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Diversity of noncoding RNAs



Classes of non-coding RNAs

(Cancer Discovery - Prensner et al., 2011)

• Existing small noncoding RNA 
analysis tools are optimized for 
processing short sequencing 
reads (17-35 nucleotides) to 
monitor microRNA expression.

• These strategies under-
represent many biologically 
relevant classes of small 
noncoding RNAs in the 36-200 
nucleotides length range 
(tRNAs, snoRNAs, etc.)



Discovered previously unannotated small RNAs using deep 
sequencing of a libraries with broader insert size selection

Existing small RNA analysis tools were 
not intended to analyze sequence 

reads of varying lengths, handle larger 
quantities of sequence reads, or 

support for diverse small RNA species

(Zhang et al., 2017)



DANSR: A Tool for the Detection of Annotated and Novel Small RNAs

https://github.com/ChrisMaherLab/DANSR
(Eteleeb et al., 2022)



Accurate categorization of annotated small RNAs in 
metastatic colorectal cancer (mCRC) patients

https://github.com/ChrisMaherLab/DANSR
(Eteleeb et al., 2022)



Discovery of altered small RNAs in metastatic colon cancer progression

https://github.com/ChrisMaherLab/DANSR
(Eteleeb et al., 2022)



Long noncoding RNAs (lncRNAs)



Characteristics of long non-coding RNAs (lncRNAs)

• Transcription via RNA polymerase II
• Polyadenylation
• Frequent splicing of multiple exons via canonical genomic splice site motifs
• Regulation by well-established transcription factors
• Epigenetic marks consistent with a transcribed gene (H3K4me3 at the gene

promoter, H3K36me3 throughout the gene body)
• Frequent expression in a tissue-specific manner



Positional classification of lncRNAs



Integrative methods for discovering lncRNAs



RNA-Seq focused strategies for lncRNA discovery

(Cell -- Bartel et al., 2013)
(Uszczynska-Ratajczak et a., 2018)



How many lncRNAs have been annotated

(Uszczynska-Ratajczak et al., 2018)

Comprehensiveness
The fraction of all gene
loci that are included;  

Exhaustiveness
The fraction of all 
transcripts from each 
locus that are known; 

Completeness
The fraction of 
transcript models that
cover the entire length, 
from start to end, of the 
physical
RNA molecule



Long noncoding 
RNAs regulate 
metastasis via 

various pathways 
using diverse 
mechanisms

(Nature Reviews Cancer 
Liu et al., 2021)



Clinical applications of lncRNAs

• LncRNAs are emerging as diagnostic/prognostic biomarkers in tissue, serum, and urine
• Antisense oligonucleotides (ASOs) can be used to directly target lncRNAs and are a

promising therapeutic strategy in cancer
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Despite discovering thousands of lncRNAs, only a 
minor subset have been well characterized

Author notes
Please check these figures carefully and return any comments/amendments that you might have to 
me as soon as possible. In particular, we would like you to check the following:
 
• Do the figures convey the intended message?
• Are all the labels accurate and in the right place?
• Are all the arrows in the right place?
• Are any chemical structures correct?
• Have shapes and colours been used consistently and accurately throughout the figures?
• Have any of the figures been previously published, or have they been supplied by a colleague(s) 

who is not a named author on the article?
• For any maps, some style modifications may have been made, are they still correct?

To mark up any corrections, please use the commenting tools in the PDF, or print and draw by hand, 
rather than directly editing the PDFs.
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Challenges:
• Prioritizing biologically and clinically 

relevant lncRNAs

• Lack of “domains” is a barrier for 
predicting function

• Molecular interrogation is labor 
intensive 



Only a fraction of lncRNAs are altered in a given cancer type

(Genome Biology -- White et al., 2014)(Nature Biotechnology-- Prensner et al., 2011)
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Fig.1 RNAs Associated with Metastasis (RAMS). 

