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Abstract

Tumoral transformation processes sometimes include activation of unscheduled gene expression
programs in the cancer cells. This is best exemplified by the so-called cancer-testis (CT) genes, a group
of genes expressed in testicular germ cells that become activated in tumors of various somatic origins,
through a process of DNA demethylation. Here, we explored the possibility that other tissue-specific
gene clusters may become ectopically activated in tumors. Lung adenocarcinoma (LUAD) was used as
a model, as all necessary transcriptomic datasets were available, including that of AT2 cells, the cell-of-
origin of LUAD. We found that besides CT genes, an abundant group of genes expressed in the brain
(CB genes, n=63) or in both brain and testis (CBT genes, n=28) become aberrantly activated in LUAD
cell lines and tissues. Interestingly, activation of CB and CBT gene clusters was also detected in various
other tumor types. Most CB/CBT genes appeared to exert neuronal functions. Moreover, a significant
number of them encode antigens involved in neurological paraneoplastic syndromes. Neither
neuroendocrine transdifferentiation, which occurs in 10-20% LUAD, nor DNA demethylation appeared
to be responsible of the ectopic activation of CB and CBT gene clusters. Instead, prediction tools and
depletion experiments identified the REST repressor as a regulator of a number of CB/CBT genes.
Conclusion: Together, our data indicate that tumor development is associated with aberrant activation
of a brain gene expression program, supporting the assumption that acquisition of neuronal functions
might contribute to malignancy.

Introduction

Tumor development is driven by genetic and epigenetic alterations, which modify cancer cell functionalities by
inducing changes in gene expression patterns. Such changes include the unscheduled activation of tissue-specific
gene expression programs that are normally maintained silent in the cell from which the tumor originates. A well-
known illustration of this is the activation of a group of testicular germline-specific genes in various tumors of
somatic origin (1). Aberrant activation of these so-called Cancer-Testis (CT) or Cancer-Germline (CG) genes was
found to result from the process of DNA demethylation that commonly affects the genome of cancer cells (2).
Further analyses of transcriptomic data revealed that, besides G'T' genes, genes with specific expression in other
tissues can also undergo illegitimate activation in tumors of unrelated histological types (3-7). Importantly, aberrant
activation of highly tissue-restricted genes in tumors is of clinical interest, as it may offer therapeutic and diagnostic
opportunities (6-8).

In most studies, cancer-activated tissue-specific genes were identified by comparing transcriptomic data of the
tumor samples with that of the corresponding normal tissues. This can lead to misinterpretation, since tumors
originate from a specific cell subtype, which is sometimes rare within the tissue, and whose particular gene
expression profile cannot be revealed in transcriptomic data obtained from the tissue as a whole (9). There is
therefore a risk that genes supposedly activated in tumors, were in fact already expressed in the cell of origin. Thus,
a prior condition for identifying genes that are effectively activated during the process of tumor development is the
knowledge of the cell from which the tumor originates, and the availability of expression data from this specific cell

type.

In light of the limitations discussed above, we decided to re-evaluate the ectopic activation of tissue-specific gene
clusters in a tumor model where the cell of origin is known. We choose lung adenocarcinoma (LUAD) for this
exploration, as it was demonstrated that this tumor originates from alveolar type II (AT2) cells (10, 11), which
represent about 10% of the cells that compose the lung tissue (12). Importantly, transcriptomic data of human AT?2
cells are available (13, 14). We thus performed an integrative analysis of RNA-seq data from LUAD tissues and
cell lines, normal lung, and AT2 cells, as well as of single-cell RNA-seq of normal tissues. Remarkably, we observed
activation of a brain-specific transcriptional network in LUAD cells. The mechanisms underlying ectopic activation
of this particular gene cluster were investigated.



Materials and methods

Alveolar type II (AT2) cells datasets. Fastq files of bulk RNA-seq experiments of AT?2 cells originating from small (n=3)
and large (n=3) airways of normal lung were obtained from (13). Quality control of reads was assessed using
FastQC v0.11.8 (Brabraham institute) and reads of low quality were discarded using Trimmomatics v0.3 (15).
Reads were aligned onto hg38 genome using HISAT?2 v2.1.0, (16). FeatureCounts from the subread package v2.0.0
(17) was used for gene quantification. Expression data for each gene were averaged for small and large airway
tissue samples (n=6 in total) and normalized in Transcripts Per Million (TPM). For CpG methylation analyses,
fastq files of whole genome bisulfite-seq of AT2 cells were obtained from the study of Zuber and colleagues (14).
To assess read quality control and discard low-quality reads, Trim Galore! v0.5.0 was used
(https:// github.com/FelixKrueger/ TrimGalore). Read alignment onto the hg38 genome and methylation calling
were performed using Bismark v0.20.0 (18). Methylation percentage of CpG sites that were sequenced in both
forward and reverse strands were averaged.

