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Introduction
The mutational landscape of non–small-cell lung cancer (NSCLC) has been extensively explored; this has led 
to the identification of cancer driver mutations, several of which have been successfully exploited as therapeutic 
targets in clinical practice (1–3). However, targetable genomic aberrations are only present in minor subgroups 
of patients and therapy response is only temporary (4–6). As a conceptual alternative, immunotherapeutic strat-
egies have emerged, taking advantage of the patient’s own immune system to stimulate an antitumor response 
(7). As a proof of concept, so-called checkpoint inhibitors have been approved for the treatment of advanced 
NSCLC with impressive long-lasting tumor response (8). Along with antibody-based modalities, vaccination 
is also used as an immune modulatory approach (9–11). In principal, all cancer immunotherapies share the 
concept that the immune system can exclusively attack cancer cells but spare normal cells. Cancer-specific 
structures are thus an advantageous attribute for cancer cell recognition and elimination (12–14).

Cancer testis antigens (CTAs) have attracted the attention of  cancer researchers as potential mediators 
of  cancer cell recognition (15, 16). The members of  this group are expressed in a wide range of  cancers, 
including lung cancer, while in normal tissues their expression is restricted to immune privileged sites, such 
as testis and placenta. Indeed, CTAs have been shown to encode immunogenic proteins that can induce 

Cancer testis antigens (CTAs) are of clinical interest as biomarkers and present valuable targets 
for immunotherapy. To comprehensively characterize the CTA landscape of non–small-cell lung 
cancer (NSCLC), we compared RNAseq data from 199 NSCLC tissues to the normal transcriptome 
of 142 samples from 32 different normal organs. Of 232 CTAs currently annotated in the Caner 
Testis Database (CTdatabase), 96 were confirmed in NSCLC. To obtain an unbiased CTA profile 
of NSCLC, we applied stringent criteria on our RNAseq data set and defined 90 genes as CTAs, 
of which 55 genes were not annotated in the CTdatabase, thus representing potential new CTAs. 
Cluster analysis revealed that CTA expression is histology dependent and concurrent expression is 
common. IHC confirmed tissue-specific protein expression of selected new CTAs (TKTL1, TGIF2LX, 
VCX, and CXORF67). Furthermore, methylation was identified as a regulatory mechanism 
of CTA expression based on independent data from The Cancer Genome Atlas. The proposed 
prognostic impact of CTAs in lung cancer was not confirmed, neither in our RNAseq cohort nor in 
an independent meta-analysis of 1,117 NSCLC cases. In summary, we defined a set of 90 reliable 
CTAs, including information on protein expression, methylation, and survival association. 
The detailed RNAseq catalog can guide biomarker studies and efforts to identify targets for 
immunotherapeutic strategies.
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spontaneous humoral or cellular antitumor responses in cancer patients (17, 18). Because of  the downregu-
lation of  the MHC and the production of  immune-suppressive factors, autoimmunity in testis and placenta 
is prevented (19, 20). In order to systematically summarize the accumulating knowledge, the Ludwig Insti-
tute for Cancer Research established the Cancer Testis database (CTdatabase) (21), providing researchers 
with a detailed and, importantly, manually curated list of  proposed CTAs, including splicing variants, immu-
nogenic information, and the gene expression levels per cancer type, together with source of  information.

NSCLC, along with melanoma and ovarian cancer, has been found to have the highest frequency of  
CTA expression of  the different analyzed cancers. Until now the majority of  CTA studies on NSCLC have 
focused on evaluating the expression of  only a subset of  CTAs (22–25). Therefore, the aim of  this study was 
to explore the comprehensive landscape of  CTAs in NSCLC. The basis for this analysis was RNA-sequenc-
ing (RNAseq) data from 199 NSCLC patients and 142 samples from 32 different normal human tissue 
types. We evaluated in a supervised approach the expression of  all previously described CTAs (n = 232) 
annotated in the CTdatabase. This was followed by identification of  90 genes with substantial CTA fea-
tures, defining the unbiased CTA profile of  NSCLC. Since the majority of  CTAs has only been described 
on mRNA levels, we complemented the transcriptomic information with protein profiling for a subset of  
CTAs, using antibodies to provide information on tissue distribution and subcellular localization in the in 
situ environment of  NSCLC. Methylation status of  each CTA supplemented the gene expression data to 
explain potential regulatory mechanisms of  CTA expression. Finally, we explored the prognostic impact of  
the 90 NSCLC CTAs in our data set and in a meta-analysis of  1,117 patients from 7 independent data sets.

Results
The lung cancer transcriptome. RNAseq analysis was performed on 199 fresh-frozen NSCLC samples (Table 1). 
mRNA expression of  20,293 putative protein-coding genes (Ensembl v.73) in the 199 NSCLC samples was 
used in unsupervised hierarchical cluster analysis, as well as multidimensional scaling, and revealed that can-
cer histology is by far the most dominant factor for gene expression differences and responsible for clustering. 

Table 1. Clinical characteristics of 199 NSCLC cases included in the RNAseq analysis

No. (%)
All patients 199 (100.0)

Sex
Female 103 (51.8)

Male 96 (48.2)
Age

≤70 years 120 (60.3)
>70 years 79 (39.7)

Stage
IA 70 (35.2)
IB 45 (22.6)
IIA 25 (12.6)
IIB 23 (11.5)
IIIA 33 (16.6)
IV 3 (1.5)

Histology
Adenocarcinoma 108 (54.3)

Squamous cell carcinoma 67 (33.7)
Not otherwise specified 24 (12.0)

Performance statusA

0 120 (60.3)
1 77 (38.7)
2 2 (1.0)

Smoking
Ever 180 (90.5)

Never 19 (9.5)
AAssessment of a patient’s performance status according to WHO score.
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Based on these analyses, the two main groups containing either adenocarcinoma or squamous cell carcino-
mas were separated; other NSCLC subtypes were clustered within these two groups (Figure 1). This pattern is 
in accordance with previous results of  NSCLC profiling using microarray technology (26, 27), indicating that 
the Uppsala lung cancer cohort is representative of  NSCLC.

