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Abstract

Activation of normally silent tissue-specific genes and the resulting cell “identity crisis” are the
unexplored consequences of malignant epigenetic reprogramming. We designed a strategy for
investigating this reprogramming, which consisted of identifying a large number of tissue-
restricted genes that are epigenetically silenced in normal somatic cells and then detecting their
expression in cancer. This approach led to the demonstration that large-scale “off-context” gene
activations systematically occur in a variety of cancer types. In our series of 293 lung tumors, we
identified an ectopic gene expression signature associated with a subset of highly aggressive
tumors, which predicted poor prognosis independently of the TNM (tumor size, node positivity,
and metastasis) stage or histological subtype. The ability to isolate these tumors allowed us to
reveal their common molecular features characterized by the acquisition of embryonic stem cell/
germ cell gene expression profiles and the down-regulation of immune response genes. The
methodical recognition of ectopic gene activations in cancer cells could serve as a basis for gene
signature—guided tumor stratification, as well as for the discovery of oncogenic mechanisms, and
expand the understanding of the biology of very aggressive tumors.

INTRODUCTION

Cell differentiation is associated with the establishment of specific patterns of cell type— and
tissue-specific gene expression, which largely rely on the cell’s “epigenetic landscape,”
mainly shaped by chemical modifications of the genome and the associated histones. In
differentiated cells, these epigenetic mechanisms not only help activate and maintain specific
gene expression patterns but also control a genome-wide repression of tissue-specific genes
(1,2).

Recent investigations have demonstrated that a global deregulation of epigenetic signaling is
an early and recurrent event that occurs during oncogenic cell transformation. Aberrant gene
activity is a direct consequence of these anomalies. DNA methylation—associated repression
of tumor suppressor genes in cancer cells is well documented and now recognized as an
important oncogenic event (3, 4). A less studied consequence of epigenetic deregulations in
transformed cells is the ectopic activation of various cell- and tissue-specific genes (5, 6).
The aberrant activation of genes in cancer represents a promising source of cancer
biomarkers, as exemplified by the discovery of an almost universal cancer marker, the
follicle-stimulating hormone (FSH) receptor, abnormally expressed in many types of cancers
(7). However, these unprogrammed gene activation events have to date been only
sporadically discovered.

Among these genes, male germ cell-specific genes are of particular interest. Indeed, these
genes, normally exclusively expressed in testis, have been found to be sporadically
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derepressed in several somatic cancers and have hence been called cancer/testis (C/T) genes
(8), and proposed as candidate cancer markers with additional potential for exploitation as
novel therapeutic targets (C/T gene products are highly immunogenic). However, the
sporadic nature of their ectopic expression hinders their use as reliable cancer indicators
when detected individually.

The identification of genes with a highly specific pattern of expression, whose silencing was
associated with a specific epigenetic signature in normal adult somatic tissues, served as a
basis for a genome-wide inventory of all tissue-specific genes with aberrant activations (“‘off
context”) in cancer cells. We show here that this approach provides us with access to a large
number of candidate cancer biomarkers and sheds new insight upon the biology of cancer
with applications in translational medicine.

RESULTS

Most tissue-restricted genes are epigenetically marked germline genes

To evaluate the extent of ectopic gene activations in cancer cells, it was necessary to first
identify the human genes whose physiological pattern of expression is normally restricted to

one tissue.

To this end, we combined two strategies, exploiting human ESTs (expressed sequence tags)
and transcriptomic data sets. A list of genes whose ESTs were specifically found in a given
tissue was established. In parallel, human tissue transcriptomic data (normal tissue samples
listed in table S1) were analyzed to isolate a second list of genes with a clearly predominant
expression in one tissue (meaning, that gene expression in this tissue was more than 3 SDs
above the mean of the values of expression in all tissues). The two gene lists were then
compared, and genes that were common to both lists were selected and defined as tissue-
specific (fig. S1A, step 1).

Both EST and transcriptomic approaches revealed that testis and germline tissues show the
highest number of genes satisfying our selection criteria for strict tissue specificity (fig. S1,
B and C, respectively), which also explains why most of the already known off-context
expressed genes are testis genes (8). Only germline- and placenta-specific genes were
selected as potential biomarkers, because they are the only ones that are never expressed in
the healthy somatic tissues of an adult organism and remain unknown to the immune system.
A total of 506 tissue-restricted genes, including 439 germline- and 67 placenta-restricted
genes, were identified by the present approach (hereinafter named TS and PS genes,
respectively; listed in table S2).