(a) Analysis pipeline for discovery of metastatic CRC lncRNAs. Shaded grey color boxes (input), orange color boxes 
(analysis), and blue color boxes (output/results) (b) Heatmap of lncRNAs differentially expressed in metastasis 
compared with primary. Patient samples are indicated on top row shown as normal (green), primary (orange), and liver 
metastasis (pink). Expression is calculated by Z-score. (c) Kaplan-Meir plots showing RAMS11 association with poor 
disease free survival in The Cancer Genome Atlas (TCGA) RNA-Seq and exon array datasets. Numbers above x-axis 
are patients at risk at the intervals. (d) Average normalized RNA-Seq coverage across WUSTL and Kim cohorts. 
Normal samples are green, primary samples are orange, and metastatic samples are pink. 5’3’RACE is shown below. 
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• Analysis of ~600 LUAD and LUSC
cancer patients

• 111 novel transcripts were
differentially expressed in at least one
histology

• Referred to as lung cancer associated
lncRNAs (LCALs)

• Analysis 121 prostate cancer
patients (normal, primary, and
metastatic samples)

• In total, we identified 121 prostate
cancer associated transcripts
(PCATs)

(Nature Communications –Silva et al., 2021)

• 148 lncRNAs that performed as well as
known biomarkers in differentiating
benign, primary, and metastatic tissues

• 51 lncRNAs differentially expressed in
metastatic tumors compared to non-
metastatic (primary and adjacent normal)
• 17 Unannotated

• Referred to as RNAs Associated with
Metastasis (RAMS)



LncRNAs have greater tissue-specificity in pan-cancer 
analysis across ~3,000 patients
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Differentially expressed protein-coding genes

• ~10% of protein-coding genes are 
altered across 2 or more cancer types

• ~2% of lncRNAs are altered across 2 or 
more cancer types



PCAT-14 expression is enriched in prostate cancer

Supplementary Figure 2 | Aberrant expression of PCAT-14 is enriched in prostate cancer. Expression of PCAT-14 
in normal (N) matched tumor (T) and unmatched tumor (UT) tissues across 19 cancer types using TCGA RNA-Seq data 
from the TANRIC database. Expression is measured as log2(RPKM + 1). The numbers below the tissue types indicate 
the number of samples within each cohort. BLCA - Bladder urothelial carcinoma; LGG - Brain lower grade glioma; BRCA 
- Breast invasive carcinoma; CESC - Cervical squamous cell carcinoma and endocervical adenocarcinoma; CRC - 
Colorectal adenocarcinoma; GBM - Glioblastoma multiforme; HNSC - Head and neck squamous cell carcinoma; KICH - 
Kidney chromophobe; KIRC - Kidney renal clear cell carcinoma; KIRP - Kidney renal papillary cell carcinoma; LIHC - Liver 
hepatocellular carcinoma; LUAD - Lung adenocarcinoma; LUSC - Lung squamous cell carcinoma; OV - Ovarian serous 
cystadenocarcinoma; PRAD - Prostate adenocarcinoma; SKCM - Skin cutaneous melanoma; STAD - Stomach adenocar-
cinoma; THCA - Thyroid carcinoma; UCEC - Uterine corpus endometrioid carcinoma.
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Supplementary Figure 10 | PCAT-14 is androgen responsive. PCAT-14 is responsive to (A) testosterone and (B) 
R1881 treatment in androgen-deprived VCaP cells.



PCAT-14 as a single gene predictor of aggressive disease A

B

C
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Long noncoding RNAs and the tumor microenvironment

0123456789();: 

cells113 (FIG. 5). Lnc- BM expression was inversely asso-
ciated with survival in patients, and positively corre lated 
with CNS recurrence. Intracardiac injection of mice with 
breast cancer cells that were depleted of lnc- BM (via 
RNAi or CRISPR–Cas9) reduced the burden of brain 
metastases, along with reducing co- option of blood 
vessels within the brain by cancer cells. Mechanistically, 
lnc- BM activates expression of ICAM1 through phos-
phorylation of STAT1/3, thereby permitting malignant 
cell co- option of brain endothelial cells in an analogous 
manner to L1CAM112,113. Furthermore, once cells colo-
nized within the brain, lnc- BM mediated JAK2 activation 
to recruit macrophages via CCL2, thereby regulating 
multiple pathways conducive to brain metastases.