The mRNA expression of  reported CTAs. The CTdatabase (http://www.cta.lncc.br) is a systematic data 
repository for CTAs, currently including 276 genes designated as CTAs, with curated information about 
gene and protein expression in normal and cancer tissues (21). All 276 genes were initially included, but 44 
of  these genes were excluded from further analysis; 31 genes were not mappable to the Ensembl database, 
8 genes lack protein-coding transcripts, 1 gene was not expressed in any normal or NSCLC samples, and 
4 genes were double annotated in the CTdatabase. In summary, 232 unique CTAs were used in all further 
analyses of  previously reported CTAs. To determine the number of  previously reported CTAs expressed 
in NSCLC and to validate their restricted expression pattern in testis/placenta, RNAseq data from 199 
NSCLC tissues and 142 normal tissues from 32 different human organs sites were analyzed.

A CTA was designated as “confirmed CTA” when the expression in testis or placenta and at least one 
of  the NSCLC samples was 5 times higher than the expression in any other normal tissue type. Based 

Figure 1. The transcriptomic profile of non–small-cell lung cancer (NSCLC). (A) Hierarchical cluster analysis demonstrating the pair-wise correlation 
between all 199 NSCLC cases based on mRNA expression of 20,293 putative protein-coding genes (Ensembl v.73). (B) Multidimensional scaling (MDS) plot 
with regard to histology showing the level of similarity of the 199 NSCLC cases analyzed as well as of 19 normal lung samples. NOS, not otherwise specified.
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on these criteria, 96 of  the 232 genes (41%) were classified as “confirmed,” i.e., having validated testis/
placenta-specific expression and also being expressed in NSCLC (Figure 2 and Supplemental Table 1; 
supplemental material available online with this article; doi:10.1172/jci.insight.86837DS1). Of  the 96 con-
firmed CTAs, only 24 genes were previously described as CTAs in the CTdatabase on both the mRNA and 
protein level in lung cancer, whereas 44 genes had only been described in NSCLC on mRNA levels. Finally, 
28 genes had previously not been reported in NSCLC/lung cancer, neither on the mRNA level nor on the 
protein level, but only in other cancer types.

Further analysis of  the 232 CTAs revealed that 59 genes (25%) were defined as testis/placenta-specific 
genes, i.e., expressed in testis or placenta and not expressed in other somatic tissue, but demonstrated no 
expression in our NSCLC cohort (Supplemental Table 2), thus not representing relevantly expressed CTAs 
in NSCLC. Unexpectedly, 77 of  232 genes (33%) were also expressed in other normal tissues than testis 
and placenta (Supplemental Table 3). Of  these 77 genes, 34 genes have at least one testis-specific transcript; 

Figure 2. The expression of reported cancer testis antigens (CTAs) in non–small-cell lung cancer (NSCLC). Reported CTAs in the CTdatabase (n = 232) 
were analyzed in 199 NSCLC cases and 142 normal tissues from 32 different organs. Based on the mRNA expression for each CTA in NSCLC and normal 
tissues, these 232 genes were grouped in either confirmed CTAs (green shades) or not confirmed CTAs and subdivided in testis/placenta-specific genes 
without expression in NSCLC (pink) or CTAs with expression in somatic tissues (blue shades). From each of these 6 categories the mRNA expression of a 
representative CTA is shown. The y axes show the mRNA levels as fragments per kilobase of transcript per million mapped reads (FPKM) values, and the x 
axes represent each analyzed case: NSCLC samples (red), normal tissues except testis (black), and testis (gray).
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therefore, we cannot exclude that these transcripts are expressed as isoform-specific CTAs (Supplemental 
Table 4). We suggest that these 77 nonconfirmed CTAs should be reevaluated and potentially removed as 
CTA candidates in the CTdatabase.

The protein expression of  reported CTAs in NSCLC. Of  232 genes, 68 genes were reported to be expressed 
in NSCLC according to the CTdatabase. Of  these, 24 were described on both the mRNA and protein level, 
whereas the remaining 44 CTAs were only defined based on the mRNA level (Figure 2). Using the image 
database of  Human Protein Atlas (HPA) (28), we confirmed protein expression of  8 CTAs in NSCLC 
(MAGEC2, MAGEB6, PAGE2, PAGE5, PAGE2B, CT45A2, SAGE1, and MAGEA8; Figure 3A).  

Figure 3. Immunohistochemical staining of confirmed cancer testis antigens (CTAs) and not confirmed CTAs in non–small-cell lung cancer (NSCLC) 
and normal human tissues. (A) Tissue sections of normal testis (MAGEC2, MAGEB6, PAGE2/5/2B, CT45A2, and SAGE1) and placenta (MAGEA8) as 
well as adenocarcinoma and squamous cell carcinoma were stained with antibodies targeting 8 confirmed CTAs. (B) Tissue sections showing normal 
testis, adenocarcinoma, and squamous cell carcinoma stained with antibodies targeting 6 not confirmed CTAs, encoded by testis-specific genes with-
out expression in NSCLC. Scale bar: 100 μm.
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Furthermore, the 59 genes that only showed testis/placenta-specific expression, but no expression in 
NSCLC, were evaluated. Indeed, testis-specific protein expression in normal tissues was confirmed in the 
image database of  the HPA for 14 genes (AKAP3, PRM2, CRISP2, ODF2, AKAP4, FATE1, LDHC, 
SSX2, ACRBP, CALR3, HORMAD1, LUZP4, PRM1, and DKKL). The protein expression for 6 of  these 
genes is shown in Figure 3B, in which expression is demonstrated in both early (e.g., LUZP4) and in later 
stages (e.g., DKKL1) of  spermatogenesis.

