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Colorectal cancer is the third most common cause of cancer mortality worldwide, and one of the current hot topics in this

field is the identification of markers for identifying patients with high probability of relapse, which may benefit from adjuvant

chemotherapy in stage II. In this sense long noncoding RNAs are a promising source of novel cancer biomarkers and

therapeutic targets, although to robustly assess their gene expression levels is challenging due to their low expression.

We present a protocol (hereafter referred as CoLong design) which couples target enrichment and RNA-seq that allows

transcriptomics studies of lncRNAs in formalin-fixed paraffin embedded (FFPE) tissue samples. We show that our new

approach alllows to efficiently detect differences in gene expression and somatic mutations in lncRNAs, and we propose

several lncRNAs as potential candidates for colorectal cancer. This new approach could represent a promising avenue

that would reduce costs and enable more efficient translational research.
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1. Introduction

Long non-coding RNAs (lncRNAs) are a large and heterogeneous class of transcripts that are longer than 200

nucleotides, and have limited coding potential . Most lncRNAs are transcribed by RNA polymerase II, capped, spliced,

and polyadenylated . However, compared to protein-coding mRNAs, lncRNAs are shorter, have fewer exons, are

expressed at lower levels and in a more tissue- and cell-specific manner, and are alternatively spliced more frequently .

From an evolutionary standpoint, lncRNAs are poorly conserved, which limits their study in model organisms .

Accumulating evidence supports the involvement of lncRNAs in all aspects of gene regulation and, accordingly, numerous

lncRNAs have been linked to diverse human diseases, including cancer . For instance, transcriptomic analyses have

shown that changes in the expression of lncRNAs are among the most commonly observed alterations in cancer .

Although the role of lncRNAs is still poorly understood, their involvement in cancer paves the way to novel therapeutic,

diagnostic, or prognostic approaches centered on these molecules. We used a new tool (based on target enrichment and

RNA-seq), which allows transcriptomics studies of low expressed molecules such as lncRNAs in formalin-fixed paraffin

embedded (FFPE) tissue samples.

2. Identification of Differentially Expressed lncRNAs in CRC

We next set out to find lncRNAs that are differentially expressed (DE) in CRC tumors by applying our validated

methodology (CoLong design) to FFPE samples. To detect DE lncRNAs, we used samples from 35 individuals with stage

II CRC, which passed quality filters and had paired samples from tumoral tissue and the surrounding healthy tissue—

referred to as normal hereafter. Different clustering approaches showed that expression profiles of lncRNAs separated

samples in function of the disease condition, with an additional effect of sex (Figure 1).
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Figure 1. Expression patterns of lncRNAs. (A) Principal component analysis (PCA) plot based on transformed count data

after variance stabilizing transformation. T and N indicate tumoral and normal samples, respectively. (B) Heatmap

showing the overall similarity between samples based on a hierarchical clustering of the Euclidean distance between

samples using the variance stabilizing transformation (vst-transformed) data. Red and blue bars at the top of the columns

designate tumoral and normal samples, respectively.

Then, using a multi-factor design that considers ‘individual’ and ‘condition’ as independent variables, we identified 379

lncRNAs out of the 7,812 lncRNAs included in the final dataset that were DE between normal and tumoral samples, with

48.8% and 51.2% of them being up- and down-regulated respectively (Figure 2A). Importantly, most of the samples

showed the same directionality, as indicated by lines connecting normal and tumoral samples for a given individual

(Figure 2B).

Figure 2. Differentially expressed lncRNAs in FFPE CRC stage II samples. (A) Heatmap showing gene expression from

the 379 DE lncRNAs. Color gradient ranges from low expressed (blue) to highly expressed (red). (B) Dot plots showing

normalized count data in a logarithmic scale of normal and tumoral samples for the three top up- and down-DE lncRNAs.

Horizontal bars on top show condition (blue for normal, pink for tumoral) and sex (green for female and red for male).

Each individual is represented with a different color, lines group paired samples from the same individual and T and N

indicate tumoral and normal samples, respectively.

To compare the results of the enrichment-based FFPE procedure with those of the non-enrichment FF procedure, we

downloaded RNAseq data from 40 matched pairs of samples from a CRC study available in The Cancer Genome Atlas

(TCGA) . Using the same procedure on this dataset as that described above, we identified 247 DE lncRNAs between

normal and tumoral samples. Despite the different cohorts, nature of the samples, and protocols, we found that the

comparisons had a significant overlap of 130 DE lncRNAs, which were similarly up- or down-regulated in the two studies.

Of note, the enrichment-based FFPE dataset found a higher number of DE lncRNAs as compared to the FF study (379

vs. 247) and missed a lower fraction of DE lncRNA from the non-enriched dataset (117 out of 247) than the reverse

comparison (249 out of 379). This observation suggests that differences are partly due to a greater ability of the

enrichment-based approach to detect DE lncRNAs.