Normal tissue samples datasets. Normalized bulk RINA-seq data of normal tissues were downloaded from the GTEx
portal v7 (19). Expression data for each tissue are measured in median TPM of all samples per tissue analyzed. For
visualization of mapped reads onto the genome of normal cerebral cortex and testis tissue samples, corresponding
fastq files were downloaded from SRA and processed into bam files as previously described (20). DNA methylation
datasets of normal human tissues were obtained and processed as previously described (20).

LUAD cell lines datasets. Fastq files of bulk RNA-seq experiments of 26 LUAD cell lines were obtained from the
DBTSS portal (21) and processed as previously described (22).

TCGA expression datasets. Normalized bulk RNA-seq FPKM (fragments per kilobase per million) data of the LUAD
project (23) were downloaded using the TCGAbiolinks R package v2.14.1 (24). Data were converted to TPM by
dividing each FPKM gene expression in a sample by the sum of all gene expressions for that sample (x106). LUAD
tissues were defined as positive for the expression of a specific gene when TPM 2 2, and negative when TPM < 1.

Identification of genes ectopically activated in LUAD cells (EctopEx genes). Genes that displayed an average expression TPM
< 0.5 in AT?2 cells and normal lung tissue samples of TCGA (n=58) and GTEx (n=578), were considered
transcriptionally inactive in these cells and tissues. Among these genes, we retained those that showed an expression
TPM = 2 in at least 5% of the total number of LUAD tissue samples available from TCGA (n=510). Finally, we
only retained the genes that were activated in at least one LUAD cell line and repressed in at least two LUAD cell
lines of the 26 LUAD cell lines available from DBTSS. Activation in these cells was defined as TPM = 2, and
repression as TPM < 0.1.

Characterization of tissue-specific gene clusters among EctopEx genes. The Ward.D method and Euclidean distance were
used for unsupervised hierarchical clustering analyses of EctopEx gene expression in GTEx samples. Cancer-Brain
(CB) genes were defined as follows: they showed either an expression TPM = 2 in at least one brain tissue from
those available in GTEx and TPM < 1 in all other tissue samples, or they showed a median expression = 1 TPM
in at least one brain tissue and in maximum one other tissue (other than the testis). Genes that displayed a median
expression TPM = 1 in at least one of the brain tissues available from GTEx and in testis, and exhibited a median
expression TPM < 1 in all other tissues, were defined as Cancer-Brain/Testis (CBT) genes. Genes that showed a
median expression TPM 2= 2 only in testis of GTEx, or a median expression TPM 2 1 in testis and in maximum
one other tissue (except brain), were defined as Cancer-Testis (C'T) genes. For establishing the expected number
of CB, CBT and CT genes, we first applied the selection procedure described here above to all the genes that were
found to be initially silent in normal lung and AT2 cells, thereby identifying total numbers of brain-, brain/testis-
, and testis-specific genes. These numbers were then multiplied by the overall proportion of silent genes that we
found to be activated in LUAD. For evaluation of potential enrichment of molecular functions and biological
process subcategories of Gene Ontology annotations, the clusterProfiler R package v4.0.2 was used (25). To
accurately identify the T'SS of each CB and CBT genes and confirm their activation in LUAD cells, BAM files of
cerebral cortex, testis tissue samples and the 26 LUAD cell lines, were visualized in the IGV software (26).

Single-cell RNA-seq analyses. Normalized single cell RNA-seq expression data were downloaded from the Human
Protein Atlas (HPA) v20.1 (27). Expression data from different clusters of the same cell type were averaged to
obtain a mean expression of each gene per cell type. Data are expressed in pTPM (transcripts per million of protein
coding genes).

Immunohistochemical data. IHC images of normal brain, normal lung and lung adenocarcinoma tissues were obtained
from the Human Protein Atlas (HPA) v20.1. The most reliable IHC data were selected on the basis of the following
criteria: positive staining was confirmed by HPA, and correlated with RNA-seq gene expression profiles of GTEx
and HPA consortia. HPA codes for antibodies and ID numbers of tissue sections illustrated in this study were the
following: HPA023099 and ID3618 (Cerebellum), ID4797 (Lung), ID4923 (LUAD) for CALB1; HPA049148 and



ID3731 (Cerebral cortex), ID2208 (Lung), ID4692 (LUAD) for DPF1; HPA067549 and 1D3740 (Cerebral cortex),
ID1678 (Lung), ID4208 (LUAD) for OPRKI.

