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reconstruct non-coding transcriptomes, and constitute an initial 
set of PDA-associated lncRNAs as the basis for further analysis.

Molecular subtyping defined by the expression of lncRNAs
Global analyses of coding transcripts in PDA have been used to 
dissect molecular subtypes of the disease.3 6 7 We investigated 

whether lncRNAs might prove useful for the classification 
of molecular subtypes independent of coding genes. Because 
expression profiles from TCGA samples represent a mixture 
of both malignant epithelial cells and stromal cells, we used a 
computational approach to focus our classification effort on 
lncRNAs whose expression correlates with the allele frequency 

Figure 1  Identification of lncRNAs and molecular subtyping of pancreatic ductal adenocarcinoma (PDA). (A) Schematic representation of the 
computational analysis. NORI identified 3433 lncRNAs expressed in PDA using RNA-Seq from a cohort of 109 tumours from TCGA. The output of NORI 
was a subset into abundant lncRNAs (RPKM>1) prioritised for experimental validation, and lncRNAs whose expression correlates (q<0.001) with 
the allele frequency of PDA driver genes for the identification of molecular subtypes in PDA by non-negative matrix factorisation (NMF). Abundant 
lncRNAs were annotated with the genomic distance to recurrent SCNA and/or single nucleotide polymorphisms (SNP) associated with PDA risk and 
with the expression correlation with clinical outcome. In addition, an independent cohort of LCM PDA samples (n=66 epithelium, 65 stroma) was 
analysed to validate expression of lncRNAs in PDA and to select epithelial lncRNAs for functional analysis. (B) NMF using the expression of lncRNAs 
identified three molecular subtypes in the TCGA cohort (n=147). (C) Kaplan-Meier disease-free survival estimations for the individual subtypes. (D) 
Differential gene expression analysis between molecular subtypes. Relevant genes are shown (see online supplementary table 4 for full list). Each 
TCGA sample is colour coded according to the molecular subtype. KRASmutAF is depicted as an independent estimation of tumour cellularity of each 
sample. AF, allele frequency; CPAT, Coding Potential Assessment Tool; GTF, gene transfer format; GWAS, genome-wide association studies; LCM, laser-
captured microdissected; lncRNAs, long non-coding RNAs; NORI, Non-coding RNA Identification; RPKM, reads per kilobase of transcript per million 
mapped reads; SCNA, somatic copy number alterations; TCGA, The Cancer Genome Atlas; UCSC, University of California Santa Cruz. 
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of the major drivers in PDA (KRAS, TP53, CDKN2A and 
SMAD4), which are mutated in 97% of the TCGA samples (see 
the Materials and methods section, online supplementary table 
3). We used the resulting 652 genes to define molecular subtypes, 
applying NMF to 147 PDA samples from the TCGA. This anal-
ysis revealed the presence of three molecular subtypes, with a 
cophenetic coefficient of 0.9931 (figure 1B, online supplemen-
tary figure 1). To determine whether molecular subtyping was 
an indirect effect of the transcription of neighbour coding genes, 
we removed lncRNAs that were within 10 kb of coding genes 
and still obtained very similar clustering (P=7.01 10−50χ2 test, 
online supplementary figure 2). Clusters 1 and 2 were associated 
with elevated mutant KRAS allele frequencies, while tumours in 
cluster 3 were associated with low frequencies, perhaps indi-
cating that this group emerged because of the inclusion of higher 
amounts of stroma and/or infiltrated normal tissues. Analysis of 
outcomes data available through the TCGA indicated an associa-
tion of tumours from cluster 2 with reduced disease-free survival 
relative to those in clusters 1 and 3 (log-rank test, P=0.0028) 
(figure 1C).

