We have shown that methylation-dependent transcriptional
silencing of Endoglin is a common event in NSCLC and is linked
with an increased risk of disease recurrence in early disease stages.
Our data also demonstrate that loss of Endoglin may induce a
pro-invasive, antiproliferative phenotype together with EMT
progression. These findings are supported by a number of
published studies in other cancer types (Liu et al., 2002; Craft
et al., 2007; Perez-Gomez et al., 2007; Henry et al., 2011; Mano
et al., 2011), which found increased invasion upon loss of Endoglin
expression, while proliferation was either unaffected or not shown.
However, while these studies also demonstrated increased cell
migration, we observed a decrease that may be a reflection of a
lower proliferation rate.

Indeed, reduced proliferation with acquired invasiveness has
previously been reported although not in the context of Endoglin
silencing. Studies on basal cell carcinoma and colorectal cancer
primary tissues have suggested that infiltrative cells at the invasive
front of the tumour show a lack of proliferation mediated by
upregulation of the cell cycle inhibitory protein p16 (Palmqvist
et al., 2000; Svensson et al., 2003). A similar phenotype was
observed in a mouse in vivo model of glioblastoma, whereby
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follows: 0–5%: zero black squares; 6–25%: one black square; 26–50%:
two black squares; 51–75%: three black squares; and 76–100%: four
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invasive cells acquired stem-cell-like properties, this time mediated
by a decrease in Erk and an increase in Akt activation (Molina
et al., 2010). We assessed p16 levels in our cell line panel but found
no evidence that p16 might be a mediator of growth inhibition in
Endoglin-silenced cells (data not shown). Investigation of a wider
panel of cell cycle regulators would be of interest but was beyond
the scope of the current study.

Data presented here suggest that EMT status of the tumour may
be a factor in determining whether or not Endoglin methylation
has a functional and prognostic effect in NSCLC. The process of
EMT occurs along a spectrum of changes, whereby there is a
gradual reduction in expression of epithelial markers and an
increase in mesenchymal markers (Kalluri and Weinberg, 2009).
Therefore, it is reasonable to hypothesise that, as loss of Endoglin
may drive EMT, cells already mesenchymal in their molecular
profile would not be affected by Endoglin expression levels.
Consequently, as EMT has a significant role in progression of
early-stage disease one would expect transcriptional silencing of
Endoglin to be most relevant in tumours that have not fully
undergone EMT. Our translational data clearly support this
hypothesis. We show that Endoglin methylation confers worse
prognosis in stage I cancers, which by definition have not yet
spread to lymph nodes, and therefore may be in the process of
transitioning towards a more invasive phenotype if Endoglin is

silenced. A prognostic panel that includes Endoglin methylation
and EMT marker expression would therefore be worth evaluating
in early-stage NSCLC and may help to characterise patients
who could benefit from adjuvant therapy. More specifically,
TGF-b-targeted therapies may hold potential for these patients
in whom Endoglin silencing is conferring a pro-invasive function
of TGF-b signalling.

In summary, we have confirmed epigenetic silencing of
Endoglin and shown an association between Endoglin methylation
and decreased survival in stage I NSCLC. Moreover, we have
revealed a link between Endoglin silencing and EMT progression.
Further research is warranted to further explore this mechanistic
relationship and its potential as a prognostic marker and/or
therapeutic target.
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