The evaluation of  the 77 nonconfirmed CTAs (mRNA expression was not restricted to testis/placenta 
in our data set) demonstrated protein expression in somatic tissue for 18 of  these genes, thus confirm-
ing the uncertain annotation as CTAs in the CTdatabase (HEMGN, SPA17, SPAG6, SPAG8, ANKRD45, 

Figure 4. Immunohistochemical staining of not confirmed cancer testis antigens (CTAs) that are expressed in somatic tissues. Tissue sections showing 
normal testis, fallopian tube, skin, lung, and bone marrow stained with antibodies targeting not confirmed CTAs with gene expression in somatic tissues.
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KDM5B, CTAG1A, CT45A6, CT45A3, CT45A1, CT45A5, SPACA3, SPEF2, GAGE12G, GAGE12F, GAGE12I, 
PRSS50, and PBK), of  which 6 examples are shown in Figure 4. Several of  these uncertain CTAs were also 
expressed in the epithelial cells of  the fallopian tube (SPA17, SPAG6, SPAG8, and ANKRD45) and are 
related to the motility apparatus of  cilia and flagella.

Identification of  new CTAs in NSCLC. To complement the information of  the CTdatabase and to pro-
vide a comprehensive CTA profile in NSCLC, we extended our analysis. To identify CTAs in an unbiased 
manner and with robust expression frequencies, we applied the following two criteria to our transcriptomic 
data: (a) a gene should have at least 5 times higher expression in NSCLC than any normal tissue (exclud-
ing testis and placenta) to be considered specifically expressed in cancer tissues and (b) the gene must be 
expressed in at least 2% of  either adenocarcinomas or squamous cell carcinomas. Based on these criteria, a 
list of  96 genes was generated (Supplemental Table 5), of  which 35 genes were already annotated as CTAs 
in the CTdatabase. Consequently, the remaining 61 genes were putative new CTAs.

The list of  these 61 candidate CTAs was manually curated utilizing the independent resource of  tran-
scriptomic data from post-mortem tissues called the Genotype-Tissue Expression Project (GTEx), which 
contains mRNA expression data from 29 solid organ sites and 11 brain subregions (29). Of  our 61 can-
didates, 6 genes (FGF3, TCHHL1, GABRR1, KRT85, TFPI2, and HMGB3) were excluded, because they 

Figure 5. Immunohistochemical staining of new cancer testis antigens (CTAs) in testis, placenta, and non–small-cell lung cancer (NSCLC) tissues. Tissue 
sections of normal testis or placenta as well as adenocarcinoma and squamous cell carcinoma were stained with antibodies towards 4 new CTAs.
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showed mRNA expression in normal tissues other than testis and placenta in this independent set of  sam-
ples. Additionally, 7 of  the genes were expressed in nerve tissue and different regions of  the brain. Since 
these tissue compartments are often also considered to be immune privileged (30), we marked these genes as 
candidate CTAs with neural-related expression. The testis/placenta-specific expression of  the remaining 55 
genes was confirmed in all analyzed normal tissue specimens in GTEx. Interestingly, 9 of  these genes were 
located on the X chromosome (XAGE1A, CT83, MAGEB16, CXorf67, VCX, TGIF2LX, USP26, H2BFM, and 
TKTL1), a typical feature for CTAs (16). As expected, we observed a histology-dependent expression of  the 
new CTAs, with many genes, such as C12orf54, TSPY10, LIN28B, CXorf67, TDRD12, LETM2, and DPEP3, 
exclusively expressed in squamous carcinoma patients and others, such as PAGE5, SKOR2, XAGE1A, 
TUBA3C, and STK31, exclusively or preferentially expressed in adenocarcinoma patients. Altogether, we 
defined 90 NSCLC CTAs, of  them 35 previously described and 55 novel CTAs (Supplemental Table 11).

The protein expression of  new CTAs. We utilized the HPA database to evaluate protein expression in a 
subset of  the novel CTAs. Four antibodies directed to TKTL1, TGIF2LX, VCX, and CXorf67 showed, 
in accordance to mRNA expression, protein expression in testis or placenta, but no staining in all other 
normal tissues. These antibodies were applied to stain a tissue microarray (TMA) of  35 NSCLC speci-
mens, confirming protein expression in at least one NSCLC sample (Figure 5). Transketolase-like protein 
1 (TKTL1) is an enzyme involved in the nonoxidative pentose-phosphate pathway that is reported to be 
overexpressed in several human cancers, including lung cancer (31), but it has not previously been reported 
to be a CTA. In our analysis, TKTL1 was expressed in both histologic subtypes of  NSCLC and showed 
cytoplasmic and nuclear positivity in the IHC analysis in 2.9% of  NSCLC cases. TGF-β–induced tran-
scription factor 2-like protein (TGIF2LX) is a poorly characterized protein with a putative transcriptional 