To understand the biological significance, we performed 
differential gene expression analysis (figure 1D, online supple-
mentary table 4). In cluster 1, we observed enrichment of tran-
scription factors necessary in pancreas development, including 
FOXA2, FOXA3, GATA6, GATA4, PDX1, MNX1, HNF1b, 
HNF4g and HNF4a.3 Many of these genes, as well as others 
involved in lineage specification, are enriched in the previously 
identified ‘Classical’ molecular subtype, which was associ-
ated with improved overall survival relative to the ‘Basal-like’ 
subtype. Notably, cluster 2 included several genes found in the 
Basal-like subtype and associated with epithelial to mesenchymal 
transition (EMT), including TP63, CAV1, SNAI2, MET, HMGA2 
and TGFβ. Finally, in cluster 3, we observed genes related to 
digestive processes (PLA2G1B, PRSS1, PRSS3), endocrine func-
tion (INS, GCG, SST) and the immune system (CD48, CCR2, 
GIMAP proteins), suggesting that this subtype is defined by 
the contributions of non-neoplastic cell types. Together, these 
findings demonstrate that lncRNAs reflect the heterogeneity of 
biological processes in PDA with relevance to clinical outcomes.

Annotation of lncRNAs in PDA
We next sought to prioritise the 3433 lncRNAs expressed in 
PDA. First, we filtered out low-abundance transcripts, yielding 
453 lncRNAs with a mean expression >1 RPKM. Next, we 
investigated the association of lncRNAs with relevant genomic 
and clinical features of the disease, including: (1) proximity to 
PDA-associated coding genes27; (2) location within SCNA in 
PDA; (3) proximity to germline variants identified in GWAS; 
and (4) correlation with clinical outcome data (figure 2A, online 
supplementary table 2). As expected, analysis of chromatin 
modifications at these loci found significant enrichment of 
accessible chromatin regions related to transcriptional activity 
(figure  2B, online supplementary figure 3; P<0.001, permu-
tation test). Nonetheless, this analysis allowed us to discrim-
inate between bona fide lncRNAs and spurious transcripts or 
sequencing artefacts.

Somatic copy number alterations
SCNAs are frequently the subject of clonal selection during 
tumour progression. However, many SCNAs lack known coding 
tumour drivers,28 29 perhaps suggesting that unknown non-coding 
drivers may be located within these genomic regions. Anal-
ysis of SNP data by GISTIC2 in the TCGA cohort revealed 56 

recurrent SCNAs, 23 amplifications and 33 deletions, including 
known events in PDA such as amplification of GATA6, KRAS 
and MYC; and deletions of CDKN2A and SMAD4. We exam-
ined the overlap of SCNA genomic locations in PDA with our 
candidate lncRNAs and observed that 85 of 453 lncRNAs were 
located within the 56 SCNAs identified in the same cohort of 
patients (online supplementary table 2). Significantly higher 
lncRNA expression-SCNA correlations were found in the 85 
paired lncRNAs than in random controls (figure  2C). Among 
those lncRNAs, we detected the expression of PVT1,13 LINC-
PINT30 and the antisense lncRNA for GATA6. Given the paucity 
of established cancer-associated lncRNAs, the identification of 
several such genes in PDA-associated SCNAs serves as concep-
tual validation for this approach.

Germline variants associated with PDA
GWAS studies have identified 14 genetic loci associated with 
increased or reduced lifetime risk of PDA.15 Interestingly, four of 
these loci map to genomic regions known to contain functional 
lncRNAs (PVT1, LINC-PINT, PDX1-AS1 and LINC00673) while 
several others mapped to unannotated non-coding regions.31 
We performed a similar analysis and identified five candidate 
lncRNAs within loci that harboured somatic SNP variants associ-
ated with increased risk of PDA (online supplementary table 2). 
We detected expression of PVT1, LINC-PINT and LINC00673. 
In addition, we identified a novel lncRNA located on chromo-
some 9q34.2 near the ABO gene that is associated with PDA 
risk; and LINC01829, located on chromosome 2p14 upstream 
of ETAA1, a recently characterised protein involved in DNA 
damage signalling.32 Furthermore, analysis of chromatin features 
and topological-associated domains (TAD) in PANC1 cells 
showed chromatin interactions with distant SNPs, suggesting 
a cis-regulation (figure  2D, online supplementary figure 4). 
Overall, we identified expression of five PDA lncRNAs that are 
near SNPs associated with increased risk of pancreatic cancer.