We examined whether DE lncRNAs identified exclusively in one of the two studies shared characteristics that may explain

these discrepancies. In this regard, lncRNAs exclusively detected as DE in FFPE had lower expression levels, thereby

suggesting that the absence of lncRNA enrichment in the TCGA study may have limited the analyses of lncRNAs with low

expression. This notion is further supported by the observation that lncRNAs that were DE exclusively in the FFPE

dataset showed lower expression values in data mined from several public repositories (Human Body Map, Array

Express, ENCODE, etc) included in LnCompare .
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We next assessed further characteristics of the lncRNAs detected as DE by each of the approaches and the overlap of

the two. All three lists of DE lncRNA were enriched in functional lncRNAs (10% for FFPE, 13.7% for TCGA, and 17.7% for

the overlap) compared to 3.2% functional lncRNAs in the CoLong design (p-value ≤ 1 × 10  after the hypergeometric test

in all cases). The three lists were also enriched in genes known to be involved in CRC (9% for FFPE, 13% for TCGA, and

17.7% for the overlap; p-value < 2 × 10  hypergeometric test in all cases. Similarly, we found that few DE lncRNAs had

coding potential (5% of FFPE, 6.5% of TCGA and 5.4% of overlap), being candidates to encode for small peptides. We

found that 43%, 39%, and 43% of DE lncRNAs in the FFPE, TCGA, and overlap lists, respectively, have evolutionarily

conserved splice sites, which was similar for the bulk of all targeted genes (40.5%). The FEZF1-AS1 gene, which was DE

in the three lists, contains an ultraconserved element (uc232), which has been proposed to be involved in cancer .

However, its location overlaps with a protein-coding gene involved in cancer (CADPS). Finally, when comparing other

characteristics of the lists of DE lncRNAs with GENCODE v24 lncRNAs , we found that the three lists were significantly

enriched in functionally validated and disease associated lncRNAs, lncRNAs containing retroviral elements repeats

(ERVL-MaLR,ERV1), lncRNAs genes with longer total and exonic lengths, lncRNAs with protein-coding genes upstream

in the same strand, and with lower distances to the closest protein coding gene (adjusted p-value < 0.05). We searched

for experimentally validated interactions of DE lncRNAs in the NPInter v4.0 database , and found that 82, 62, and 29

lncRNAs in the FFPE, TCGA, and overlap lists, respectively, interacted with RNAs or proteins. We performed a functional

enrichment analysis of the set of interacting proteins and found significant enrichment in several biological processes

(adjusted p-value < 0.05). Interestingly, some of the genes with interactions had no functional annotation in the databases,

for instance, ENSG00000231881 and ENSG00000233858). For ENSG00000231881, we found a recent study suggesting

that it regulates the VEGF signaling pathway by binding to miR-133b, thereby promoting metastasis in CRC cells .

This notion is consistent with our results showing that ENSG00000231881 is up-regulated in CRC tumors. Regarding

ENSG00000233858, we found that it is downregulated in tumoral samples. This observation contrasts with a recent study

that found that this gene was highly expressed in metastatic breast cancer, and associated it with poor prognosis . That

study concluded that ENSG00000233858 and UCA1 (ENSG00000214049) could cooperatively upregulate the expression

of the Slug gene, which has been associated with poor prognosis and survival in CRC . Interestingly, UCA1 is

significantly up-regulated in tumors in our analysis. Thus, the interplay of UCA1 and ENSG00000233858 is complex and

may also be involved in CRC.

All together, our results underscore the power of a probe-based enrichment approach to assess DE lncRNAs in FFPE

samples, and provide a candidate list of lncRNAs likely to be involved in CRC. In particularly, the 130 lncRNAs detected

as DE in both the TCGA and FFPE datasets are strong candidates to be involved in CRC, as this set is significantly

enriched in disease-related genes and in genes previously associated with this malignancy.

3. Identification of CRC-Related Somatic Mutations in FFPE Samples

Genomic alterations are common in CRC and act as drivers of tumorigenesis . Chromosomal instability, and variations

in microsatellites and Cytosine-phosphate-Guanine (CpG) islands have been widely studied in the context of CRC, but

little is known about somatic variants in lncRNAs. To date, only seven single nucleotide polymorphisms (SNPs) in

lncRNAs have been associated with CRC . Thus, we studied the presence of putative somatic mutations in lncRNAs

using our RNAseq data from FFPE samples. We detected a higher number of putative somatic mutations in tumoral than

in normal tissues (4,995 and 1,422, respectively). This finding is consistent with a previous study that concluded that CRC

cells show a substantial increase in somatic mutation rate compared to normal colorectal cells . Most somatic variants

were present in a single individual (89.7% and 79.1% in tumoral and normal samples respectively), while variants shared

by both tissues from an individual were commonly present in several individuals. Of note, we detected 184 somatic

mutations shared by three or more individuals, and 11 of these were common and present in eight or more individuals.

These eleven frequent CRC somatic variants affected eight lncRNAs (ENSG00000226476, ENSG00000281406
(BLACAT1), ENSG00000248323 (LUCAT1), ENSG00000271762, ENSG00000282961 (PNRCR1), ENSG00000253929
(CASC21), ENSG00000245532 (NEAT1), ENSG00000265975), of which the following five had a known role in CRC:

BLACAT1 ; LUCAT1 ; PNRCR1 ; CASC21 ; and NEAT1 . In addition, four of these commonly mutated

lncRNAs were DE in both the FFPE and TCGA datasets (BLACAT1, LUCAT1, ENSG00000253929, and

ENSG00000226476). Our set of CRC somatic mutations includes one of the seven already described (rs7013433 in

CCAT1), for which we found the same alternative allele reported in dbSNP ). Our dataset includes eight individuals who

relapsed and we found that 21 of the CRC somatic variants showed higher frequency in relapsed as compared with non-

relapsed. Four lncRNAs (ENSG0000021403, ENSG00000261650, ENSG00000281406, G001643) accumulated multiple

such relapse-associated variants. These results suggest a prognostic value for those somatic variants and a possible role

of these lncRNAs in cancer progression.
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