Figure 6. Correlation of DNA methylation with gene expression. Matched methylation and gene expression data from The Cancer Genome Atlas were plotted 
to illustrate the correlation for selected cancer testis antigens (CTAs): (A) MAGEA1, (B) PAGE2, (C) CT83, and (D) SMC1B. The x axes give the β value of the 
region of the CTA 200 bp upstream of the transcription start site (TSS200) as a degree of methylation. The y axes give the gene expression as log2 trans-
formed 1+ reads per kilobase of transcript per million mapped reads values of RNAseq.
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role in testis. TGIF2LX expression has previously only been reported in prostate cancers among human 
cancers (32). In our analysis, TGIF2LX was expressed in both histological subtypes of  NSCLC and showed 
dominant nuclear staining in 5.7% of  NSCLC cases. Variable charge X-linked protein 1 (VCX) is involved 
in spermatogenesis and has recently been suggested to be a CTA in NSCLC (33). We confirmed nuclear 
staining in the IHC analysis in 62.9% of  NSCLC cases. The uncharacterized protein CXorf67 was hitherto 
not described on the protein level. In our data set, CXorf67 showed strong nuclear expression in the squa-
mous histology (11.4%).

The methylation status of  CTAs in NSCLC. The expression of  CTAs is often considered to be regulated by 
gene promoter hypomethylation. Therefore, we analyzed the relationship between DNA methylation and 
gene expression in an independent NSCLC data set from The Cancer Genome Atlas (TCGA), including 
in total 845 NSCLC and 74 normal lung samples. The methylation status for 65 of  the 90 NSCLC CTAs 
(72%) could be retrieved from these data sets. In adenocarcinoma 31.8% of  the CTA genes and in squa-
mous cell carcinoma 47.0% of  the CTA genes were hypomethylated (Supplemental Table 6). This was sig-
nificantly greater compared with the hypomethylation status of  all other genes (non-CTAs). In adenocarci-
noma 7.6% of  all non-CTAs were defined as hypomethylated (P < 0.01), whereas 12.6% of  all non-CTAs 
were hypomethylated in squamous cell cancer (P < 0.01).

Furthermore, we analyzed the correlation between CTA methylation and gene expression to evalu-
ate whether CTA expression was associated with hypomethylation in NSCLC tissue. A relevant negative 
correlation (r < –0.4) between methylation and mRNA levels was demonstrated for 12 CTAs (19%) in 
adenocarcinoma and 15 CTAs in squamous cell cancer (23%). This was significantly more than expected 
compared with the number of  genes with a coefficient of  < –0.4 when all other non-CTA genes were ana-
lyzed (P < 0.01 for both comparisons; Supplemental Figure 1).

Most often the promoter region TSS200 (200 bp upstream of  the transcription start site) or the first 
exon was involved. Relevant associations were observed for established CTAs and X chromosomal CTAs 
(e.g., MAGEA1 and PAGE2; Figure 6, A and B) as well as new and non–X chromosomal CTAs (e.g., CT83) 
and SMC1B; Figure 6, C and D).

That methylation is a possible mechanism of  regulation in a subset of  CTAs was confirmed by the 
analysis of  gene expression data of  human bronchial epithelial cell lines (NHBE) and human small airway 
epithelial cells treated with the demethylating agents 5-aza-2′-deoxycytidine (AZA) and trichostatin A. 
AZA and trichostatin A–associated regulation of  CTA gene expression in at least one of  both cell lines was 
observed for 23 of  68 evaluable CTAs (Supplemental Table 6).

When evaluating the effect of  AZA-based demethylation in NSCLC cell lines, an even higher fraction 
of  CTAs demonstrated an increased expression (47 genes in at least one of  the adenocarcinoma cell lines 

Figure 7. Coexpression analysis of cancer testis antigens (CTAs). Coexpression of the number of CTAs expressed in a 
non–small-cell lung cancer tumor sample (x axis) and the number of tumor samples (y axis).
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and 34 genes in at least one of  the squamous cell carcinoma cell lines of  63 evaluable CTAs).
Taken together, the in silico results based on independent NSCLC cases indicated that demethylation 

plays an important role in the regulation of  CTA expression in NSCLC.
Coordinately expressed genes and cluster analysis. In our data set, 90 CTAs were identified (35 previously 

described CTAs and 55 new CTAs) and their expression patterns were analyzed. Most of  the CTAs were 
coexpressed; only 5.5% of  the NSCLC cases did not express any CTA; 64.3% expressed more than 3 
CTAs, 22.6% expressed more than 10 CTAs, and 4.5% expressed more than 20 CTAs (Figure 7). Hierar-
chical clustering and network analysis were performed to illustrate CTA expression patterns among the 199 
NSCLC cases (Figure 8). The hierarchical cluster analysis also illustrated that CTA expression is histology 
dependent. Clustering stratified cancer cases in histological groups, for example, with MAGE family mem-
bers in squamous cell cancers and the XAGE family members in adenocarcinomas. However, there were 
several exceptions, with single cases scattered within the main groups. Many of  CTAs were coexpressed, 
i.e., one gene expressed together with one gene or several other genes. As expected, this was observed for 
the known CTA families, like SAGE, MAGE, and XAGE.

The relationships are also illustrated in the coexpression network, with three main clusters of  XAGE, 
MAGE, and a mixed cluster with uncertain family affiliation (Figure 9). The newly identified CTAs often 
group together with known CTAs. For example, COX7B2 and ZNF679 are grouped with the MAGE family. 
Additionally, seemingly unrelated CTAs are concurrently expressed, such as XAGE1E and WFDC3. Note-
worthily, some genes did not show strong correlations, including the novel CTAs with brain expression.