In a departure from its role in X chromosome inacti-
v ation16,114, lncRNA XIST was shown to be repressed in 
breast cancer brain metastases in mice, when compared 
with metastases in bone, liver or lung115. In line with 
this, silencing of XIST in MCF-7 and SK- BR3 breast 
cancer cells that were intracardiacally injected into mice 
resulted in increased burden of brain meta stases. Further, 
genomic knockout of Xist enhanced brain metastases in 
MMTV- PyMT mouse models of spontaneous breast 
cancer metastasis, through induction of EMT and acti-
vation of MET, promoting a stem cell phenotype115. 
XIST knock- down can also lead to release of exosomal 
miR-503, which induces polarization of M2 microglia, 
thereby altering the metastasis microenvironment115.

Since the expression and function of lncRNAs 
are generally cell type specific (with notable excep-
tions such as MALAT1 and XIST)9,54, it is perhaps 
unsurprising that lncRNAs play important roles in 
the organ- specific tropism of cancer metastases. 
However, it is unclear whether site- specific lncRNA 
regulatory programmes are triggered before meta-
static colonization, thereby acting as directors of cell 
fate. Alternatively, lncRNAs may exert their influence 
on the maintenance of metastatic clones through the 
microenvironment.

lncRNAs in the metastatic microenvironment
On arrival at distant organ sites, metastatic cells form and 
interact with the TME, which includes diverse processes 
such as angiogenesis116, suppression and/or co- option of 
the innate and adaptive immune system117–119, and the 
reprogramming of stromal populations to promote 
meta static outgrowth120,121. The establishment and main-
tenance of a supportive microenvironment, including 
resident stromal cells and innate and adaptive immune 
cells, is required for the outgrowth of metastatic colo-
nies2,122. Through suppression of the immune system, 
recruitment of angiogenesis, paracrine signalling and 
deposition of pro- metastatic extracellular matrices, the 
TME contributes to cancer metastases in diverse ways. 
The roles of lncRNAs in the tumour and metastatic 
microenvironment are emerging (FIG. 6).
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Rev iews

(Nature Reviews Cancer Liu et al., 2021)



Poorly differentiated CRC

Well differentiated CRC

Cancer cells:
ciRS-7 ×
miR-7 √

Stromal cells:
ciRS-7 √
miR-7 ×

(Kristensen, L.S., et al., 2020)

Challenge to the miRNA sponge mechanism



Analysis of lncRNAs in single cell RNA-Seq data from 
pancreatic cancer patients

• 73 samples from 21 patients with PDAC
• 10x Genomics scRNA-Seq data (~50K reads per cell)
• Various cell types identified in TME including PDAC 

tumors, immune cells, and stromal cells

• Most genes are only detected in a small fraction 
of cells

• LncRNAs are more likely to be missed at individual 
cell level due to their lower expression level

• Significant number of lncRNAs are detected in as 
many cells as protein coding cancer genes



LncRNAs as markers of PDAC TME cell types

PCAT19 in 
endothelial cell



PCAT19: a strong marker of endothelial cells



(Cell -- Hua et al., 2018)

PCAT19 activates a subset of cell-cycle genes associated with PCa 
progression, thereby promoting PCa tumor growth and metastasis



Despite discovering thousands of lncRNAs, only a 
minor subset have been well characterized
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Putative lncRNA regulatory mechanisms



Our ability to understand how a lncRNA functions requires 
knowledge of its interacting partners: DNA, RNA, and/or 
protein



