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Abstract

The human transcriptome contains many types of noncoding RNAs, which rival the number 

of protein-coding species. From long noncoding RNAs (lncRNA) over 200 nucleotides long to 

piwi-interacting RNAs (piRNA) of only 20 nucleotides, noncoding RNAs play important roles 

in regulating transcription, epigenetic modifications, translation, and cell signaling. Roles for 

noncoding RNAs in disease mechanisms are also being uncovered, and several species have 

been identified as potential drug targets. On May 11 to 14, 2021 the Keystone eSymposium 

“Noncoding RNAs: Biology and Applications,” brought together researchers working in RNA 

biology, structure, and technologies to accelerate both the understanding of RNA basic biology 

and the translation of those findings into clinical applications.

Graphical abstract

Noncoding RNA comprise a diverse range of RNAs. Long noncoding RNAs (lncRNA) contain 

features of mRNAs; the most well-studied localize to the nucleus, help form nuclear condensates, 

and affect transcription machinery. Short noncoding RNA species play roles in mRNA translation, 

alternative splicing, and RNA editing and silencing. As new technologies are developed, the 

prevalence and importance of the diverse array of small RNAs will come to light. On Demand: 

https://keysym.us/21EK44NYAS.
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Introduction

Noncoding RNA are a diverse range of RNA species whose physiological and pathological 

functions are just beginning to be understood. Long noncoding RNAs (lncRNA) are RNA 

transcripts of greater than 200 nucleotides that often contain many features of protein-coding 

RNAs. Approximately 30,000 lncRNAs have been identified in the human genome, putting 

them on par with the number of protein-coding RNAs. The most well-studied lncRNAs 

localize to the nucleus, where they can play key roles in formation of nuclear condensates 

like the nucleolus and affect the transcription machinery to regulate gene expression. 

Dysregulation of several lncRNAs has been implicated in diseases, including cancer and 

cardiovascular disease, thus opening the potential for new therapeutic targets.1

Short noncoding RNA species include microRNA (miRNA), small RNA, piwi-interacting 

RNA (piRNA), and circular RNA (circRNA) as well as more obscure RNAs like tRNA-

derived small RNA (tsRNA), rRNA-derived small RNA (rsRNA), and Y RNA-derived small 

RNA (ysRNA). These RNAs play roles in mRNA translation, alternative splicing events, 

RNA editing, and RNA silencing.2 Traditional sequencing techniques often miss small 

RNAs. As new technologies are developed, the prevalence and importance of these small 

RNA species are beginning to come to light.

Cable et al. Page 4

Ann N Y Acad Sci. Author manuscript; available in PMC 2023 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



On May 11–14, 2021 researchers in noncoding RNA met virtually for the Keystone 

eSymposium Noncoding RNAs: biology and applications. Speakers highlighted the 

mechanisms and roles of diverse types of noncoding RNA species in areas like transcription, 

translation, gene activation and silencing, and protein and cell signaling regulation. In 

addition, several speakers expounded on the potential for noncoding RNAs to act as 

drug targets in disease like cancer and cardiovascular disease while others described 

the structure/function relationships for lncRNAs, long thought to be mostly unstructured. 

Finally, speakers discussed the emergence of new technologies to systematically and 

comprehensively identify and map noncoding RNAs

Keynote address: The multiple roles of Xist RNA

Edith Heard from the European Molecular Biology Laboratory presented the keynote 

address on elucidating the role of Xist RNA in X chromosome inactivation (XCI). In almost 

all mammals, one of the two X chromosomes is randomly silenced during development. 

This silencing is epigenetically propagated through cell divisions and enables dosage 

compensation between the sexes.3

Xist is a long noncoding RNA (lncRNA) of approximately 15,000 nucleotides in mouse, 

encoded by the gene Xist on the X chromosome. Xist initiates XCI by coating the 

chromosome from which it is expressed, triggering chromosome-wide gene silencing. 