Association of  NSCLC CTAs with survival. Several studies suggest that CTA expression is associated with 
poor prognosis in NSCLC (23, 24, 34). Therefore, we explored the prognostic impact of  CTA gene expres-
sion in our RNAseq cohort of  199 NSCLC patients. The Cox regression model revealed no significant 
association with survival for any of  the 90 NSCLC CTAs, neither in the univariate nor in the multivariate 

Figure 8. Hierarchical cluster analysis of cancer testis antigens (CTAs) in non–small-cell lung cancer (NSCLC). The 199 NSCLC cases were clustered based 
on the expression of the 90 CTAs identified in our data set. The genes previously identified as CTAs from the CTdatabase are marked in gray, the newly 
identified genes are marked in green, and the newly identified genes that are also expressed in neuronal tissue according to the Genotype-Tissue Expres-
sion are marked in yellow. X chromosome–bound genes are marked in brown, and non–X chromosomal genes are in white.
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analysis, including the dichotomized clinicopathological parameters of  age (≤70 and >70 years of  age), 
performance status (0 and 1–2 according to the WHO score), and pathological tumor-node-metastasis stage 
(stage I; stage II–IV) (Supplemental Table 7). This was also true when the adenocarcinoma and squamous 
cell cancer subtypes were analyzed separately.

Since adjustment for multiple testing is maybe too vigorous to detect minor influence in a single 
cohort, we applied a meta-analysis approach, including 1,117 patients from 7 studies. In total, 68 of  the 
90 CTAs were presented with at least one probe set on the Affymetrix HG U133 Plus 2.0 Array. After 
adjustment for multiple testing again, none of  the CTAs showed any significant association with sur-
vival in the meta-analysis. However, 16 genes (15 different probe sets) were significant without stringent 
adjustment for multiple testing (Supplemental Table 8). The proportion (15 of  98) of  these potential 
prognostic probe sets is not higher than expected compared with the proportion of  significant probe 
sets in the rest of  all Affymetrix HG U133 Plus 2.0 probe sets (9,866 of  54,577 probe sets, Fisher test,  
P = 0.80). The meta-analysis for adenocarcinoma and squamous cell cancer separately demonstrated 
similar results, without evidence for a particular prognostic value of  NSCLC CTAs. Thus, the hypothesis 
that CTA expression is associated with poor prognosis is doubtful.

Discussion
Currently, this study provides the most comprehensive mapping of  the CTA landscape in NSCLC based 
on transcriptomic, methylation, and protein data. The basis for this analysis was RNAseq data from 199 
NSCLC cases together with 142 cases representing normal tissue from 32 different organ sites. Initially, we 
evaluated the expression of  all CTAs annotated in the CTdatabase (21). We confirmed the expression of  96 
established CTAs in NSCLC. However, the CTdatabase does not appear to include the whole spectrum of  
genes with cancer- and testis-specific expression in NSCLC. Therefore, we took advantage of  our data set to 
search for potential new CTAs and identified 90 genes with specific expression in testis/placenta that were 
also expressed in at least 2% of  adenocarcinoma or squamous cell cancer cases. The majority (n = 55) were 

Figure 9. Network analysis of cancer testis antigens (CTAs) in non–small-cell lung cancer (NSCLC). A network analysis illustrating the coexpression pat-
tern of the 90 identified CTAs. The genes previously identified as CTAs from the CTdatabase are marked in gray, the newly identified genes are marked in 
green, and the newly identified genes that are also expressed in neuronal tissue according to the Genotype-Tissue Expression are marked in yellow.
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previously not described in the CTdatabase, of  them 46 genes that have not been previously discussed, even 
in the context of  lung cancer. To demonstrate, that the results based on mRNA expression can be translated 
to the protein level, we provided in situ protein data for CTA expression in testis and in NSCLC tissue, 
adding another dimension of  evidence. We confirmed that one regulatory mechanism of  CTA activation 
is gene demethylation, implicated in the regulation of  approximately one-third of  the CTAs. In contrast, 
another common assumption, that CTA expression is associated with unfavorable prognosis, was not con-
firmed in our data set or in an independent meta-analysis.

To our knowledge, only one previous study evaluated CTA expression in NSCLC in a comprehensive 
fashion (35), applying another strategy to identify CTAs. In the first step, Rousseaux et al. used expressed 
sequence tags and microarray data sets to identify 506 testis- and placenta-restricted genes. These genes 
were further evaluated in microarray data of  1,776 different tumor tissues and finally in a cohort of  293 
NSCLC patients. The authors identified 100 genes to be expressed in lung cancer in at least 1% of  the 
patients. As expected, the list demonstrates an overlap with our CTA list (Supplemental Table 9). Howev-
er, we identified 48 additional new CTAs, and 84 of  their CTAs were not confirmed in our data set. This 
discrepancy can be explained by different selection criteria. For example, testis/placenta specificity was 
defined as <3 times standard deviation above the mean of  all other tissues in the Rousseaux study, whereas 
in our study the specificity was defined as 5 times higher expression in one sample than the highest expres-
sion value of  any other tissue. Clearly, the choice of  the cut-off  has a strong effect on the number of  iden-
tified CTA candidates. However, based on our previous studies describing organ-specific gene expression 
(28, 36, 37), we believe that this study provides CTA candidates with high confidence.

We believe that our study extends this previous study with more detailed information based on RNA-
seq, protein, methylation, and survival data. Another study (33) applied a more focused approach and 
utilized the BioGPS database to identify testis-specific genes located on the X chromosome and finally 
suggested 4 new CTAs (BEX1, NXF3, TCEAL3, and VCX2). In our data set, BEX1, NXF3, and TCEAL3 
demonstrate clear expression in somatic tissues and may not represent true CTAs. Only VCX2 showed high 
testis specificity and is expressed in two adenocarcinoma patients and one squamous carcinoma patient but 
is not included in our catalog because of  the low frequency of  expression (<2%).