To test our hypothesis that the single tissue-restricted expression of testis-specific/placenta-
specific (TS/PS) genes and their consistently repressed state in adult somatic tissues could
be linked to a particular epigenetic status in normal cells, we interrogated several genome-
wide epigenetic mapping data sets to characterize the status of these genes (fig. S1A, step 2).
Using methylated DNA immunoprecipitation and chromatin immunoprecipitation data from
published genome-wide studies (9—11), we extracted epigenomic data corresponding to our
list of TS/PS genes. This analysis demonstrated that most of the TS/PS genes show
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particular promoter sequence features and are associated with a specific epigenetic status in
somatic cells, where their expression is tightly locked. In particular, most TS/PS genes are
associated with either CpG-poor promoters (46%) or CpG-rich, but hypermethylated,
promoters (35%), whereas when all human genes are considered, the proportions of CpG-
poor and hypermethylated CpG-rich promoters drop to 22 and 6%, respectively (fig. S1D).
We also screened our TS/PS genes for specific transcriptional/epigenetic features in different
somatic tissues from various genome-wide studies (10, 11). We found that TS/PS genes are
nearly all devoid of active histone marks, including acetylation, H3K4 methylation, and
binding of RNA polymerase II, but are relatively enriched in repressive histone modification
H3K9 and H3K27 methylation (fig. S1E). The epigenetic status of these TS/PS genes is
therefore consistent with our expression data and confirms that we have isolated a specific
fraction of human genes. The other observation from these analyses is the homogeneous and
consistent nature of the TS/PS gene epigenetic signature, which seems independent of the
tissue type, because it was found both in embryonic stem cells and in multiple types of
differentiated adult cells, and was reproducible between multiple independent studies (fig.
S1E).

Large-scale activations of TS/PS genes occur in all cancer cells

We systematically investigated the expression status of TS/PS genes in human cancers. The
analysis of a large set of transcriptomic data from 1776 solid tumor samples derived from 14
different cancer types (described in table S3) showed that hundreds of these genes are
aberrantly activated across all cancer types tested (Fig. 1A and table S4), therefore providing
access to an invaluable source of cancer biomarkers.

Before going further with the analyses of ectopic expressions of the TS/PS genes in our list,
and to verify the possibility of using them as cancer biomarkers, we proceeded to a series of
“wet-bench” validations. We designed a custom-dedicated microarray with probes
corresponding to our TS/PS gene list. RNAs from 18 nontumor tissues, including testis and
placenta as well as somatic tissues, were probed accordingly. As expected, all the tested
genes were only expressed in testis (Fig. 1B, “T”) and placenta (Fig. 1B, “P”), and no
measurable signal was observed when analyzing RNA from normal tissues (Fig. 1B, “Ctrl
soma”). Additionally, we tested RNAs from 21 cancer samples (Fig. 1B, “Cancer”)
corresponding to eight different cancer types as well as three cancer cell lines (Fig. 1B,
“CCL”) (all samples in our dedicated array are listed in table S5). The data confirmed that
TS/PS genes were ectopically activated in all tested cancer samples (Fig. 1B).

An additional validation was carried out using a quantitative reverse transcription
polymerase chain reaction (QRT-PCR) assay testing the activation of 13 of our TS/PS genes,
arbitrarily selected among those frequently deregulated in our transcriptomic analyses
described above. In this setting, we could detect at least one positive TS/PS gene expression
in 72% of the examined tumors (7 = 73), whereas the corresponding control tissues were all
negative (n=21) (Fig. 1C; primers listed in table S6).

We hypothesized that the epigenetic alterations that characterize the cancer cells (3, 4)
would likely drive the nonprogrammed activations of the TS/PS genes (12, 13).
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This hypothesis was supported by monitoring the frequency of TS/PS gene activations in
various cancers (our 1776 reference cancer samples) as a function of the status of their
promoters, which demonstrated that the TS/PS genes associated with CpG-rich promoters,
with high levels of methylation in somatic cells, were more frequently activated in cancers
than genes associated with CpG-poor promoters (Fig. 2A).

This observation was further validated by analyzing the methylation-dependent
transcriptional activity of TS/PS genes in human colon cancer cell line HCT116 bearing the
inactivation of DNA methyltransferase 3b (DNMT3b) or the inactivation of both DNMT3b
and DNMT1 [HCT116 DKO (double knockout)] (Fig. 2, B and C), which enabled us to
identify genes activated by global DNA demethylation. Using our dedicated microarray, we
showed that in HCT116 DKO, CpG-rich associated genes were also frequently activated, in
contrast to genes with CpG-poor promoters, which did not respond to DNA demethylation
(Fig. 2B). This was confirmed by qRT-PCR on 49 CpG-rich TS/PS genes, nearly half of
which showed a clear activation in the DKO cells (Fig. 2C; primers listed in table S6).