Association with clinical outcome
We also examined the association between the expression of each 
lncRNA and overall or disease-free survival in the TCGA cohort. 
We observed that 23 (5.3%) and 36 (7.9%) of 453 lncRNAs 
were significantly (P<0.05) associated with overall survival and 
disease-free survival, respectively (online supplementary table 
2). This is similar to the fraction of coding genes that are associ-
ated with survival and progression differences in PDA (5.7% and 
4.1%, respectively), further supporting a possibility of a func-
tional role for lncRNAs in driving PDA.

In summary, we have generated a large-scale resource 
describing lncRNAs expressed in PDA annotated with informa-
tion on their expression level, association with genomic land-
marks and association with clinical outcomes. We expect this 
resource will serve as an aid for functional studies on the contri-
bution of lncRNAs to the progression of pancreatic cancer.

Independent validation of PDA lncRNAs using compartment-
specific expression data
Previous studies using both correlative and functional analyses 
have established that lncRNAs can act as regulators of onco-
genic pathways in malignant cells.33 34 However, bulk tumour 
RNA-Seq contains a mixture of transcripts originating from 
neoplastic epithelial cells and non-neoplastic stromal cells. 
To explore the cellular origins of the candidate lncRNAs, we 
performed RNA-Seq on LCM samples from 65 patients with 
human PDA who underwent resection at the Pancreas Center 
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Figure 2  Annotation of lncRNA with genomic threats of pancreatic cancer and identification of epithelial or stromal expression. (A) Circos plot 
depicting location of lncRNAs respective to genomic marks associated with pancreatic ductal adenocarcinoma (PDA). From inner to outer: single 
nucleotide polymorphisms (SNP) associated to lifetime risk of PDA; lncRNAs identified by Non-coding RNA Identification (NORI) (red: expression 
>1 reads per kilobase of transcript per million mapped reads (RPKM)); location of PDA-associated cancer genes described in online supplementary 
table 2; DNase I hypersensitivity and H3K4me3 in PANC1 cells; recurrent SCNA in the The Cancer Genome Atlas (TCGA) cohort, amplifications (red) 
and deletions (blue). The outermost ring shows the chromosomes in clockwise order with sex chromosome at the end. Full annotation of lncRNAs is 
provided in online supplementary table 2. (B) Averaged reads density of DNAseI signal (upper) and H3K4me3 (lower) along the TSS region of ±1 kb, 
summarised for lncRNA and coding genes, respectively. Reads depth are log transformed and averaged on each base. (C) Comparison of expression-
SCNA correlations on 85 lncRNAs with random controls. P value is calculated from Wilcoxon rank-sum test. (D) University of California Santa Cruz 
(UCSC) snapshot of the PVT1 locus, location of the SNP associated with lifetime risk of PDA (red) and topological associated domains (TAD) in PANC1 
cells indicative of higher order of genome organisation. The genomic regions are overlapped with DNAseI hypersensitivity and epigenetic marks 
of active transcription in PANC1 cells (ENCODE data). For clarity, only PVT1 and MYC are shown. (E) Scatter plot showing distribution of lncRNAs 
according to epithelial and stromal expression as determined by laser-captured microdissected (LCM) RNA-Seq data (n=131). In addition, as an 
independent metric for expression in neoplastic epithelium, the size of each circle represents the correlation of lncRNA expression with the allele 
frequency of KRAS mutation. (F) Validation of epithelial enrichment for the top epithelial lncRNAs. Analysis performed in a pool of epithelial and 
stromal samples from the Columbia University Medical Center (CUMC) cohort. n=3 technical replicates. Only the 8 out of 10 candidates that were 
validated are shown. Expression relative to GAPDH. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; lncRNAs, long non-coding RNAs; SCNA, 
somatic copy number alterations; TSS, transcriptional start site. 
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at the CUMC (He et al, in revision). Notably, we detected 
80% of the 453 candidate PDA lncRNAs in the CUMC cohort, 
providing an independent validation set for our earlier analysis. 
We annotated each lncRNA with its relative enrichment in the 
stroma or epithelium of PDA samples (online supplementary 
table 2). We identified 138 compartment-enriched lncRNAs 
(q<0.05, DESeq2) of which 94 are enriched in the epithelium 
and 44 in the stroma (figure 2E, online supplementary table 5). 
The expression of the top 10 epithelial and stromal candidates as 
detected by RNA-Seq is depicted in online supplementary figure 
5. We validated the expression of 8 of the 10 epithelial candi-
dates by orthogonal methods in a pool of six random epithe-
lial and stromal samples from the CUMC cohort (figure  2F). 
Consistent with previous clustering results, we identified two 
molecular subtypes in the CUMC cohort that were functionally 
characterised by gene sets associated with differentiation state 
(online supplementary table 6). Overall, these analyses validate 
the expression of selected lncRNAs in two independent PDA 
cohorts and confirm our non-coding transcriptome reconstruc-
tion approach. Together, these data provide a rich resource of 
validated PDA-associated lncRNAs annotated with information 
on their compartment of origin.