CRISPR based 
strategies are 

dependent on the 
proposed functional 

mechanism



A LncRNA-Centric Approach



Elucidating lncRNA interactions with proteins, RNA, and DNA

• ChIRP (chromatin isolation by RNA
purification)
• RNA–protein–DNA complexes are cross-

linked in vivo and solubilized by sonication
• Biotinylated tiling oligonucleotides are

hybridized to target lncRNAs
• Oligonucleotide-bound RNA and associated

complexes are efficiently pulled down with
streptavidin magnetic beads

• Enriched RNA, protein and DNA can be
isolated and subjected to downstream
analysis

(Chu et al., 2014)



Mapping functional domains within lncRNAs

(Chu et al., 2011; Quinn et al., 2014)

Domain Specific ChIRP (dChIRP)



Additional methods to interrogate lncRNA interactions



Methods are more similar than different

Approach Probe Pros Cons
ChIRP 20-nt; unbiased Probes are cheap 

and have minimal
off-target effect

Irrelevant probes 
increase noise

dChIRP 20-nt; unbiased Improve signal-to-
noise by reducing 

probes

Requires more 
independent
experiments

RAP 120-nt; unbiased High specificity of 
longer probes

Probes cost more 
to synthesize

CHART Rnase H assay to 
narrow search 

space

Background signal 
reduced due to 
relatively few 
probes used

RNase Assay only 
indicates a probe 

can bind, not 
chromatin 

interaction; time 
consuming



What have these methods revealed?

• LncRNAs do not follow any 
single paradigm in their 
regulation

• General characteristics
• Focal or broad binding
• Cis or trans regulation
• Relatively few to thousands 

of binding sites
• Activation and Repression
• 3D conformation dependent



A Protein-Centric Approach



RNA Binding Proteins (RBPs)

• Estimated >1000 RBPs in human

• Have diverse roles in post-
transcriptional gene expression, 
including regulation of alternative 
splicing, RNA export and localization, 
RNA stability and translation

• Functionality in gene regulation is 
naturally dependent on their ability 
to selectively recognize and bind 
target RNAs within the cell

• Mutation or alteration of RNA binding 
proteins plays critical roles in disease



RNA Immunoprecipitation coupled with NGS (RIP-Seq)

• RIP allows identification of the target
RNA molecules binding to an RBP

• Limitations
• Data may include indirectly

bound sequences
• High variability
• Requires high quality antibody
• Precise locations of the binding

site on the target mRNA may be
difficult to determine

• RIP conditions must be calibrated to
minimize reassociation of RBPs with
mRNA in vitro after cell lysis



Locating specific interaction sites

(Yoon et al., 2013)

• RNAse protection assay can help localize the potential 
interaction site



(RNA -- Nicholson et al. 2017)

DO-RIP-Seq Overview

• Cell lysates treated with micrococcal
nuclease (MNase) under optimized
conditions to partially digest RNA to
fragments bound by the RBP.

• RNAs from parallel immunoprecipitations
using a nonspecific control antibody or
similar negative sample were extracted
for normalization of the positive sample



Cindo O. Nicholson et al. RNA 2017;23:32-46

HuR DO-RIP-seq binding site (red bar and shading) in the CCND1 mRNA 3′UTR in 
comparison to the binding site deduced by a previous study (green bar and shading) 

using deletion analysis (Lal et al. 2004). 

DO-RIP-Seq detects validated interaction sites



Methods to capture protein-RNA interactions

(Wheeler et al., 2017)



Common variations of crosslinking immunoprecipitation (CLIP)

• HITS-CLIP 254 nm ultraviolet UV 
cross-linking and 
immunoprecipitation allows 
more stringent washing and 
RNase treatment of bound RNAs

• PAR-CLIP is another modification of 
CLIP-seq that first treats the cell 
with a modified nucleoside (4SU or 
6SG), which is incorporated into 
transcribed RNA. The modified 
nucleotide can be cross-linked using 
longer wavelength UV radiation

• iCLIP identifies binding sites more 
precisely by taking advantage of the 
fact that the amino acid tag left by 
proteinase K treatment terminates 
reverse transcription The truncated 
cDNA molecules can be marked 
with cleavable adaptor and barcode 
allowing for self circularization

(Nature Reviews Genetics – Konig et al., 
2012)



CLIP-Seq data analysis workflow



How do you choose?