This experiment also showed that, despite the genome-wide DNA demethylation in these
cells, a significant number of CpG-rich TS/PS genes remain silent (Fig. 2C). This suggests
that, although DNA demethylation may be necessary, in some cases, it is not sufficient to

induce an ectopic gene expression.

The ectopic activation of 26 tissue-restricted genes in lung tumors is a strong and
independent predictor of poor prognosis

Having found that the off-context expression of normally silent genes systematically occurs
in cancer, we next investigated whether these genes could represent useful biomarkers by
considering one cancer type, lung cancer. Lung cancer is one of the most common cancers in
humans and is the most frequent cause of mortality by cancer in men and women (14). In the
context of a clinical research program, we recruited a cohort of 293 lung cancer patients
(recruited at Grenoble University Hospital, France), who received surgery. The group
included 152 patients with early-stage cancer (T1NO) according to the TNM classification
(tumor size, node positivity, and metastasis). For each of the study subjects, genome-wide
transcriptomic analysis was performed on pretreatment diagnostic tumor samples, and
pathological and clinical data were recorded, including overall and disease-free survival over
a period of 5 to 10 years [described in table S7; full Affymetrix transcriptomic data available
on the Gene Expression Omnibus (GEO) Web site under the reference GSE30219].

Applying the strategy described above, we could detect aberrant expressions of TS/PS genes
in all lung tumor samples in our series (Fig. 3A), including the 152 cases of early-stage
T1INO (Fig. 3B and table S8). Moreover, a series of 15 paired tumor and corresponding
nontumor lung (NL) samples confirmed that these genes are mainly activated in the tumors
and only rarely in the NLs of the same patients (these rare expression events in NLs could
correspond to possible presence of residual cancer cells, or the effect of the tumor on the
surrounding tissues) (Fig. 3C).

To look for epigenetic deregulations potentially leading to these ectopic expressions, we
analyzed the methylome of a subset of 55 patients from the cohort. An initial analysis
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showed that the CpG-rich regions of the TS/PS genes, mostly hypermethylated in normal
somatic tissues including lung, were globally demethylated in a large proportion of lung
tumors (Fig. 3D and table S9). To explore a potential relationship between the demethylation
of CpG-rich regions associated with TS/PS genes and their ectopic expression, we plotted
the percentage of methylation of each CpG against the expression level of the corresponding
gene (Fig. 3E and fig. S2). For most genes, ectopic activations were associated with the
demethylation of at least one CpG, but, as suggested by our data from HCT116 DNMT
DKO (Fig. 2C), the demethylation of any given CpG was not always associated with the
activation of the corresponding gene. These observations, which agree with reported
genome-wide cancer methylome studies (15, 16), suggest that, although DNA demethylation
is associated with and involved in the ectopic gene activations in cancer, other factors/
epigenetic aberrations also contribute.

We hypothesized that some of these aberrant expressions, by being the result of major
epigenetic deregulations and/or leading to the expression of factors beneficial to cancer cells,
could be associated with aggressive tumors and therefore have prognostic implications.
Considering the TS/PS genes expressed in more than 1% of the tumors, we used univariate
analysis to compare the global survival probabilities over a period of 5 years between the
groups of patients whose cancers expressed each gene and those that did not.

This screen identified 26 TS/PS genes (fig. S1A, step 3), whose aberrant expression was
individually associated with a lower survival probability in the lung cancer patients in our
series [P < 0.05, log-rank test; hazard ratios (HRs) >1.5; table S10]. To overcome the
sporadic nature of these gene expression changes and optimize the information obtained on
all samples, we decided to quantify the combined activations of these 26 genes. We took a
simple approach, which was as follows. The patients were first assigned into two groups:
those with a tumor expressing none of the 26 genes, and those with a tumor expressing at
least 1 of the 26 genes. We then further refined this latter group by distinguishing tumors
expressing one or two genes from tumors expressing three genes or more. As a result of this
approach, the patients were stratified into three groups—P1, P2, and P3—according to the
number of 26 genes expressed in their tumors: P1 tumors expressed none, P2 tumors
expressed 1 or 2, and P3 tumors expressed 3 or more of the 26 genes.