Functional validation of epithelial lncRNAs
Next, we sought to study the functional roles of top candidate 
PDA-associated lncRNAs. We focused our analysis on lncRNAs 
enriched in the epithelium as potential regulators of molecular 
pathways altered in malignant cells. In addition, we selected 
lncRNAs located in genomic regions that have been associated 
with focal amplification or deletions as potential drivers of 

tumour progression. We became interested in FAM83H-AS1 and 
LINC00673.

FAM83H-AS1 is the antisense of FAM83H, a recently described 
coding gene required for the organisation of the keratin cyto-
skeleton in epithelial cells.35 The two genes share a promoter 
region but transcribed in opposite directions (figure  3A). 
FAM83H-AS1 is located on chromosome 8 on a genomic region 
frequently amplified in PDA (8q23.3-8q24.3). We found that 
FAM83H-AS1 expression correlates significantly with ampli-
fication (r=0.67, P=6.5×10−21, online supplementary figure 
6). RefSeq gene annotation and ENCODE data indicate that it 
has four exons and that it is located in an actively transcribed 
chromatin region in PANC1 (figure 3A, online supplementary 
figure 7). Importantly, high expression of FAM83H-AS1 showed 
a borderline association with poor clinical outcome (P=0.056, 
figure 3B) and FAM83H-AS1 expression across a panel of cancer 
cell lines showed elevated expression in PDA lines (figure 3C). 
We explored the function of FAM83H-AS1 by targeting the 
gene with two siRNAs in Aspc1 cells, each of which resulted 
in >60% knock-down efficiency (figure  3D). RNA-Seq anal-
ysis with transient knock-down of FAM83H-AS1 identified 
1309 and 2721 differentially expressed genes with siRNA1 and 
siRNA2, respectively, and principal component analysis (PCA) 
clustered samples according to the siRNA (figure 3E). There was 
significant overlap in the sets of genes differentially expressed in 
response to the two siRNAs (Fisher’s exact test, P<2.2×10−16), 
as expected (figure  3F). GSEA of common dysregulated gene 
sets suggests a less aggressive phenotype when FAM83H-AS1 
is downregulated, consistent with our observation of a worse 
prognosis for pancreatic tumours expressing high levels of 