-cisTarget analysis for transcription factor binding. The i-cisTarget webtool was used with default parameters and
ENSEMBL gene names as input. We selected the following ChIP studies against REST: HCTI116
(ENCFFO01UEC), MCF7 (ENCFFO01UNI) and PANC1 (ENCFF001UOD). When multiple conserved regions
of the same gene displayed an enrichment for REST, enrichment ranking of the region closest to the T'SS was
considered.

RNA-seq of C2 dermal fibroblasts transfected with sh-REST. FastQ) files of C2 cells transfected with a control or ant-
REST sh-RNA were obtained from the study of Drouin-Ouellet (28). Fast() files were processed as described above
for AT?2 cells. DESeq2 R package v1.32.0 was used for differential expression analysis, with counts generated by
Featurecounts as input.

Comparison of gene expression levels in tumor cell lines. The expression of CB and CBT genes was compared with that of
REST in tumor cell lines listed in the Cancer Cell Line Encyclopedia (CCLE), through the use of the Depmap
portal (29). Tumor cell lineages classified as “central nervous system®, “peripheral nervous system®, and
“unknown‘ were excluded from the analysis. CB and CBT gene expression levels (log2(TPM+1)) were compared
in RESTY (log2(TPM+1) <2, n=78) and RESTP st (log2(TPM+1) =22, n=1204) cell lines. Median level of REST
expression (log2(TPM+1)) among all cell lines was 3.2.

Correlation of CB/CBT expression in LUAD with overall survival. The GEPIA2 portal was used to evaluate correlation of
CB and CBT gene expression with overall survival of LUAD patients (30). For all genes, cutoffs were set at 90%

for the high group and 50% for the low group. Kaplan-Meier curves were downloaded when Logrank p-value was
<0.01.

Statistical analyses and graphical representations. Statistical analyses were performed in R 4.1.0 (http://www.R-
project.org). p-values were adjusted using the Benjamini-Hochberg method and a p-adjusted value < 0.05 was
considered statistically significant. Graphs were generated with the following R packages: ggplot2 v.3.3.5,
ComplexHeatmap v2.8.0 (31), and clusterProfile v4.0.2.

Results

Identification of tissue-specific gene clusters with ectopic expression in LUAD

In order to uncover tissue-specific gene clusters showing ectopic activation in LUAD cells, we integrated RNA-seq
datasets of AT?2 cells, normal tissues (GTEx), LUAD cell lines (DBTSS) and LUAD tissue samples (TCGA), and
applied the following selection workflow (Fig. 1A). We first selected genes that are silent (TPM < 0.5) in AT2 cells
and in normal lung. Among these genes, we retained those that were activated (TPM = 2.0) in at least 5% of the
available LUAD tissue samples. Finally, in order to isolate genes with ectopic activation in cancer cells, rather than
in nonmalignant cells of the tumor microenvironment, we selected the genes that were also activated in at least
one out of the 26 analyzed LUAD cell lines. Our procedure resulted in the selection of 1051 genes that were silent
in AT?2 cells and normal lung, and showed ectopic activation in LUAD tissues and cell lines (“EctopEx* genes,
Fig. 1A).

In the next step, we searched to determine the expression profile of LUAD EctopEx genes among healthy tissues
by examining RNA-seq datasets from a panel of normal tissue samples (GTEx; Fig. 1B). Unsupervised hierarchical
clustering of gene expression in these tissues was applied, and revealed several groups of EctopEx genes showing
congruent expression in defined tissues. First, there was a group of genes that showed highest expression in the
testis. Closer examination of the genes in this category revealed the presence of multiple genes of the cancer-testis
(CT) group of genes. Another group of EctopEx genes showed maximum expression in the esophagus, skin and
vagina, and was therefore reminiscent of the stratified epithelium (SE) gene cluster that we described previously
(20). A third group of genes with predominant expression in colon and small intestine, and occasionally in liver,
stomach and/or pancreas, corresponded to the previously identified gastrointestinal (GI) gene cluster (7, 20).
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Figure 1: LUAD cells show aberrant activation of genes belonging to tissue-specific expression clusters. A) Workflow of the
analysis of RNA-seq data for the selection of genes ectopically activated in LUAD cells (EctopEx genes). B) EctopEx gene expression in a panel
of normal tissues available from GTEx was clustered using Ward’s method and Euclidean distance. Expression data are depicted in log2
transformed median TPM + 1.