(Barra et al., 2017)



Integration of various strategies



LncRNA summary

• LncRNAs are an abundant class of biologically
and clinically relevant class of genes with a
broad range of functionality

• Despite the rapid emergence of lncRNAs, the
methods to interrogating their regulatory
mechanisms are still evolving

• Ongoing development is still necessary to fully
understand the limitations and biases of
existing NGS applications and the
corresponding computational tools for analysis
and interpretation

• Integration of orthogonal strategies will
increase the likely of uncovering real lncRNA
regulatory mechanisms

(Chu et al., 2015)



Circular RNAs



Circular RNAs (circRNAs)

(Chen et al., 2021)



Overview of existing circRNA resources and tools

(Chen et al., 2021)



Evaluation of tools

• Extensive quantity of 
tools available

• Most existing tools 
are designed for short 
read sequencing

(Chen et al., 2021)



Limited understanding of circRNAs contributing to 
metastatic colon cancer progression (mCRC)

• Large scale studies (i.e., TCGA) mostly used poly-A selection

• No standard RNA quantification method

• Cell lines or limited patient cohorts

• Lack of genome-wide systematic analysis

• Existing databases lack inclusion of CRC (and particular matched 

patients throughout progression)

• MiOncoCirc, a cancer focused database, contains only 14 CRC 

out of 880 patients



Hua, J.T., S. Chen, and H.H. He, Landscape of Noncoding RNA in Prostate Cancer. Trends Genet, 2019. 
Othoum, G., et al., Pan-cancer proteogenomic analysis reveals long and circular noncoding RNAs encoding peptides. NAR Cancer, 2020.

Under-studied

Putative functions of circRNAs remain under-studied in cancer

o Limitations of circRNA
translation studies

• Ribo-Seq only shows 
initiation of translation ≠
peptide products

• Proteomics study typically 
discard noncoding RNAs



Clinical Proteomic Tumor 
Analysis Consortium (CPTAC)

(Othoum et al., 2020)

Pan-cancer proteogenomic integration of circRNAs: 
PepTransDB

https://www.maherlab.com/peptransdb



PepTransDB:
Total: 3238 peptides 
from 2834 circRNAs

Junction: 2010 peptides 
from 1964 circRNAs

Possible types of peptides encoded by circRNAs

(Othoum et al., 2021)



Exon 26

Exon 29

E.g. CircSHPRH was missed in PepTransDB

• 4 exons involved (exon 26, 27, 28, 29)
• Translated open reading frame (ORF)

spans beyond backsplice junction (exon 
29-26)

Ø To comprehensively capture 
ORFs of full circular transcripts: 
PacBio long-read sequencing 

Short read strategies are limited to terminal exons



CRC Cell Line 
HCT116

3.

Read Alignment
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Unmapped Reads

Non-Junctional 
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Reads

R1 R2

5’3’

R1 R2

Realignment

Exon Enrichment

*DNA Probe

cDNA-Capture

1.

Short-Read RNA-Seq

2.

Chimeric Reads

4.

Backsplice Junction 
Reads

CIRCexplorer
25.

CircRNA Discovery

6.

R1 R2
R1 R2

5’ 3’

R1R2

5’ 3’

R1

R2

5’ 3’

5’ 3’

R1R2

RNA Transcripts

AAAAAAA

CircRNA detection using short-read analysis pipeline

(Cabanski et al., 2014)



CRC Cell Line 
HCT116

φ29 Polymerase

PacBio Long-Read 
RNA-Seq

2.

TRF

Consensus Reads

3.

Mapped Reads

minimap2
4.

Backsplice Junction 
Reads

isoCirc
5.