We found highly significant differences in overall survival probabilities between these three
groups (P<0.0001; Fig. 4A). Additionally, the prognostic power of this 26-gene classifier
was independent of other parameters, including clinical stage (TNM classification) (Fig. 4B)
and histological subtype (fig. S3). In particular, this 26-gene group was a very efficient
predictor for overall survival of early-stage patients. A multivariate analysis confirmed that
our 26-gene combination was a stronger prognostic parameter associated with overall
survival than histological subtypes or TNM stages (P < 0.0001; table S11). The survival
predictive power of our 26-gene group was also strong when considering various subsets of
patients grouped by sex, age, tobacco consumption, adjuvant chemotherapy or radiotherapy,
as well as their status for P53 mutation, as shown by the forest plot diagram of survival HRs
between P1 and P3 patients (Fig. 4C). Finally, a comparison of the clinical outcomes
between P1 and P3 patients allowed us to confirm that the tumors classified “P3” presented a
particularly aggressive phenotype. Indeed, most patients with these tumors quickly relapsed
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and/or developed metastases, which was generally followed by short-term fatal outcome
(Fig. 4, D and E).

To validate the potential of our genes to be used as a prognosis-classifying tool, we tested a
subset of our patients using qRT-PCR detection of our genes. A clear-cut specific
amplification was obtained for 25 of our classifying genes (Fig. SA, left panel). A total of 61
patients in our series were tested using qRT-PCR and were assigned into P1, P2, and P3
groups, as defined previously. The comparison of survival probabilities between these three
groups demonstrated our ability to use qRT-PCR to predict prognosis (Fig. SA, right panel).
A comparison between qRT-PCR and the transcriptomic approach for the detection of
ectopic expressions of our prognostic genes showed that 44 of the 61 patients (72%) were
assigned into similar groups by the two approaches and that all of the patients in the poor-
prognosis group P3 were correctly assigned using the qRT-PCR approach. A total of 17
patients were differently classified depending on the approach. Overall, these differences
were due to the higher sensitivity of qPCR compared to the transcriptomic analysis. Indeed,
five patients with short survival (<12 months) but assigned to the P1 group using the
transcriptomic approach were better classified into the P2 to P3 groups by qRT-PCR, and
three patients with intermediate survival (>12 and <36 months) were all assigned to the P1
group by the transcriptomic approach and to the P2 group by qRT-PCR detection. However,
nine patients with survival of >36 months were more appropriately assigned to the P1 group
using the transcriptomic approach than by qRT-PCR, which allocated them into the P2
group. An explanation for this observation is the “leaky” silence of our marker genes, which
could be detected by qRT-PCR, because of the high sensitivity of this approach, leading to
the misclassification of P1 tumors into the P2 group. Although these misclassifying
expressions picked by qRT-PCR are not frequent, to remain ‘““safe” in our prognosis
classification, we decided to consider P2 tumors as an intermediate population where

prognosis could not be accurately predicted.

This association between activations within our 26-gene group and a reduced global survival
time was validated by applying the same 26-gene classification system to two external lung
cancer populations, for whom survival follow-up times and transcriptomic data were
obtained with the same Affymetrix technology as ours. These two studies included 82
patients (ADC, SQC, and large cell carcinomas) from (17) (GEO reference GSE19188) and
138 patients (ADC and SQC) from (18) (GEO reference GSE8894). According to the
expression of our 26 classifying markers, these patients were assigned into P1, P2, and P3,
and their survival times were compared. As mentioned above, because the P2 prognostic
classification is not highly reliable for predicting prognosis, the corresponding survival
curves are indicated as dotted lines. However, despite the very different origins of the two
populations and the differences in the proportions of genders and histological subtypes, our
26-gene classifying system enabled us to reliably identify the very aggressive P3 type
tumors in both studies (Fig. 5B), confirming the validity of our 26-gene classification in
these independent external studies. In addition, the predictive power of a subset of these 26
genes was tested in a study of 443 patients with lung ADC (19), although, not using the full
capacity of our classifier because only 11 of the 26 genes were represented on the
Affymetrix platform used in this study, we could also confirm the discriminative power of
our approach in this large and independent group (fig. S4).
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Metastasis-prone aggressive lung tumors identified by the 26 genes have a characteristic
molecular profile

The fact that our classifying genes could distinguish a group of very aggressive lung tumors
(P3) independently of other parameters prompted us to perform a supervised analysis of the
transcriptome of these aggressive P3 tumors compared to the P1 group (fig. S1A, step 4) to
identify, beyond our 26 classifying genes, gene expression patterns associated with this
aggressive phenotype. This analysis revealed a gene expression profile composed of 1447
up-regulated and 1825 down-regulated genes (heat maps shown in Fig. 6A; genes listed in
table S12), characterizing very aggressive tumors. A close inspection of the P3 versus P1
gene expression profile showed that a subset of patients that were ranked P1 (good
prognostic) according to our 26 classifying genes presented a “P3-like” aggressive
expression profile (Fig. 6A, blue rectangle). The survival of P1 patients with this P3-like
profile was not significantly different from that of the other P1 patients, and differed from
that of the P3 patients (Fig. 6B), further demonstrating that the expression of the 26
classifying genes is a better prognostic predictor/censor of lung cancer survival than the P3
gene expression profile alone. This analysis also revealed another tumor group showing an
intermediate gene expression profile: ones that did not overexpress P3 up-regulated genes
but did present the P3 down-regulated gene profile (Fig. 6A, gray rectangle). All of these
“intermediate” tumors corresponded to carcinoid tumors, which are associated with good

prognosis.