Figure 3  FAM83H-AS1 regulates the transcriptome profile of Aspc1 cells. (A) University of California Santa Cruz (UCSC) snapshot of the FAM83H-
AS1 transcriptional start site (TSS) depicting DNase I hypersensitivity and chromatin modifications in PANC1 cells (ENCODE). (B) Kaplan-Meier 
overall survival estimations for samples with high and low expressions of FAM83H-AS1. Only samples with KRASmutallele frequency (AF)>0.2 were 
considered. The two groups were defined by partitioning the samples into two equal-sized sets using the median value of FAM83H-AS1 expression. 
(C) FAM83H-AS1 expression across a panel of cell lines. Normalised with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and relative to the 
expression in Aapc1. Pancreatic cancer cell lines depicted in red. (D) FAM83H-AS1 RNA expression after transient transfection of Aspc1 cells with 
two different siRNAs. (E) Cluster of RNA-Seq samples by principle component analysis. (F) Overlap of dysregulated genes (Padj<0.05) with individual 
siRNAs. Fisher’s exact test.
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FAM83H-AS1 (online supplementary figure 8A, online supple-
mentary table 7).

As a complementary approach to understand the functions 
of this lncRNA, we used an information theory-based systems 
biology technique called regulatory network analysis. Briefly, a 
regulatory network delineates interactions between regulatory 
genes (ie, genes whose activity alters RNA transcript abundance) 
and their target genes. We used the ARACNe algorithm36 to 
reconstruct de novo a regulatory network from TCGA expres-
sion data in an unbiased manner (online supplementary table 8), 
providing a list of inferred target genes for known transcription 
factors as well as the 453 lncRNAs defined above. The network 
comprised over 300 000 total interactions between 1813 total 
regulatory genes and 453 lncRNAs. In particular, ARACNe 
inferred 146 potential target genes for FAM83H-AS1, including 
78 positive (activated) targets and 68 negative (inhibited) targets. 
Computed overlap with gene sets (MSigDB v6.1) found that 
genes inferred to be negatively regulated by FAM83H-AS1 were 
associated with more benign processes while positive inferred 
targets of FAM83H-AS1 were associated with more malignant 
processes (online supplementary figure 8B, online supplemen-
tary table 8). Together, these data are consistent with a role for 
FAM83H-AS1 in promoting tumour progression.

Another top candidate identified in our analysis is LINC00673, 
a transcript that is among the most epithelial-enriched PDA-as-
sociated lncRNAs. LINC00673 is located in a recurrent, focally 
amplified region in PDA and is linked to a PDA-associated SNP. 
It is located approximately 275 kb telomeric of SOX9 (online 
supplementary figure 7). Notably, SOX9 is a well-known tran-
scription factor expressed in multipotent pancreatic progenitor 

cells and is required for the neoplastic transformation of PanIN 
lesions in a mouse model of PDA.37 ChIP-Seq analysis from 
ENCODE in PANC1 cells showed enrichment of chromatin 
modifications associated with active transcription at the 
promoter of LINC00673 in PANC1 cells (figure 4A). In addition, 
we detected that LINC00673 expression correlates with SCNA 
(r=0.39, P=1.3×10−6, online supplementary figure 6) and high 
expression of LINC00673 in TCGA PDA samples is significantly 
associated (P=0.050) with better survival (figure 4B). Expression 
analysis across various cell lines showed widespread LINC00673 
expression in PDA cells (figure 4C).

To test the function of LINC00673, we silenced its expression 
in PANC1 cells through transient transfection with two different 
siRNAs. Each siRNA efficiently downregulated the expression 
of LINC00673, although to different levels (figure  4D). To 
gain insight into the mechanism of action of LINC00673, we 
profiled gene expression in PANC1 cells following LINC00673 
silencing. The resulting RNA-Seq profiles clustered by treat-
ment group by PCA (figure  4E). Notably, there was a signifi-
cant overlap in the sets of genes dysregulated by the two siRNAs 
(Fisher’s exact test, P<2.2×10−16) with a larger total number 
of differentially expressed in cells treated with the more effec-
tive siRNA (figure 4F), consistent with a dose-dependent effect. 
Critically, GSEA performed on the differentially expressed genes 
from each siRNA revealed many overlapping processes, partic-
ularly pathways related to EMT in downregulated genes (online 
supplementary figure 9A, online supplementary table 9). Next, 
we applied regulatory network analysis to identify candidate 
target genes for LINC00673. We inferred 123 potential targets 
of LINC00673, including 91 positive and 32 negative targets. 