Intriguingly, a large cluster of EctopEx genes displayed highest expression in brain tissues, including the
hypothalamus, pituitary gland, cerebellum, and/or basal ganglia (putamen, nucleus accumbens or caudate
nucleus) (Fig. 1B). Several of these genes appeared to be simultaneously expressed in testis. The remaining
EctopEx genes displayed disparate patterns of expression among the analyzed tissues, and could therefore not be
classified into a defined cluster, or showed expression levels that were below the fixed threshold (TPM < 2) in all
tissues. Together, these results revealed that, besides the previously identified CT, SE and GI genes, a large cluster
of genes with high expression in the brain become ectopically activated in LUAD cells.

Brain and Brain/Testis genes with ectopic activation in LUAD

To get further insight into the group of brain-expressed genes showing ectopic activation in LUAD, we first
specified a list of EctopEx genes belonging to this category by applying the following criteria: genes had to be
expressed in at least one brain tissue sample (GTEx) and could also be expressed in maximum one other tissue.
This resulted in the selection of 91 EctopEx genes with preferential expression in the brain. Strikingly, a significant
proportion of these genes (28/91) showed expression in testis in addition to the brain. We therefore defined two
gene subgroups: the “Cancer-Brain” (CB) genes showing expression in the brain but not in testis (n=63), and the
“Cancer-Brain/Testis” (CBT) genes displaying expression in both brain and testis (n=28; Fig. 2A). For
comparison, identification of Ectopex genes with preferential expression in testis, but not brain, resulted in the
1solation of 184 “Cancer-Testis* (C'T) genes.

One possible explanation for the bimodal expression of CBT genes could be the usage of alternative promoters,
one that is active in brain and the other in testis. This was previously described in the GABRAS3 locus, where it was



found that transcriptional activation of the gene in tumor cells originated specifically from the testis-specific
promoter (32). We therefore decided to precisely determine the transcription start sites (T'SS) used by CBT genes
in normal brain cortex, testis and LUAD cell lines by visualizing RNA-seq reads with the Integrative Genomics
Viewer (IGV). For the majority of CBT genes that could be analyzed (20/25), we observed that transcription in
the brain, testis and LUAD cells originated from one same TSS. For only five CBT genes, we observed alternative
usage of different T'SS in brain and testis: activation in LUAD cells occurring at the testis-specific T'SS in four
cases, and at the brain-specific TSS in one case (Fig. 2B).
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Figure 2. Characterization of Cancer-Brain (CB) and Cancer-Brain/Testis (CBT) genes, and identification of their
promoter usage. A) Lists of LUAD Ectopex genes in the CB or CBT category were defined according to their tissue-specificity of expression
(GTEx RNA-seq). B) CBT transcripts were analysed with the Integrative Genomics Viewer (IGV) to define transcriptional start sites (T'SS)
usage in LUAD cell lines, brain cortex, and testis. The table depicts the different cases of TSS usage. Left: schematic representation of possible
CBT promoter usage (broken arrows depicting TSS). Middle: screenshot of IGV views of representative CBT transcripts (black boxes: exons;
connecting lines: introns; and splice junctions of RNA-seq reads represented in red or blue according to the orientation of the gene on the
chromosome). Right: number of CBT genes with corresponding promoter usage.

A majority of CB and CBT genes display neuronal expression and function

As the brain tissue is composed of a heterogeneous cell population, it was important to determine if CB and CBT
genes are expressed in a particular cell type. To this end, the expression of CB and CBT genes was examined
across single cell RNA-seq data derived from a brain tissue sample (HPA). The results showed that most CB and
CBT genes (70%) are expressed in neuronal cells, and only a minority in supporting glial cells or in microglial cells
(Fig. 3A). Consistently, examination of cellular functions associated with CB and CBT genes revealed enrichment
for biological processes such as regulation of membrane potential and neural precursor cell proliferation (Fig. 3B).
Further analysis of Panther annotations indicated that proteins encoded by CB and CBT genes exert a variety of
molecular functions, including receptor signaling, ion transport, cell adhesion, and transcriptional regulation.
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Figure 3: Most CB and CBT genes are expressed in neuronal cells. A) Single-cell RNA-seq data of brain tissue available from HPA
were explored to determine cell type-specificity of CB and CBT genes. Gene expression was clustered using Ward’s method and Euclidean
distance in the available cell types of the brain. Data are depicted using a z-score of protein coding transcripts per million. B) Results of
enrichment analysis of CB and CBT genes using “biological process” subcategories of Gene Ontology annotation. Top 10 enrichment scores
are depicted (p-adjusted <0.05).