On the basis of the expression profile of the highly aggressive P3 tumors, we attempted a
biological characterization of these lung cancer “killer cells.” A GSEA enabled an in-depth
investigation of the molecular profile of these aggressive tumors. The aggressive signature
was highly enriched in genes normally predominantly expressed in embryonic stem or
germline cells (Fig. 6C, upper panels). The analysis of the most enriched Gene Ontology
(GO) terms showed that the up-regulated factors were mostly nuclear and related to the cell
cycle and proliferation, whereas the depleted functions were related to the immune response
and cell interactions and signaling (Fig. 6C, middle and lower panels). Accordingly, the
analysis of the expression patterns of the down-regulated genes showed that 20% were genes
that are normally predominantly expressed in immune organs (data obtained with normal
samples of lymphocytes, spleen, or tonsil; listed in table S1), suggesting a reduced number
of infiltrating immune cells within the tumors and/or in their environment. These data paint a
molecular portrait of very aggressive and metastasis-prone cancer cells as those pushing
their proliferative and self-renewal capacities while escaping immune surveillance systems
and/or depleted in immune cells.

The aggressive lung tumor profile overlaps with signatures of other metastasis-prone
tumors and could orient therapeutic strategies

The GSEA analysis also confirmed the shared characteristics between the aggressive
signature of our series of lung cancer and the profile of the lung tumors associated with poor
prognosis identified in the lung ADC study from (19) (Fig. 6D, left panels). The general
transcriptomic profile corresponding to the aggressive tumors of this study largely
overlapped that of the P3 tumor group we identified with the 26-gene signature, which
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further supported the relevance of our approach for the classification of the metastasis-prone
lung tumors.

Other overlapping data sets confirmed our characterization of the P3 subset of lung tumors
as an aggressive clinical phenotype, because we have also found very large overlaps with
signatures from metastatic tumors of different origins (Fig. 6D, right panels, and table S13).

The expression profile of our aggressive lung tumors also suggested that they could be
resistant to doxorubicin and to gefitinib (Fig. 6E). Other significantly enriched gene sets
suggested that the genes that are highly up-regulated in these aggressive tumors could be
down-regulated by specific therapeutic approaches, including treatment with the Ras
inhibitor salirasib or Aplidin, a marine-derived compound with potential anticancer
properties (20). Indeed, transcriptomic data of cells treated with these compounds revealed
that the P3 molecular profile could be shifted to a more P1-like situation after administering
these drugs (Fig. 6F and table S13).

DISCUSSION

Here, we demonstrate systematic ectopic activation of hundreds of tissue-specific genes in
many cancers, a phenomenon that had been previously reported to occur only sporadically.
A key to this finding was the previous definition of tissue-restricted gene expression, which
identified a specific category of genes that are normally expressed in the germline and
placenta, and present a characteristic “locked” epigenetic configuration in all non-germline
cell types, including embryonic stem cells.

The large-scale activation of this specific category of silenced genes in all cancers primarily
reflects a general loss of cell identity, most likely due to a profound transformation of their
overall epigenetic landscape. However, loss of methylation, although affecting most of the
TS/PS genes promoters, cannot fully explain their ectopic activation. Changes in other
epigenetic marks, such as histone modifications, should be considered to thoroughly
evaluate the impact of the cancer epigenetic alterations in these aberrant gene activations.

Of particular interest is a group of 26 of these genes whose combined activation in lung
tumors is associated with a particularly aggressive cancer phenotype.

The analysis of the literature on these 26 classifying genes showed that most of them had not
previously been associated with cancers and that they have completely unknown functions.

This study therefore leaves us with important questions regarding the oncogenic potentials
of these 26 genes. In particular, it is unclear how the ectopic activation of each of these
genes or their combinations could account for the characteristic aggressive gene expression
profile evidenced here in metastatic-prone aggressive tumors. It would also be important to
understand the relationship between the expression of these genes and well-known
oncogenic drivers.
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An analysis of the literature shows that some of the 26 genes have already been identified as
cancer-associated genes, mainly as so-called C/T antigens, and others are paralogs or
pseudogenes corresponding to important cancer-related genes.