Figure 4  LINC00673 regulates the transcription profile of pancreatic cancer cells and is necessary to maintain epithelial features. (A) University 
of California Santa Cruz (UCSC) snapshot of the LINC00673 locus as described for FAM83H-AS1 in figure 3. (B) Kaplan-Meier overall survival 
estimations for tumour samples with high and low expressions of LINC00673. Only samples with KRASmutallele frequency (AF)>0.2 were considered. 
The two groups were defined by partitioning the samples into two equal-sized sets using the median value of LINC00673 expression. (C) LINC00673 
expression across a panel of pancreatic ductal adenocarcinoma (PDA) cell lines. Normalised with glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and relative to the expression in PANC1. PDA cell lines depicted in red. (D) LINC00673 RNA expression after transient transfection of PANC1 
cells with two different siRNAs. (E–G) RNA-Seq was performed in PANC1 cells transiently transfected with two different siRNAs and a non-targeting 
control. (E) Principal component analysis. (F) Overlap of dysregulated genes (Padj<0.05) with both siRNAs. Fisher’s exact test.
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Overlap of candidate targets with gene sets from MSigDB 
demonstrated enrichment for gene sets related to maintenance 
of epithelial properties and downregulation of metastasis (posi-
tive) and downregulation of cell-to-cell communication (nega-
tive) (online supplementary figure 9B, online supplementary 
table 8), consistent with the results from cell lines.

Functional analysis of cells transiently depleted of 
LINC00673 by siRNA shows impaired colony formation, 
and this effect cannot be explained by defects in cell cycle 
(online supplementary figure 10). Interestingly, the less 
efficient siRNA2 produced an intermediate phenotype, 
again supporting a dose dependency in the function of 
LINC00673 (figure  5A). These results were reproduced in 
two additional human PDA cell lines, MiaPaca2 and BxPC3 
(online supplementary figure 11). Furthermore, we observed 
that knock-down of LINC00673 resulted in increased cell 
motility in several PDA cell lines (figure 5B, online supple-
mentary figure 12), consistent with the effects of EMT. In 
addition, we assessed the metastatic potential of PDA cells 
after LINC00673 downregulation by injecting PANC1/
Luc cells pretreated with siCTRL or siRNA1 in the spleen 
of nude mice. We determined that PANC1 cells were more 
efficient in producing metastatic lesions when LINC00673 
was downregulated (figure 5C). Overall, these data suggest 
that LINC00673 regulates in vitro and in vivo the metastatic 
potential of PDA cell lines.

Examining the genes dysregulated by LINC00673 silencing, 
we found that the most strongly upregulated gene was MET 
(figure  5D), a receptor tyrosine kinase involved in motility, 
migration and invasion in PDA cell lines.38 We confirmed this 
finding by qRT-PCR and observed that upregulation of MET 
was associated with downregulation of epithelial markers 
such as FOXA1 and CDH1 (figure  5D). In addition, loss of 
LINC00673 induced a mesenchymal phenotype evidenced by 
gain of vimentin expression (figure 5E,F, online supplementary 
figure 13). We were unable to confirm a role of LINC00673 
in the stimulation of extracellular signal-regulated kinase signal-
ling pathway in PDA cell lines, as previously suggested (online 
supplementary figure 14).39 Genetic downregulation of MET 
did not prevent the increased migratory capacity of PANC1 
cells, suggesting that a global transcriptome switch or loss of 
differentiation status mediates this aggressive behaviour (online 
supplementary figure 15). Consistently, we observed enrichment 
of squamous (log2 fold change 0.86, Padj=0.03) and quasimes-
enchymal subtype (QM, log2 fold change 0.70, Padj=0.07) 
molecular classifiers after downregulation of LINC00673 with 
siRNA1 in PANC1 cells (figure 5G). No significant enrichment 
was found with the less efficient siRNA2, overall suggesting that 
LINC00673 is required to maintain epithelial differentiation and 
prevent expression of mesenchymal markers.