Frequent and robust activation of CB and CBT genes in LUAD samples

The frequency of activation and level of expression of CB and CBT genes in LUAD tissues were investigated in
the TCGA datasets. The frequency of activation of individual CB and CBT genes (TPM 22) among LUAD tissue
samples (n=510) ranged from 5% to 70%, with an average activation frequency of 13.8%. In LUAD tissues where
CB or CBT genes were activated, the mean level of expression was 11.4 TPM (Fig. 4A, B). This was similar to
what was observed for testis-specific (C'T) genes 1n these tissues, with an average activation frequency and a mean
expression level of 13.6% and 13.2 TPM, respectively. Unsupervised hierarchical clustering did not reveal
preferential activation of CB/CBT genes in subgroups of LUAD samples, but suggested a more general mechanism
of de-repression of these genes (Fig. 4A). Immunohistochemical data, which were available for several CB and
CBT proteins (HPA), confirmed aberrant expression at the protein level in LUAD tissues (Fig. 4C). Together,
these observations revealed frequent and robust transcriptional activation of CB and CBT genes in LUAD tissue
samples.

The substantial amount of CB and CBT genes that we found to become activated in LUAD raised the possibility
that there may be positive selection for activation of brain-expressed genes in the cancer cells. However, previous
examination of the human transcriptome revealed that many genes display preferential expression in brain and/or
testis (33). Therefore, another plausible explanation for the abundance of CB and CBT genes in LUAD was that
it merely reflected the preponderance of human genes with these tissue-specificities. To decide between these two
hypotheses, we compared the observed numbers of CB and CBT genes with their expected numbers, which were
calculated on the basis of the relative proportion of brain- and brain/testis-specific genes among the genes that our
selection procedure initially classified as repressed in normal lung and AT2 cells. The results showed that the
observed numbers of CB and CBT genes exceeded their expected numbers, thereby supporting selective activation
of these groups of genes in LUAD (Fig. 4C). Of note, the results did not support such selectivity for the testis-
specific CT genes, which were instead less abundant than expected (Fig. 4C).
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Figure 4. Frequent and robust activation of CB and CBT genes in LUAD tissues. A) Heatmap depicting mRNA expression levels
(log2 TPM+1) of CB and CBT genes in LUAD tissues and normal matching tissues (TCGA). Unsupervised hierarchical clustering was applied
to LUAD samples. B) Activation frequencies (TPM 22) and mean expression levels of CB, CBT and CT genes in LUAD samples were
computed. C) Immunohistochemical data for CB/CBT proteins that were available at the HPA are presented. HPA scored these proteins
positive in normal brain and LUAD, but negative in normal lung. D) Observed numbers of CB, CBT and CT genes with ectopic expression
in LUAD were compared to their expected numbers, which were inferred from their proportions among the genes initially identified as not
being expressed in normal lung and AT2 cells. (Chi-squared test, ***: p-value < 0.001, *: p-value < 0.05).



Activation of CB/CBT genes in LUAD does not coincide with neuroendocrine differentiation

Previous studies have reported that 10 to 20% of LUAD tumors show evidence of neuroendocrine differentiation,
and that upregulation of the ASCLI transcriptional regulator is a key factor in this phenotypic conversion (34-36).
We therefore decided to determine if activation of CB and CBT genes in LUAD coincides with neuroendocrine
differentiation. To this end, we determined the profile of ASCL! activation in LUAD tissues of TCGA. ASCLI
activation was detected in 21% of LUAD tissues (TPM 2> 2), and was correlated with the expression of the
synaptophysin gene (S7P), a common surrogate marker of neuroendocrine differentiation (Fig. 5A). We then
computed a Pearson correlation coefficient between the expression of ASCLI and that of CB and CBT genes. The
results showed that the expression of only a few CB (5/63) and CBT (1/28) genes displayed significant positive
correlation with ASCLI expression in LUAD tissues (p > 0.4, p-adjusted < 0.0001; Fig. 5B). The gene with the
highest correlation coefficient was DLL3, a well-known target of ASCLI1 (37, 38). Apart from these few genes, the
vast majority of CB and CBT genes (93%) did not show significant correlation with ASCLI expression, thereby
excluding the assumption that their activation in LUAD is a direct consequence of the process of neuroendocrine
differentiation.
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Figure 5: Activation of most CB/CBT genes in LUAD is not correlated with neuroendocrine differentiation. A) mRNA
expression levels (TPM) of ASCLI (neuroendocrine differentiation driver) and S¥P (neuroendocrine differentiation marker) in LUAD were
compared, and the Pearson correlation was calculated. B) mRNA levels of each CB /CBT gene were compared with that of ASCLI, and
Pearson correlation coefficients and adjusted p-values were calculated. Genes with correlation coefficient = 0.4 and p-value < 0.0001 are
indicated.