One of them, EBI3 (Epstein-Barr virus—induced 3), has already been discovered not only as
an independent predictor of poor prognosis in lung cancer but also as a driver (21). PIWILI,
also linked with poor prognosis in various cancer types including lung cancer, has been
found associated with stem cell renewal (22-25), in agreement with the embryonic stem
cell-like gene expression pattern observed in our aggressive P3 tumors. In addition, the
identity of some of our genes suggests yet unknown oncogenic mechanisms. We also found
two PTEN-related sequences among our 26 genes. TPTE encodes a testis-specific protein
with high sequence similarity to the tumor suppressor PTEN (26), and TPTE2P2 encodes a
testis-specific TPTE pseudogene. It is therefore possible that the ectopic activation of TPTE
or a truncated protein produced by TPTE2P2 could interfere with the tumor suppressor
activity of PTEN and act as a dominant negative factor with oncogenic activity. A similar
mechanism could also explain the role of the NBPF4 neuroblastoma breakpoint family.
Indeed, an amplified member of the family, NBPF23, has been recently shown to be
specifically associated with pediatric neuroblastoma and could drive the malignant
transformation through an unknown mechanism (27). The ectopic activation of NBPF4
could increase the NBPF gene dosage and elicit a similar oncogenic effect.

Our findings leave room for speculations and new investigations, but the very typical and
homogeneous clinical, biological, and molecular portrait of aggressive tumors identified
with this 26-gene signature implies that they might be associated with fundamental
oncogenic mechanisms, which cooperate to generate such aggressive tumors.

Our approach also indicated several drugs that might efficiently target P3 lung tumors.
Indeed, GSEA identified major overlaps between the sets of genes down-regulated by these
drugs and the genes overexpressed in our P3 lung tumors. Some of these drugs, including
salirasib (28) and Aplidin (29, 30), have been unsuccessfully tested against non—small cell
lung cancer in phase 2 clinical trials. Our observation suggests that they might only be
effective in a restricted number of tumors with a characteristic P3-like gene expression
signature. The actual sensitivity of these tumor cells remains to be demonstrated in vitro as
well as in vivo, including in patients, but the present data suggest potential therapeutic
strategies to explore for these deadly tumors.

MATERIALS AND METHODS

Identification of genes with tissue-restricted expression using EST and transcriptomic

data

Combining large-scale analysis of ESTs (31) (http://www.ncbi.nlm.nih.gov/sites/entrez?
db=unigene&cmd=search&term=9606[taxid] AND tissue[restricted]) and transcriptomic
data on normal human tissues available online, we systematically looked for genes with a
tissue-restricted pattern of expression. Briefly, only genes predominantly expressed in
germline or placenta cells with no ESTs in other tissues were retained as restricted. The
genes on this list underwent another consideration, which was the assessment of their
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promoter/epigenetic status. This led to the establishment of a list of 506 genes considered to
have a restricted pattern of expression in germline and placenta.

Analysis of the epigenetic characteristics of the promoter regions of TS/PS genes in
somatic cells

Publicly available pangenomic data were used to determine the epigenetic status of the
promoter regions of the TS/PS genes. The list of selected studies and data processing is
detailed in the Supplementary Materials and Methods.

Transcriptomic data analysis and statistics for normal tissues and cancer samples

Transcriptomic data from normal tissues and cancer samples were obtained with the
Affymetrix technology “Affymetrix.GeneChip. HG-U133_Plus_2.” We used data available
either on the GEO Web site (http://www.ncbi.nlm.nih.gov/geo/) or from our own lung tumor
series (GSE30219). The data were analyzed as described in the Supplementary Materials
and Methods.

Thresholds of expression for germline- and placenta-restricted genes were established as
described in the Supplementary Materials and Methods.

Analysis of the expression of TS/PS genes on a dedicated microarray and by qRT-PCR

RNA of each of the various control, cancer, and cell line samples was extracted or purchased
from Cytomix (see table S5 for information on the origin of the RNA samples) and then
processed for hybridization or analyzed by qRT-PCR as described in the Supplementary
Materials and Methods.

Analysis of the effect of DNA demethylation in inducing the expression of TS/PS genes in
somatic cells using our dedicated microarray and qRT-PCR experiments

The objective was to compare the expression levels of TS/PS genes between HCT116 cell
line with a DKO for DNMT3b and DNMT1 and its wild-type counterpart by analysis on our
dedicated microarray (described above; the values were expressed as fold changes over the
threshold of signal obtained in normal somatic tissues; genes were considered activated
when the normalized signal value was above the threshold value of 1.2) and gqRT-PCR
analysis (described above).