Xist contains several conserved regions, including the A-repeat, which is essential 

for chromosome-wide gene silencing, the B-repeat, which recruits Polycomb repressive 

complexes to modify epigenetic marks on the X chromosome, and a few other dispersed 

regions, which collectively help Xist coat and reorganize the X chromosome. The role of 

Xist is believed to be primarily in initiating X chromosome inactivation, and helping to 

establish early maintenance.3

Xist initiates gene silencing by associating with sites along the X chromosome that are 

close in 3D space to Xist. Within a few hours, the entire chromosome is coated with 

Xist.4 Heard’s group and others have shown that Xist RNA induces massive changes in the 

3D organization of the chromosome, characterized by the loss of topologically associated 

domains and the formation of two poorly structured megadomains.5 As genes are silenced, 

they relocate into the Xist-coated territory, while a small number of genes which escape 

inactivation remain located outside.6,7

One possible explanation for how Xist induces gene silencing could be that it physically 

excludes the transcriptional machinery. This is consistent with observations that soon after 

Xist coating, the inactive X chromosome is depleted of transcriptional machinery factors 

like RNA Pol II, splicing factors, and TFs. Heard’s group used single-particle tracking to 

visualize Xist and RNA Pol II molecules in live embryonic stem cells (ESC) and showed 

that RNA Pol II was able to freely diffuse in and out of the Xist domain, indicating that the 

early Xist compartment does not present a physical barrier to the transcriptional machinery.8

To understand the mechanism through which Xist mediates X-chromosome inactivation, 

Heard’s group conducted a comprehensive analysis of the time- and space-dependent 

epigenetic changes in the inactive X chromosome upon Xist coating using native ChIP-seq, 
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RNA-seq/TT-seq, and allele-specific analysis. They showed that the two earliest epigenomic 

events are loss of H3K27ac at promoters and enhancers due to the activity of HDAC3 

and accumulation of H2AK119 ubiquitination (catalyzed by PRC1). H2AK119ub1 initially 

accumulates at intergenic regions and spread into genic regions after gene silencing.9

Studies by Heard and others have identified binding partners of Xist.10–15 One of the 

most important Xist binding partner that has been identified in multiple screens and pull-

down assays is SPEN. SPEN is a large RNA-binding protein (RBP) involved in chromatin 

regulation. The SPEN SPOC domain associates with nuclear co-repressors (NCoR/SMRT) 

and recruits HDAC3, which is necessary for the early deacetylation observed upon Xist 

coating. Heard’s group recently showed that SPEN is essential for initiating X-chromosome 

inactivation. Depleting SPEN abolished X-chromosome gene silencing while knocking out 

SPEN in mice phenocopied Xist knock out. Further investigation revealed that the SPOC 

domain of SPEN is critical for gene silencing and for dampening expression of genes 

that escape XCI. Live and fixed-cell imaging showed that SPEN accumulates on the X 

chromosome simultaneously with Xist. While SPEN is not required for Xist to coat the 

chromosome, it is required for gene silencing. Mass spectrometry analysis revealed that the 

SPOC domain acts as a platform for multiple protein complexes, including the RNA Pol II 

transcription machinery.16

Heard put forth a model for the role of SPEN and Xist in gene silencing in which Xist’s 

A-repeat recruits SPEN to the X chromosome, where it is targeted to transcriptionally active 

promoters and enhancers, likely via interactions between the SPOC domain and RNA Pol 

II. There, SPEN triggers gene silencing, following which SPEN disengages from chromatin, 

even though it continues to be recruited by Xist RNA.

Regulation of long noncoding RNA in nuclear condensates

Most noncoding RNAs retained in the nucleus are retained in membraneless nuclear bodies, 

like the nucleolus, nuclear speckles, and promyelocytic leukemia (PML) bodies. Recent 

studies have indicated that these noncoding RNAs can play an important role as regulatory 

or structural molecules in these nuclear domains.