Up-regulated expression of CB and CBT genes in other tumor types

Having demonstrated that CB and CBT genes become activated in LUAD tumors, and that this is not merely
associated with neuroendocrine differentiation, we next explored the possibility that these genes might also be
upregulated in other tumor types. To this end, we compared the mean expression levels of CB and CBT gene sets
in TCGA tumor collections and in corresponding normal tissues, using the GEPIA2 web server (30). Interestingly,
a variety of tumor types displayed higher expression of CB and CBT gene sets when compared with corresponding
normal tissue samples (Fig. 6), thereby suggesting that tumoral activation of such genes is not restricted to LUAD.
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Figure 6: CB/CBT gene cluster are upregulated in other tumor types. Boxplot representation of the mean level of mRNA expression
of CB and CBT gene sets in the indicated tumor types (TCGA) and corresponding tissue samples (TCGA and GTEx). Analysis was performed
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adenocarcinoma (CESC), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), lung squamous cell carcinoma
(LUSC), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), skin cutaneous melanoma (SKCM), thymoma
(THYM), uterine corpus endometrial carcinoma (UCEC), uterine carcinosarcoma (UCS).
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CB/CBT genes are not controlled by DNA methylation

Considering the previously described role of DNA demethylation in ectopic activation of tissue-specific gene
clusters in tumors (2, 20), we sought to determine if DNA methylation is involved in the regulation of CB and CBT
genes. By definition, genes that become activated by DNA demethylation in tumors have their promoter highly
methylated in all normal tissues where they are not expressed. We therefore examined the DNA methylation level
of CB and CBT gene promoters in a panel of human tissues (ENCODE), and in AT2 cells. For comparison, the
mean promoter DNA methylation level of CT genes was also analyzed, as it is known that many of these genes
rely on DNA hypomethylation for activation in tumors (2). The results showed that, whereas CT genes exhibit
high promoter methylation levels in all tissues (lower in testis, which contains expressing germ cells), CB and CBT
genes have a promoter that is generally unmethylated, with no difference between the expressing brain and the
other non-expressing tissues (Fig. 7). We conclude from these observations that DNA methylation is not generally
involved 1n controlling the tissue-specific expression of CB and CBT genes, and that activation of these gene
clusters in tumors can therefore not be ascribed to a process of promoter DNA demethylation.
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Figure 7. Tissue-specific expression of CB and CBT gene sets is not associated with differential promoter DNA
methylation. Whole genome bisulfite sequencing data from normal human tissues and AT2 cells were analyzed to determine the combined
level of promoter DNA methylation of all genes included in either the CB, CBT or CT gene sets. Boxplot representation of the results.

The REST repressor is involved in the regulation of a subset of CB and CBT genes

To get further insight into the mechanisms leading to the ectopic activation of CB and CBT genes in tumor cells,
we decided to look for transcription factors possibly involved in their regulation. To this end, we used the i-czsTarget
online portal, which compiles ChIP-seq data and transcription factor binding site motifs in conserved genomic
regions. Examination of CB and CBT genes with this prediction tool revealed highest enrichment scores for the
REST transcriptional repressor. Indeed, a number of CB (n=12) and CBT (n=8) genes were identified as highly-
ranked targets of REST in ChIP-seq experiments (Fig. 8A). The REST repressor is involved in the silencing of
neuronal genes in non-neuronal cells (39). Consistently, all CB and CBT genes that were identified as REST targets
were among the genes that displayed preferential expression in neuronal cells in the brain. To verify the
involvement of REST in controlling the expression of CB and CBT genes, we analyzed RNA-seq data obtained
from adult dermal fibroblasts producing either a control or an shRNA directed against REST (28). For a subset of
CB and CBT genes we observed significant mRNA increase following REST depletion compared to the control
condition (Fig. 8B). As expected, this transcriptional induction was not observed for testis-specific C'T genes.