TS/PS gene DNA methylation analysis

Whole-genome DNA methylation was analyzed in 55 patients from our cohort with the
Illumina Infinium HumanMethylation450 assay (32), as described in the Supplementary
Materials and Methods.

Assessment of prognostic value of the off-context expression of TS/PS genes in lung
cancer patients

The prognostic value of the expression of TS/PS genes in lung cancer was assessed in
univariate and multivariate analyses as described in the Supplementary Materials and
Methods.
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Identification and characterization of the molecular profile of aggressive lung tumors

The supervised transcriptomic analysis carried out to identify the genes differentially
expressed between patients with best prognosis (P1) and those with poorest prognosis (P3)
and the GSEA of the gene expression profile characterizing aggressive tumors are described
in the Supplementary Materials and Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ectopic expressions of TS/PS genes detected in multiple cancers
(A) Frequencies of activation of TS/PS genes in 14 different types of solid tumors from our

analysis of transcriptomic data available online obtained from 1776 solid tumor samples
(GSE2109, described in table S3) shown here for the 65 most frequently activated genes on a
black (0%) to red (100%) scale (heat map). Overall frequencies of gene activation in all
tumor samples are presented in the histogram on the right. (B) Transcriptomic profiles of
TS/PS genes on a dedicated microarray in normal human tissues and in tumor samples and
cell lines: “P,” “T,” “Ctrl soma,” “Cancer,” and “CCL” respectively indicate placenta, testis

(n=2), adult somatic tissues, cancer samples of various origins, and cancer cell lines (n=
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3). All samples are listed in table S5. Color code: black, no expression (“Off”); red, gene
activation (“On”). (C) Expression of a selection of 13 frequently expressed TS/PS genes
detected by qRT-PCR in 73 tumor samples of eight different origins (including breast, colon,
kidney, liver, lung, ovarian, prostate, and thyroid). The corresponding nontumor samples
(“N”) are shown on the left part of the heat map in the same order.
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Fig. 2. TS/PS geneswith hyper methylated promoters more susceptible to deregulation in cancer
(A) Box plots showing the respective distributions of activation frequencies in cancer

(considering all 1776 cases of solid tumors analyzed in the data set GSE2109) of the two
groups of genes, associated either with CpG-poor promoters (left) or with hypermethylated
CpG-rich promoters (right). (B) Activation of TS/PS genes in response to DNA
demethylation in HCT116 DNMT DKO (HCT116 cell line with double inactivation of
DNMT1 and DNMT3b) compared to HCT116%/* (wild type) using our dedicated
microarray; the histogram shows the numbers of genes activated (black) or not (gray)
according to their promoter category, either CpG-poor or CpG-rich hypermethylated (“CpG-
rich HyperMe”). (C) qRT-PCR detecting the expression of 49 TS/PS genes among those
associated with a CpG-rich hypermethylated promoter (listed on the x axis of the histogram)
in HCT116 cell line wild type (+/+, light gray bars), KO for DNMT3b (dark gray bars), and
DKO for DNMT1 and DNMT3b (red bars); values are fold changes in reference to the
normalized values obtained in HCT116*/*,
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Fig. 3. Ectopic expression of TS/IPS genesin the series of 293 lung cancer patientsat all stages of
the disease

(A) The heat map (left panel) shows the detection of TS/PS gene expression in all 293
patients (x axis) including adenocarcinoma (ADC), basaloid (BAS), carcinoid tumors
(CARCI), large cell neuroendocrine tumors (LCNE), small cell carcinoma (SCC), and
squamous cell carcinoma (SQC) histological subtypes, as well as in NL samples. Heat map
color code: black, no activation; red, activation. The histogram (right panel) shows the
frequency of lung cancer tumors (x axis, in %) aberrantly expressing each of the same TS/PS
genes (y axis). (B) Heat map showing the expression of TS/PS genes focusing on the early
lung cancer (T1NO) cases (1= 152) of the series, as described above; all patients are

Sci Transl Med. Author manuscript; available in PMC 2016 April O1.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Rousseaux et al.