Tetsuro Hirose from Osaka University presented work on delineating the functions 

of architectural noncoding RNAs (arcRNA), which act as a structural scaffold 

for membraneless nuclear bodies by sequestering IDR-RBPs and inducing phase 

separation.17,18 These membraneless bodies may have many functions, including acting 

as reaction crucibles for biochemical reactions, sequestering proteins, and acting as an 

organization hub for chromosomes.19 Hirose focused on the role of temperature-induced 

nuclear stress bodies (nSBs) in regulating RNA splicing. They showed that HSATIII 

arcRNAs form nSBs upon thermal stress that sequester proteins involved in intron splicing, 

including SRSF and SAFB.20 Upon recovery from thermal stress, additional factors are 

recruited to the nSBs, including CLK1 (Fig. 1), which phosphorylates SRSF and allows it to 

leave the nSB and repress intron splicing.21 In a separate pathway, HSAT III induces intron 

retention via m6A writer and reader proteins. nSBs sequester the m6A writer complex, 

which methylates HSATIII, leading to sequestration of the nuclear m6A reader, YTHDC1. 

Sequestration of the m6A writer and reader represses m6A modification of pre-mRNAs, 
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thereby reducing m6A-dependent splicing during stress recovery.22 Hirose’s work shows 

that nSBs can control temperature-dependent intron splicing through two distinct RNP 

complexes.

Noncoding RNAs in the nucleolus—Another membraneless nuclear body in which 

noncoding RNAs play an important role is the nucleolus. The nucleolus is the site of 

ribosomal RNA (rRNA) gene transcription, processing, and assembly with ribosomal 

proteins. It is organized around nucleolus organizer regions (NOR), which consist of tandem 

repeats of ribosomal genes. In humans, each NOR contains ~40 rDNA repeats that form 

head-to-tail tandem arrays. Noncoding RNAs are central to the nucleolar structure and 

function. The nucleolus consists of three major compartments: the fibrillar center (FC), 

which is the site of rRNA transcription, the dense fibrillar component (DFC), the site of 

early rRNA processing, and the granular component (GC), the site of late rRNA processing.

Ling-Ling Chen from the Chinese Academy of Sciences presented work on RNA regulation 

in the nucleolus. Chen focused on sno-lncRNA enhances pre-rRNA transcription (SLERT). 

SLERT is an approximately 700-nucleotide-long snoRNA found in the nucleolus that 

enhances pre-rRNA transcription.23 Knocking out SLERT reduces pre-rRNA and ribosome 

synthesis and subsequently reduced cell proliferation.23 SLERT interacts with the DEAD 

box helicase DDX21, which forms a shell-like structure around RNA Pol I.23 In the 

nucleolus, fibrillar centers (FCs) and dense fibrillar components (DFCs) are essential 

morphologically distinct sub-regions of mammalian cell nucleoli for rDNA transcription 

and pre-rRNA processing.24 DDX21 shells both control FC/DFC size and suppress rDNA 

transcription. Chen showed that SLERT promotes Pol I transcription by changing the 

conformation of the DDX21 shells. In brief, DEAD box RNA helicase can adopt an open or 

closed conformation. In the open conformation, DDX21 can form dense hyper-multimerized 

clusters that impair the liquidity and size of the FC/DFC units in the nucleolus. In the closed 

conformation, DDX21 forms loose hypo-multimerized clusters that enable liquidity in the 

FC/DFC. SLERT keeps DDX21 in the closed state via an RNA chaperone-like mechanism 

at a substantially low stoichiometric ratio, thereby promoting hypo-multimerization and 

maintaining the FC/DFC and preventing DDX21 from hijacking rDNA.25

Kannanganattu Prasanth from the University of Illinois presented unpublished data on a 

family of novel nucleolus-enriched noncoding RNAs. Individual members of this class of 

ncRNAs associated with specific NOR-containing chromosomes and modulated rDNA gene 

expression. Several recent studies on the nucleolus-enriched ncRNAs, including the work 

from Ling-ling Chen and Prasanth labs have highlighted the importance of ncRNAs in rDNA 

gene expression and nucleolus organization.25–32

Sofia Quinodoz in Clifford Brangwynne’s lab at Princeton University presented work done 

in Mitchell Guttman’s lab at Cal Tech to comprehensively map the location of all RNAs 

in the nucleus. Quinodoz developed SPRITE, an iterative split-and-pool tagging method 