CircRNA Discovery

6. Isoform
#1 #2

Full-Length Isoforms
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Long Read #1
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Long Read #2
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*

RNA Transcripts

AAAAAAA

CircRNA discovery with long reads

Unpublished



Type of reads
PacBio

No. reads % of total reads

Total reads 1,637,091 100.00%

Reads with candidate 
circRNAs 34,616 2.11%

Long-read sequencing summary

~35x enrichment

Type of reads
Illumina

No. reads % of total reads

Total reads 30,980,769 100.00%

Reads with candidate circRNAs 16,685 0.054%

Short-read sequencing summary

27.1% 40.8%

Long-read sequencing produces 35x circRNA enrichment
and a larger proportion of high expression circRNAs

Unpublished



chr start end no. exonsstrand gene

15 80120327 80122800 3 + ZFAND6

15 80120327 80122800 2 + ZFAND6

• 9 different peptides, including 2 junctional peptides
• 10 different cancer types

Junctional peptide example:

https://www.maherlab.com/peptransdb-circrna

5’3’

G3’…GGT…5’

Identified novel peptide encoded circRNAs via PepTransDB



Novel in long-read 
analysis: 2121 (98.6%)

Annotated in short-read 
analysis: 30 (1.4%)

CircRNAs Detected in Long-Read vs. Short-Read Analyses

Vo, J.N., et al., The Landscape of Circular RNA in Cancer. Cell, 2019.
Glažar, P., Papavasileiou, P., Rajewsky, N., circBase: a database for circular RNAs. RNA, 2014.

vWhat was missing in short-read?
vHow can we leverage long-read data to 

improve short-read results?

Higher percentage of novel circRNAs were detected 
via long-read sequencing

Unpublished
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CircRNA Unique Identifier isoCirc ID Validated in 
Experiment

Mean Rescued 
Read Number

chr4|48369848|48383784|2|149,147|0,13789 isocirc1618 Yes 5

chr17|82563353|82571870|2|94,63|0,8454 isocirc1022 Yes 3

chr2|71355718|71370005|2|62,96|0,14191 isocirc1214 Yes 2.5

chr1|23030468|23044486|2|57,62|0,13956 isocirc47 Yes 1.5

chr2|171028338|171046362|2|67,89|0,17935 isocirc1259 Yes 1

chr9|93471140|93516269|3|247,60,62|0,5115,45067 isocirc2052 Yes 0.5

chr10|15128349|15135418|2|54,125|0,6944 isocirc299 No 0.5

Gel purificationExpected 
band size: 
256 (bp)

3’ Exon 5’ Exon

Forward 
primer

Reverse 
primer

Backsplice junction

Purified PCR 
product

Matching Sanger sequencing results 
with expected backsplice junction 
sequenceSanger sequencing

Validation of rescued circRNAs

Unpublished



CircRNA conclusions

• Novel, integrated long-read approach discovers beyond annotated 

circRNAs

• Eventual improvement to rely on a single strategy

• Improved bioinformatic workflow for comprehensive full-length circRNA 

characterization

• Aid in future mechanistic studies exploring their function in cancer, such 

as evaluating the coding potential of circRNAs

• More cell line and matched patient long-read sequencing data will help 

to discover circRNAs and encoded peptides in matched cancer patients
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Functional roles of lncRNAs in cis

(Cell – Kopp et al., 2018)

• The lncRNA transcript itself regulates the
expression of neighboring genes through
its ability to recruit regulatory factors to the
locus and/or modulate their function

• The process of transcription and/or splicing
of the lncRNA confers a gene-regulation
functionality that is independent of the
sequence of the RNA transcript

• Regulation in cis depends solely on DNA
elements within the lncRNA promoter or
gene locus and is completely independent
of the encoded RNA or its production



Functional roles of lncRNAs in trans

(Cell – Kopp et al., 2018)



Enrichment strategies for circRNAs

(Bonizzato et al., 2016)