The identified 90 genes were independently confirmed as true CTAs by manual curation using the 
GTEx database (29). This validation step lead to the exclusion of  6 genes, mainly due to the inclusion of  
additional tissue types in GTEx compared with our collection. An additional potential source of  discrepan-
cies could be tissues affected by inflammation, leading to a change of  tissue composition and consequently 
the expression profile. Surprisingly, we identified and excluded only one gene (TFPI2) due to effects likely 
related to inflammation (38, 39). Furthermore, the coexpression analyses demonstrate that newly identified 
CTAs largely group together with established CTAs, indicating a similar regulatory mechanism and coor-
dinated expression, which is a known feature of  CTAs (22, 40, 41). This finding was also supported by the 
methylation analysis of  TCGA data. Indeed, hypomethylation-associated CTA expression was observed 
for established X chromosomal CTAs and novel non–X chromosomal CTAs in around one-third of  our 
NSCLC CTA list. This is in line with previous studies suggesting that epigenetic regulation is one major 
regulatory mechanism of  CTA activation (35, 42, 43).

Recent evidence suggests that CTAs expression is not a result of  uncontrolled cancerous dedifferentia-
tion but that the activation of  CTA implies oncogenic function (44). As promising immunotherapeutic tar-
gets, the cancer-specific identification of  CTAs is of  obvious clinical interest. Early strategies for CTA iden-
tification were mainly based on immunological methods, like T cell epitope cloning and antibody screening 
(45). Later strategies used differential gene expression analysis to compare pooled mRNA of  normal and 
cancer tissue by differential display or microarrays (18, 35, 46). Subsequently, the group of  genes reported 
to possess CTA features was considerably expanded, and we show evidence that some of  the existing CTAs 
should most likely be omitted from the database.

It is important to point out that the cancer testis-specific gene expression pattern does not automatically 
translate genes into immunogenic antigens that are either directly presented on the cancer cell surface or 
processed as MHC-bound peptides. The fragmented knowledge about immune-inducing mechanisms may 
also present the largest hindrance to implementing vaccination strategies in cancer therapy (11). This is 
best exemplified by the results of  the recent randomized phase III trial in NSCLC patients receiving adju-
vant MAGE-A3 vaccine (47). Although the primary selection of  the CTA seems of  natural importance, 
numerous other factors, like type of  adjuvant, vaccination schedule, and the patient’s HLA also play major 
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roles in the successful induction of  an anticancer response (48–51). These results support that more work 
is needed to understand the molecular mechanisms that induce anticancer immune response. Strategies to 
enhance the effect of  cancer vaccines include combination with the recently developed checkpoint inhibi-
tor, showing promising results in preclinical and clinical studies (52).

Our study extends previous data on several levels. First, earlier studies applied complementary tech-
niques, including quantitative real-time PCR or oligonucleotide arrays, while we provide global genome-
wide quantitative data based on next-generation sequencing. Second, several previous studies have been 
predominantly based on gene expression in cell lines that are difficult to extrapolate to human cancer tissue 
(53, 54). Our study is based on a large, representative NSCLC patient cohort, resulting in mRNA levels and 
frequencies from the in situ environment of  cancer. Furthermore, the analysis of  the expression of  CTAs in 
normal tissues was here performed with samples from the same biobank; RNA preparation was performed 
under the same conditions and technical analysis was performed on the same platform at the same facility. 
Furthermore, the characterization of  CTAs has previously mostly been based only on mRNA analysis. 
Here, we supplement the RNA data with protein images from human NSCLC tissue and testis, and, based 
on methylation data, we suggest regulatory mechanisms for each single CTA. Thus, we believe that our 
publically available data can contribute to the ambitious efforts of  the CTdatabase by extending the existing 
catalog of  CTAs and by curating current information.

As an unexpected finding, we were unable to confirm the previous assumptions that CTAs are valuable 
biomarkers for cancer prognostication and CTA expression indicates higher malignant potential (24, 35, 
55). Instead, we demonstrated, based on our data set and 7 independent data sets, that CTAs did not pos-
sess more prognostic information than other genes. This unexpected result stresses the need for appropriate 
statistics and independent validation data sets in the evaluation process of  prognostic markers (56–58).

In summary, our study provides RNAseq expression profiles of  the whole CTA repertoire in NSCLC, 
including an analysis of  previously proposed CTAs, as well as the identification of  novel CTAs. The 
detailed catalog can guide biomarker studies and also help researchers to select candidates for focused 
experimental or clinical exploration.

Methods
Study cohort and patient characteristics. Patient material used for transcript profiling (RNAseq) consisted of  
fresh-frozen tumor tissue from 199 patients diagnosed with NSCLC and surgically treated from 2006 to 
2010 at the Uppsala University Hospital (Table 1). The original cases were reevaluated by two lung pathol-
ogists (H. Brunnström and P. Micke) in accordance to the WHO classification from 2004 (59) and the 
new proposed adenocarcinoma classification (60). Thirty-five of  the 199 NSCLC patients analyzed with 
RNAseq were used to construct a TMA for the immunohistochemical analysis (Supplemental Table 10).