that measures multi-way RNA and DNA interactions in 3D space.33,34 Quinodoz recently 

developed a new version of SPRITE (SPRITE 2.0), which enables detection of all classes 

of RNA, including low abundance noncoding RNAs and nascent pre RNAs. They showed 

that SPRITE 2.0 captures known RNA-DNA interactions as well as known RNA-RNA 
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interactions and global RNA bodies. For example, SPRITE 2.0 identified many RNA hubs 

via RNA interactions, corresponding to various nuclear bodies, such as the nucleolus, 

speckles, and Cajal bodies. Quinodoz has used SPRITE to map the 3D organization of 

RNA and DNA in these bodies. During the talk, Quinodoz focused on the organization of 

RNA and DNA in nucleolus, though they have also applied the method to nuclear speckles, 

histone locus body RNAs, and Cajal body-associated RNAs. The results reveal several 

general principles for the organization of RNA hubs in which nascent RNAs remain near 

their DNA, multiple DNA loci come together in 3D space, and diffusible regulatory ncRNAs 

come to the hubs. Quinodoz has also used SPRITE to map the localization of over 600 

lncRNAs, showing that the majority associate with chromatin and localize around their 

loci.33,34

Noncoding RNAs as therapeutic targets

As the functional roles of noncoding RNAs become better appreciated, several have been 

implicated in diseases such as cancer and cardiovascular disease.35,36 Several talks focused 

on the potential to targeted misregulated noncoding RNAs to treat disease.

David Spector from Cold Spring Harbor Laboratory presented work on identifying and 

targeting lncRNAs upregulated in breast cancer that might play a role as therapeutic targets. 

LncRNA misregulation has been associated with various cancer types, both as pro-metastatic 

factors and tumor suppressors.35 Sarah Diermeier, a former post-doc in Spector’s lab, now 

at the University of Otago, performed an RNA-seq screen in mouse models of HER2+ and 

luminal B breast cancer to identify lncRNAs involved in breast cancer progression. They 

prioritized 30 lncRNAs, dubbed mammary tumor associated RNAs (MaTARs), as promising 

clinically relevant targets due to location of their genes in the genome and lack of sequence 

homology with other RNA species.37

Spector focused on MaTAR25, an intergenic lncRNA gene that localizes to the nucleus 

and is upregulated in several breast cancer models but not expressed in normal tissues.38 

Both in vitro and in vivo assays show that loss of MaTAR25 impacts tumor formation, 

proliferation, invasion, and metastatic ability. Spector showed that MaTAR25 impacts cell 

migration by upregulating expression of tensin1, a protein found in focal adhesions.38,39 

While high tensin1 levels had been implicated in CRC, it had not been previously associated 

with breast cancer. Knocking out MaTAR25 resulted in disassembly of actin filaments 

and focal adhesions as well as loss of microvilli, which are critical for cell migration and 

invasion. Spector showed that MaTAR25 regulates tensin1 expression via association with 

PURB and the tensin1 promoter. Spector’s group has identified the human ortholog of 

MaTAR25, named LINC01271.38 LINC01271 is overexpressed in primary breast tumors 

and lung metastases, with increased expression correlating with poor survival in breast 

cancer patients.40 Spector’s group is evaluating LINC01271 as a potential therapeutic target 

that can be manipulated by an antisense-based approach to impact metastatic breast cancer 

progression.

Diermeier discussed another MaTAR identified in their RNA-seq screen, MaTAR17. 

In mammary tumor organoids, knockdown of MaTAR17 via antisense oligonucleotides 

(ASO) developed in collaboration with IONIS reduced organoid branching as a result of 
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reduced cell proliferation and invasiveness.37,41 Previous work has shown that, unlike other 

lncRNAs, which are typically associated with one tumor type, hMATAR17 is overexpressed 

in several types of cancer, including head and neck, colorectal, breast and lung cancer.42 

Diermeier presented unpublished data elucidating the mechanisms by which MaTAR17 
drives breast and colorectal tumor progression and investigating the therapeutic potential of 

anti-MaTAR17 ASOs for breast cancer. The group is also exploring the utility of MaTAR17 
as a predictive or prognostic biomarker for tracking disease progression and treatment 

response.