Downregulated expression of REST has been previously reported in several types of non-neuronal human tumors
(40, 41). We therefore examined if ectopic activation of CB and CBT genes in tumor cells correlated with REST
downregulation. To this end, RINA-seq data from the various tumor cell lines included in the Cancer cell line
encyclopedia (except those originating from tumors of the central or peripheral nervous system) were examined.
The data revealed that all CB and CBT genes that were predicted to be targeted by the REST repressor (listed in
Fig. 8A), except two (LHX! and GRIN2A), displayed preferential upregulation in tumor cell lines with
downregulated REST expression (Fig. 8C). A number of tumor cell lines where REST mRINA expression was not
decreased nevertheless showed upregulated expression of CB and CBT genes (outliers in Fig. 8C), suggesting the
existence of alternative mechanisms of induction of these genes in tumor cells.
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Figure 8: REST repressor complex is involved in the regulation of a subset of CB and CBT genes. A) List of CB and CBT genes
showing binding of the REST repressor (ChIP-seq) according to the i-cisTarget webtool. B) RNA-seq data (normalized counts) of adult dermal
fibroblasts transfected with either control (sh-ctrl) or REST-targeting shRNAs (sh-REST) were analyzed. Expression levels of CB/CBT genes
displaying significant induction upon REST depletion (p-value < 0.05) are depicted. The data of three C'T genes (not expected to be regulated
by REST) are shown for comparison. C) mRNA levels of CB/CBT genes were compared in RESTY (n=78) and REST"¢" (n=1204) tumor
cell lines of various origins (excluding the nervous system). Boxplots (Whiskers, 5-95 percentile) of select CB/CBT genes are depicted, together
with that of MAGEAI used as a REST-independent control gene. P values were calculated (Mann Whitney tests).

Clinical parameters associated with CB/CBT gene expression in tumors

In order to evaluate the potential of CB/CBT genes to serve as prognostic biomarkers of LUAD, we analyzed
clinical data from the TCGA to examine if their transcriptional activation in LUAD correlated with reduced
survival of the patient. The results showed that the expression of 4 CB and 2 CBT genes in LUAD was significantly
associated with shorter patient survival (Logrank p-value <0.01; Fig. 9A).

Paraneoplastic neurological syndromes (PNS) include a range of cancer-associated autoimmune disorders, which
result from the generation of antibodies directed against antigens expressed by both the tumor and the nervous
system in the patient. Although PNSs occur in less than 0.01% of cancer patients, they are clinically important
because neurological manifestations are usually diagnosed well before the underlying tumor. Lung
adenocarcinoma belongs to the tumor types that were reported to give rise to PNS-inducing autoantibodies (42,
43). About 30 PNS-inducing onconeural antigens have been identified to date (44). We decided to examine the
contribution of CB and CBT genes in producing these antigens. Interestingly, five CB/CBT genes corresponded
to genes known to encode PNS-associated antigens, and three represented members of gene families reported to
encode PNS-associated antigens (Fig. 9B). This observation demonstrates that activation of CB/CBT genes in
tumors contributes to the production of autoimmune-inducing onconeural proteins.
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Figure 9. Clinical parameters associated with expression of CB/CBT genes in tumors. A) Survival curves (Kaplan-Meier) of
LUAD patients (TCGA) according to high or low mRNA levels of the indicated CB/CBT gene (dotted lines indicate 95% confidence interval).
Only CB/CBT genes with a significant log-rank (p < 0.01) are displayed. B) A systematic analysis of the literature was performed to identify
CB/CBT genes that were previously shown to encode PNS-related antigens. Corresponding antibody names and articles references are
indicated.

Discussion

Cancer development is associated with alterations of transcription networks, which can lead to unscheduled
activation of tissue-specific gene expression programs. In the present study, we show that transcriptional changes
in LUAD include the aberrant expression of a substantial number of brain-expressed genes. As our screening
procedure integrated transcriptomic data of LUAD tissues and cell lines, as well as AT?2 cells from which LUAD
originates, expression of these genes in tumoral tissues most likely results from a process of transcriptional activation
that occurred in the cancer cells during malignant development. We further provide evidence that many of the
brain-expressed genes we identified in LUAD also become activated in other types of tumors.