Transcript profiling (RNAseq). Freshly frozen tumor tissues were embedded in Optimal Cutting Tempera-
ture compound and stored at –80°C. For RNA extraction, the tissue was cut in sections (10 μM) using a 
cryostat (Leica). One section was H&E stained and used to decide whether the tumor cell content was suffi-
cient to be included in the analysis. Subsequently, 5 sections (10 μm) were cut and used for RNA extraction. 
The 5 sections were transferred to RLT buffer using the RNeasy Mini Kit (Qiagen) according to the manu-
facturer’s instructions. Afterwards one additional section was H&E stained for eventual tumor cell content 
correction. Only tissues with more than 10% tumor content were included in the analysis. Extracted RNA 
samples were analyzed by the Agilent 2100 Bioanalyzer system (Agilent Biotechnologies) with the RNA 
6000 Nano Labchip Kit. For the following mRNA sample preparation for sequencing, the vast majority 
(188 of  199) of  the samples were of  high-quality RNA, with a RNA integrity number (RIN) ≥7.5. In addi-
tion, 11 samples had RIN values ranging from 2.6 to 7.4. Since these samples passed the internal quality 
control test and did not show any deviation from the other samples in the multidimensional scaling anal-
ysis, they were included in the further analysis. Samples were prepared for sequencing using the Illumina 
TruSeq RNA Sample Prep Kit v2, using polyA selection. The sequencing was performed multiplexed with 
5 samples per lane on Illumina HiSeq2500 machines (Illumina) using the standard Illumina RNAseq proto-
col with a read length of  2 × 100 bases. The raw data has been uploaded together with clinical information 
on GEO, with the accession number GSE81089 (http://www.ncbi.nlm.nih.gov/geo/).

RNAseq data analysis. The raw sequencing data were mapped to the human reference genome (GRCh37) 
and the Ensembl version 73 gene annotation using TopHat version 2.0.8b (61, 62). Gene fragments per 
kilobase of  transcript per million mapped reads values were calculated from the generated alignments using 
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Cufflinks version 2.1.1. Raw read counts were calculated using featureCounts from the Subread package 
version 1.4.0-p1 (63). RNAseq data for 32 normal tissues from 123 individuals altogether was previously 
reported and analyzed using the same methodological pipeline as that for the NSCLC data. These samples 
included testis (n = 7), thyroid gland (n = 4), placenta (n = 4), cerebral cortex (n = 3), liver (n = 3), gall-
bladder (n = 3), pancreas (n = 2), salivary gland (n = 3), esophagus (n = 3), stomach (n = 3), duodenum  
(n = 2), small intestine (n = 4), appendix (n = 3), colon (n = 7), rectum (n = 4), kidney (n = 4), urinary bladder  
(n = 2), prostate (n = 4), endometrium (n = 5), fallopian tube (n = 5), ovary (n = 3), adipose tissue (n = 5), 
skin (n = 3), bone marrow (n = 4), lymph node (n = 5), tonsil (n = 5), spleen (n = 4), adrenal gland (n = 3), 
lung (n = 5), heart muscle (n = 4), skeletal muscle (n = 5), and smooth muscle (n = 2). In addition to the 
tumor tissue samples from NSCLC, 19 paired normal lung tissues were also sampled and analyzed, yield-
ing 142 individual normal tissue samples altogether.

Differential expression analysis was performed on read counts from featureCounts using DESeq with 
Benjamini-Hochberg correction using false discovery rate (FDR) of  P values. Potential CTAs were deter-
mined by requiring that at least 2% of  adenocarcinoma or squamous cell carcinoma samples, i.e., two ade-
nocarcinoma samples or squamous cell carcinoma sample, expressed the gene at least 5 times higher than 
any normal tissue sample, excluding testis and placenta.

TMA production and IHC. Representative formalin-fixed, paraffin-embedded (FFPE) material from 
donor blocks was punched (1 mm in diameter) using a manual tissue arrayer (MTA-1, Beecher Instru-
ments) and placed in a recipient block, generating a TMA block containing 35 NSCLC cases represented in 
duplicates. Four-μm sections of  the TMA blocks were cut using a microtome (HM 355S, Microm), mount-
ed on adhesive slides (SuperFrost Plus, Thermo Scientific), and baked for 45 minutes at 60°C (64). Depar-
affinization and hydration was performed in xylene and graded alcohols to distilled water prior to the IHC 
staining. Endogenous peroxidase was blocked using 0.3% hydrogen peroxide in 95% ethanol for 5 minutes. 
For antigen retrieval, a pressure boiler (Decloaking Chamber, Biocare Medical) was used, and the slides 
were boiled for 4 minutes at 125°C in citrate buffer, pH 6 (Lab Vision). Automated IHC was performed as 
previously described using an Autostainer 480 instrument (Thermo Fisher Scientific) on TMAs consisting 
of  FFPE material from 35 of  the NSCLC patients analyzed with RNAseq (Supplemental Table 10). Prima-
ry antibodies diluted in UltraAb Diluent (Lab Vision) and the secondary reagent UltraVision LP HRP poly-
mer (Lab Vision) were incubated for 30 minutes each at room temperature. Following the washing steps, 
the slides were developed for 10 minutes at room temperature, adding diaminobenzidine (Lab Vision) as 
chromogen and thereafter counterstaining with Mayer’s hematoxylin (Histolab) and mounting with Pertex 
(Histolab). The IHC-stained slides were scanned at ×20 magnification using an Aperio ScanScope XT 
Slide Scanner (Aperio Technologies) to obtain high-resolution digital images.