Since SOX9 is located in close proximity to LINC00673, 
we hypothesised that SOX9 could influence LINC00673 func-
tion. We did not detect changes in SOX9 protein following 
LINC00673 knock-down (online supplementary figure 14); 
however, we observed significant dysregulation of SOX9 target 
genes, particularly the classical target and known mediator of 
pancreas differentiation, FOXA1 (figure  5H).38 Overexpres-
sion of SOX9 resulted in a significant upregulation of FOXA1 
that was partially abrogated by LINC00673 downregulation 
(figure 5I, online supplementary figure 16). These data suggest 
that LINC00673 participates in the functional regulation of 
SOX9. Supporting this hypothesis, analysis of the potential 
SOX9 target genes in PDA identified overlap with gene sets 
related to the maintenance of epithelial features such as cell-cell 

junction, apical junction complex and epithelium development 
(online supplementary table 8), consistent with the downregula-
tion of FOXA1 and CDH1 mediated by LINC00673.

Overall, we provided experimental and clinical evidence 
suggesting that loss of LINC00673 induced a loss of epithelial 
differentiation in PDA cells, and this is reflected in poor clin-
ical outcome in low LINC00673 tumours, increased migratory 
capacity in vitro and in vivo, and loss of epithelial and gain of 
mesenchymal markers in vitro and in tumour samples.

Discussion
Our understanding of the role of lncRNAs is rapidly evolving 
from spurious expression of ‘junk DNA’ to the current under-
standing that many such genes play a direct functional role in 
biology. As a whole, a consensus is beginning to emerge that 
lncRNAs act as critical modulators of cellular regulatory states. 
In particular, many lncRNAs contribute to the process of lineage 
specification, a critical need in the evolution of complex organ-
isms with hundreds or thousands of discrete cell types.

Cancer is also intimately linked to cellular differentiation; 
indeed, loss of differentiation is one of the cardinal features of 
the disease, both at the point of initiation and during tumour 
progression. Individual examples of lncRNAs with functional 
roles, such as XIST40 and HOTAIR,41 serve as important proofs 
of principle for the potential contributions of lncRNAs. Like-
wise, analysis of recurrent SCNA identified FAL1, an oncogene 
frequently amplified in ovarian cancer42; PVT1, coamplified 
with MYC13; SAMMSON, frequently amplified in melanoma and 
required for mitochondrial function.12 However, overall such 
efforts have been limited to small numbers of lncRNAs,43 to 
small numbers of samples,44 or by the constraints of array-based 
technologies.45 In general, global analysis of lncRNAs has been 
hindered by a paucity of tools for their identification, annota-
tion and prioritisation. We believe the open-source NORI tool 
and other computational approaches used here provide a useful 
framework for investigating lncRNAs in cancer using publicly 
available RNA-Seq data such as that available through TCGA.

In this study, we presented an analysis of lncRNAs expressed 
in PDA that we validated in two independent cohorts of PDA 
samples. We used NORI to reconstruct the global expression of 
lncRNAs and then applied a series of computational criteria to 
probe their association with features of pancreatic malignancy. 
For example, localisation of candidate PDA lncRNAs to SCNA 
is of interest because many such regions selected during tumour 
evolution are devoid of known coding oncogenes or tumour 
suppressor.28 29 Likewise, germline variants associated with 
risk susceptibility identified by GWAS very frequently map to 
non-coding regions. Global gene expression analysis shows that 
lncRNAs in trait-associated loci are expressed in cell types rele-
vant to the trait, again suggesting a role of lncRNAs in disease.46 
By applying multiple such criteria, we prioritised those lncRNA 
candidates with the highest likelihood of playing a functional 
role in PDA.