Page 19

included in (A), but here they are sorted by decreasing number of ectopically expressed
genes (not by histological subtypes). (C) Heat map focusing on the expression of TS/PS
genes in a subset of 15 paired tumor samples (“Paired T”) and their corresponding NL [these
samples are also shown in the previous two heat maps in (A) and (B), but in different order
because they are of different TNM stages and histology]; this figure shows only the genes
activated in this subset of patients. (D) Heat map showing the methylation levels (§ values
from 0 to 100% on a light gray to blue color scale) of 347 CpGs associated with the
transcription start site (TSS) and 5" untranslated regions of 88 TS/PS genes in normal
somatic tissue samples (from left to right: mean methylation value in adipose tissue, adrenal
gland, bladder, blood, brain, heart, lymph node, pancreas, skeletal muscle, spleen, stomach,
ureter, and five fetal and two adult lung samples; data available on the GEO Web site under
the reference GSE31848), as well as in 55 lung tumor samples of our series. § Values are
shown in table S9. (E) Scatter plots corresponding to the individual CpGs localized near the
TSS (-1500 to +1500 base pairs) of two genes, BRDT and MAGEB®6, showing that the
methylation levels (B values on the y axis) correlated with their respective expression levels
(logy ratios) in the 55 lung cancer patients. The positions of the CpGs relative to the TSS are

indicated between brackets.
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Fig. 4. Off-contextactivationsof 26 T S/PSgenesindependentlyassociatedwithpoor prognosisin lung

cancer

(A and B) Cumulative global Kaplan-Meier survival estimates of the 293 patients in our

series either grouped together (A, left panel) or divided into three groups according to the

number of ectopic expressions found within the subset of 26 genes. The groups were defined

as follows: P1 (no expression, red curve, n= 121), P2 (one or two expressed genes, blue

curve, n=125), and P3 (three or more ectopically expressed genes, black curve, n=47) (A,

right panel). (B) The left panel shows the survival probabilities of patients according to the

TNM stage (as indicated). The middle panel shows the survival probabilities of the three

groups (P1, P2, and P3) defined by our classifying genes, considering only the TINO
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patients. The same approach was used to classify the T>1/N>0 patients (right panel). (C)
Forest plot of HRs (P3 versus P1; on a log scale) for overallriskofdeath(more than5 years). A
univariateCoxproportional hazard model estimated HRs for the overall risk of death. The
horizontal lines provide the 95% confidence interval for the ratios. The vertical red dotted
double-arrow line corresponds to an HR of 1. (D) Histograms showing the frequencies of
relapse (local recurrence and/or metastasis) observed in P1 and P3 patients. (E) Box plots
showing the distribution of times (in months) for P1 and P3 patients, corresponding to
overall survival (left), survival before relapse (middle), and survival after the diagnosis of

relapse (right).
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Fig. 5. Validation of the 26-gene prognosis-classifying strategy for lung cancer patients
(A) gqRT-PCR detection of the expression of our classifying genes. The heat map (left) shows

the detection of four frequently expressed TS/PS genes (upper panel) and of the prognosis-
classifying genes (lower panel) in a subset of 61 patients from our lung cancer patient series.
The survival curves (right) compare the survival probabilities between patients assigned to
the P1, P2, and P3 groups by qRT-PCR. (B) Cumulative global Kaplan-Meier survival
estimates of the patients from two external lung cancer populations either combined (top
panels: the continuous lines show the mean survival probability, and the dotted lines
correspond to the 95th percentile) or divided into the three groups P1, P2, and P3 defined as
in Fig. 4A.
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Fig. 6. Biological and clinical characteristics of aggressive lung tumorsrevealed by differential
expression profiling

(A) Heat maps showing the expression of the 26 TS/PS genes (upper panel), as well as genes
up-regulated (middle part) and down-regulated (lower part) in aggressive tumors (P3)
compared with the “good prognostic” group of tumors (P1). The robust multiarray average
normalized values of expression of these genes are represented in the indicated color scales
(green, low expression; red, high expression); the patients, represented on the x axis, were
classified by prognostic groups and ranked by increasing value of the differential expression
between up-and down-regulated genes; genes were ranked by decreasing difference of
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expression values between P1 and P3 samples. Blue frame: subset of the patients classified
as group P1 presenting a P3-like molecular profile (P1P3L); gray frame: carcinoid tumors
displaying an atypical molecular profile. (B) The Kaplan-Meier curves represent the
respective survival probabilities of the subgroups of P1 patients with the P3-like expression
profile (P1P3L, blue curve), other P1 patients (red curve), and P3 patients (black curve). (C
to F) Enrichment plots displaying the normalized enriched scores of some of the highly
significant overlapping gene sets identified with gene set enrichment analysis (GSEA). The
green curve shows the running enrichment score (y axis) for the gene set as the analysis
walks down the ranked list of genes (x axis). The black bars along the x axis represent the
genes of the gene set, ranked according to their fold change of expression in the “P3 versus
P1” transcriptomic analysis (from left to right: up- to down-regulated genes).
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