Ectopic activation of brain-expressed genes in tumors has been reported previously, but most often on a gene by
gene basis (45-47). Our present study shows that brain-expressed genes actually represent a substantial proportion
of the genes that become aberrantly activated in LUAD tumors, suggesting engagement of a brain transcriptional
circuit in these tumors. Our transcriptomic analyses did not identify subgroups of LUAD tumors showing
convergent expression of multiple CB/CBT genes, but rather revealed scattered activation of these genes in most
tumor samples. This suggests that LUAD tumors share a mechanism of transcriptional dysregulation that does not
necessarily impose, but only facilitates activation of CB/CBT genes. Our observations suggest that impaired
activity of the REST transcriptional repressor represents a major route to the weakening of CB/CBT gene
silencing in tumor cells. The REST factor is known to play a key role in the repression of neuronal genes in non-
neuronal cells (48). Consistently, most CB and CBT genes were expressed in neuronal cells in the brain.
Interestingly, previous studies have reported impaired REST activities in tumors of non-neuronal origin (48, 49).
Multiple mechanisms appear contribute to reduce REST functions in cancer cells, including transcriptional
downregulation, mutation, alternative splicing, or loss of function of co-factors (50). This may explain our
observation that activation of CB/CBT genes was often, albeit not always, associated with reduced REST mRNA
levels in tumor cell lines. In addition, it is possible the that tumoral activation of several CB/CBT genes results
from mechanisms that are independent of REST.
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Impaired REST activities have been shown to promote the development of tumors of non-neural origin, but the
underlying mechanisms remain partially understood (48, 50). It is reasonable to propose that these include de-
repression of neuronal genes with oncogenic functions, and that several CB/CBT genes may be part of these
REST-regulated pro-tumorigenic mediators. A quick survey of the CancerMine literature-mined database
identified several CB and CBT genes with potential oncogenic functions. POUSFZ, for instance, was found to be
upregulated in malignant melanoma where it represses the melanocyte lineage determining transcription factor
MITT, thereby favoring invasiveness (51). KGNRY, which encodes a potassium channel regulating neuronal cell
excitability, was shown to promote resistance to hypoxia and serum deprivation in tumors where it is upregulated
(52). GPR19, a gene encoding an orphan G-protein-coupled receptor involved in circadian rhythm regulation in
the brain, was shown to promote cell proliferation by accelerating the G2/M transition of the cell cycle in lung
tumor cells that express the gene (53, 54). As a last example, <IC2 encodes a transcriptional regulator involved in
brain organogenesis, and its transcriptional activation in liver cancer was found to drive the self-renewal of cancer
stem cells (53).

Beyond the fact that individual brain-expressed genes can have oncogenic potential, the observation that a
substantial amount of CB/CBT genes become expressed in LUAD raises the intriguing possibility that activation
of an integrated network of neuronal functions in cancer cells might contribute to malignant progression. In line
with this assumption, is the increasing evidence that supports existence of a communication framework between
cancers and nerves (56, 57). Several tumors for instance, were shown to use surrounding nerves as a route of
dissemination, through a process of “perineural invasion®. Other studies suggest that axons innervating the tumors
release molecules that modulate signaling processes in cancer cells, which, for instance, induce cell proliferation.
Conversely, cancer cells were reported to secrete molecules that stimulate the outgrowth of nerves into the tumor,
a process termed neo-neurogenesis. Our hypothesis is that CB/CBT genes expressed in the cancer cells contribute
to establishing molecular networks that allows communications with neuronal cells.

Paraneoplastic neurological syndromes (PNS) are rare autoimmune disorders occurring in association with active
or subclinical early-stage cancers. Manifestation of PNS often precedes diagnosis of the tumor, and can therefore
help to set up an early follow-up of the cancer patient (58). The discovery of anti-neuronal autoantibodies in PNS
patients has allowed a major advance in the understanding of these syndromes (44). The mechanisms underlying
expression of neuronal antigens by the tumor cells remain however unclear. We found that a remarkable
proportion of CB/CBT genes encode previously described PNS-related antigens. Since many PNS-inducing
antigens remain unknown (58), exploration of the CB/CBT genes we identified in the present study may help to
characterize new such antigens. This may be useful for the development of early diagnosis of PNS. Interestingly,
most of the CB/CBT genes that encode known PNS-related antigens (4/5) were predicted to be regulated by
REST. This suggests that PNS may in some cases be a manifestation of the presence of a tumor with reduced
REST activities.
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