It was therefore notable to us that many of the resulting 
PDA-associated lncRNAs identified were related at some level 
to pancreatic lineage specification. In particular, one of our top 
candidates, LINC00673, is located next to SOX9 and regulates 
the expression of several SOX9 target genes. Although we did 
not detect changes in SOX9 expression mediated by LINC00673, 
lncRNAs have been found to interact with related protein SOX2 
to regulate downstream targets.47 We also detected lncRNAs 
located in proximity to GATA6 and FOXA2, both important 
transcription factors involved in pancreas development. These 
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Figure 5  Transient inhibition of LINC00673 leads to loss of epithelial markers and EMT. (A) PANC1 colony formation assay performed with the 
indicated siRNA and visualised with crystal violet. n=3 independent experiments with two different siRNAs. Student’s t-test. (B) PANC1 migration 
assay in 5 μm transwell membranes. n=4 independent experiments with two different siRNAs. Student’s t-test. (C) Higher metastatic burden in nude 
mice after splenic injections of PANC1/Luc cells transfected with siRNA1 targeting LINC00673 for 48 hours prior to surgery. P=0.017 Mann-Whitney 
U test. (D) MET, FOXA1 and CDH1 mRNA expression in PANC1 cells treated with two different siRNAs against LINC00673. n=3. Student’s t-test. (E) 
Western blot of MET and vimentin after transient knock-down of LINC00673. HGF treatment (20 ng/μL) included as positive control. Representative 
blot of at least three independent experiments. (F) Immunofluorescence analysis of vimentin expression in PANC1 cells transfected with siRNA1. 
Representative images of at least three independent experiments. (G) Molecular subtyping using Bailey and Collisson classifiers of PANC1 cells before 
and after LINC00673 knock-down. (H) RNA expression after knock-down of LINC00673 of genes containing SOX9 binding sites at the promoter. (I) 
FOXA1 mRNA expression in PANC1 cells overexpressing SOX9 and LINC00673 knock-down. Error bars represent ±SD. EMT, epithelial to mesenchymal 
transition;  GAPDH, glyceraldehyde 3-phosphate dehydrogenase; QM, quasimesenchymal. 
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findings are consistent with the paradigm that loss of develop-
mental genes affecting the terminal differentiation of epithelial 
cells contributes to tumour progression, both generally48–50 and 
specifically in the pancreas.51 Furthermore, our data are consis-
tent with previous reports showing that lineage determinants, 
such as GATA6 and PDX1, are amplified or reactivated at the 
initiation of PDA (and thus behave as oncogenes); however, 
their expression may be lost during tumour progression, perhaps 
contributing to the subsequent loss of epithelial character.48 52 
Together with early evidence suggesting that reprogramming of 
chromatin domains is associated with the acquisition of meta-
static clones,53 our data support a model in which lncRNAs play 
a role in the metastatic progression of PDA.

Our focus on lncRNAs expressed in the neoplastic epithelium 
was greatly facilitated by a unique RNA-Seq data set derived 
from LCM human pancreatic tumours, which also served as a 
means for independent validation of candidate lncRNA expres-
sion. However, we do expect that lncRNAs will also play an 
important role in the biology of stromal cells. For instance, among 
the top enriched stromal lncRNAs, we identified HAND2-AS1, a 
promoter-associated lncRNA, that has been recently shown in a 
knockout mouse model to regulate the expression of HAND2,54 
which is involved in paracrine stroma-to-epithelium signalling 
in the uterus.55 Further investigation of these stroma-enriched 
lncRNAs is warranted.

LncRNAs are emerging as essential players in the biology 
and progression of cancer as active regulators of coding gene 
expression. Critically, the recent Food and Drug Administration 
approval of the first antisense therapy provides a viable, prac-
tical approach for leveraging this new understanding of cancer 
biology. Nusinersin (Spinraza, Biogen) is an antisense oligonucle-
otide directed against the splice junction of SMN2, a paralogue 
of the SMN1 that is mutated in spinomuscular atrophy. This and 
other clever strategies may be employed to modulate lncRNA 
function in vivo, providing a whole new tool set to control and 
reverse the regulatory states that drive malignancy.
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