Antibodies. Antibodies were selected based on images and data available from the HPA database (http://
www.proteinatlas.org/). The HPA database contains gene expression data corresponding to 46 normal tis-
sue types, of  which 32 tissue types also have been analyzed using RNAseq. Antibodies were only chosen 
for which the staining pattern in normal tissue was in accordance with corresponding RNAseq values of  
the same tissue, i.e., selected antibodies had revealed testis/placenta specificity and were in concordance 
with literature regarding subcellular localization. Antibodies against novel CTAs were required to show 
weak positivity in more than 1% of cancer cells in at least one of  the 35 NSCLC specimens included in the 
TMA (Supplemental Table 10). The IDs of  all antibodies used in the IHC analysis are summarized here: 
MAGEC2 (HPA062230), MAGEB6 (HPA041853), PAGE2/5/2B (HPA052619), CT45A2 (HPA046872), 
SAGE1 (HPA003208), MAGEA8 (HPA003998), ACRBP (HPA039082), CALR3 (AF2927, R&D Sys-
tems), HORMAD1 (HPA037850), LUZP4 (HPA046436), PRM1 (HPA055150), DKKL1 (HPA047174), 
HEMGN (HPA019572), SPA17 (HPA037568), SPAG6 (HPA038440), SPAG8 (HPA068012), ANKRD45 
(HPA031657), KDM5B (AMAb90860, Atlas Antibodies), TKTL-1 (T001, R-Biopharm AG), TGIF2LX 
(HPA034543), VCX (HPA049357), and CXORF67 (HPA061280). All antibodies are from the HPA project, 
unless otherwise stated. For detailed information, see the HPA database (http://www.proteinatlas.org/) (28).

Methylation status. To determine the association of  gene expression of  each CTA to the corresponding 
methylation status we utilized TCGA data. Expression data from RNAseq and methylation data from 
the Illumina 450K methylation array were obtained from TCGA Data Portal (https://tcga-data.nci.nih.
gov/tcga/). For comparison of  methylation status between tumor and normal lung, methylation data of  
475 adenocarcinomas and 32 normal lung tissues as well as 370 squamous cell carcinoma and 42 nor-
mal lungs were evaluated with probes for the TSS200. If  there were no probes for TSS200 available, the 
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average of  probes mapping the first exon was used. If  these probes were also absent, we used the aver-
age of  probes covering TSS1500 (1,500 bp upstream of  the transcription start site). Gene expression was 
considered to be associated with methylation if  the Spearman correlation coefficient was less than –0.4, 
demonstrating inverse correlation between methylation status and gene expression. To analyze the effect of  
DNA methylation in nonmalignant lung cell lines, we used publically available gene expression data sets 
in which the human bronchial epithelial cells and human small airway epithelial cells were treated with 
AZA (GSE18454) (65). Mean β values of  each probe were calculated in both tumor and normal lungs, and 
Δβ values (normal – tumor) > 0.1 were defined as hypomethylated. For correlation analyses, 439 adeno-
carcinomas and 370 squamous cell carcinomas with matched RNAseq and methylation data were used. 
The Spearman correlation coefficient was calculated using the β value of  each probe and is shown as log2 
transformed 1+ reads per kilobase of  transcript per million mapped reads values (Figure 6). In accordance 
with the algorithm presented by Jiao et al. (66) for each gene, the average β value of  probes for the TSS200 
was calculated.

Survival analysis and meta-analysis of  public data sets. A Cox proportional hazards model, as described by 
Klein and Moeschberger (67) and implemented in the R package “survival” (68), was used to determine the 
association between CTA mRNA expression and overall survival. Genes having a total sum of  less than 10 
raw counts across all patients were excluded from this analysis. After normalization using DESeq (69), the 
mRNA expression data were logarithmized and standardized as proposed by Zwiener et al. (70) before fit-
ting a Cox proportional hazards model to the 90 CTAs. Multiple testing adjustments of  significance levels 
were performed using the FDR with Benjamini-Hochberg correction of  P values (71). To validate signifi-
cant survival associations in independent patient cohorts, the R package “meta” (72) was applied to per-
form a meta-analysis across 7 publicly available NSCLC data sets with Affymetrix HG U133 Plus 2.0 Array 
expression data and corresponding information on overall survival (in total 1,117 patients): GSE29013 
(73); GSE30219 (35); GSE31210 (74); GSE19188 (75); GSE3141 (76); GSE50081 (77); and GSE37745 
(27). All data sets were downloaded from the Gene Expression Omnibus website (http://www.ncbi.nlm.
nih.gov/geo/). The raw data were normalized using frozen robust multiarray analysis (78), apart from 
GSE3141, for which only MAS-normalized data were available. Normal (nontumoral) samples and small 
cell carcinomas were removed. All data sets were checked for duplicates so that patients across all data sets 
were independent. In GSE37745, two different values of  clinical data for one patient were both removed.

Meta-analysis was performed with random effects models based on the parameter estimates of  log haz-
ard ratios of  the univariate Cox survival models and their standard errors. Inverse variance weighting was 
used to combine the single estimates into a pooled estimate. Significance of  the overall effect was assessed 
by the P value of  the random effects model. All analyses were performed using R version 3.2.1.

Data availability. The RNAseq data of  normal tissue are available at http://www.proteinatlas.org/
about/publicationdata. The raw sequencing data for normal tissue are available at ArrayExpress (http://
www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-2836/). The raw sequencing data for the NSCLC 
samples and additional normal lung cancer samples were deposited at http://www.ncbi.nlm.nih.gov/
geo/, with the accession number GSE81089.

Statistics. DESeq with Benjamini-Hochberg correction (FDR) of  P values was used for differential 
expression analysis. A P value less than 0.05 was considered significant.

To determine the methylation status of  CTAs in NSCLC (Supplemental Table 6) and to determine the 
correlation between CTA methylation and gene expression in NSCLC (Supplemental Figure 1 and Supple-
mental Table 6), Fisher’s exact test was used. A P value less than 0.01 was considered significant.

To test the association of  NSCLC CTAs with survival in the Cox proportional hazards model, the P 
values of  the Wald test were used, and a P value of  0.05 was considered significant.

Study approval. The study was approved by the Uppsala Ethical Review Board (reference 2012/532) and 
did not require written informed consent from each patient.
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