Allison M. Porman (Swain) from Aaron Johnson’s lab at the University of Colorado 

Anschutz Medical Campus showed how N6-methyladenosine (m6A) modification in the 

lncRNA HOTAIR regulates its function in breast cancer. HOTAIR promotes metastasis in 

breast cancer cells by reprogramming the chromatin state. While this was originally believed 

to occur via interactions with PRC2, subsequent studies found that PRC2 is not required for 

HOTAIR-mediated transcriptional repression.43,44 Porman identified an m6A modification 

site in HOTAIR that is required for HOTAIR-mediated cell proliferation and invasion in 

breast cancer cells. They showed that m6A at this single site enables HOTAIR to interact 

with the m6A reader YTHDC1 which is required for HOTAIR to associate with chromatin 

and repress tumor suppressor genes (Fig. 2). Porman’s work demonstrates how a single site 

of RNA modification within a lncRNA can play a major role in cell phenotype.45

Dhiraj Kumar from the University of Texas MD Anderson Cancer Center presented 

unpublished work on how another lncRNA, Malat1, which has been identified as a mediator 

of metastatic reactivation46 promotes metastatic reactivation in breast cancer by regulating 

the immune microenvironment at the metastatic site.

Mark Feinberg from Brigham and Women’s Hospital/Harvard Medical School focused 

on the role of lncRNAs in atherosclerosis. While roles for lncRNAs have been identified 

in different aspects of CVD36,47, a direct role in vessels is poorly understood. RNA-seq 

studies of blood vessels in mice fed a high-cholesterol diet identified SNHG12 as a 

lncRNA that decreases with atheroprogression and increases with atheroregression (Fig. 

3). While knocking down SNHG12 increased plaque burden in mice, the lesions showed no 

differences in pro-inflammatory signaling pathways compared to wild-type lesions. Feinberg 

showed that reduced expression of SNGH12 increases atherosclerosis independent of lipid 

profile or lesional inflammation via DNA damage and vascular senescence. SNHG12 
acts to control DNA damage by stabilizing the interaction between DNA-PK and Ku70/

Ku80. Knocking down SNGH12 increased DNA damage, impaired NHEJ, and increased 

cell senescence. These effects can increase endothelial permeability to LDL.48 Feinberg’s 

work builds upon increasing evidence suggesting that senescence can independently 

promote atherosclerosis.49,50 Their group has also identified and worked to understand the 

mechanism for other lncRNAs involved in atherosclerosis.51–54

Mechanisms of long noncoding RNA function

Transcription by RNA Pol II occurs via a series of sequential events, including promoter 

binding, transcription initiation, and transcription elongation. Each of these events is quite 

inefficient such that only 1% of polymerases that bind to a promoter produce an mRNA 
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transcript. Many lncRNAs have been shown to modulate transcription at sites near their 

genes, though the exact mechanisms are not clear.55

Jonathan Henninger from Richard Young’s lab at the Whitehead institute for Biomedical 

Research presented a model in which these nascent RNAs regulate Pol II transcription via a 

dynamic feedback loop. During transcription, short RNAs are produced from enhancer and 

promoter elements that do not have a clear function.56 Henninger’s model is based on a 

type of phase separation called complex coacervation, whereby oppositely charged polymers 

form condensates through electrostatic interactions. In the model, during initial stages of 

transcription, electrostatic interactions between negatively charged RNA and positively 

charged proteins balance each other and form condensates. As transcription proceeds, 

negatively charged RNAs accumulate, the repulsive electrostatic interactions dissolve the 

condensate, and the system returns to a diffuse phase. The model predicts that nascent RNAs 

initially stimulate and then arrest transcription, which was validated both in vitro and in 
vivo. Given that this electrostatic-based model is dependent on RNA size and not sequence, 

Henninger believes that it may explain the role of many lncRNAs, which often show little 

sequence conservation but are primarily located near sites of transcription, in regulating gene 

expression of nearby genes.57

Several lines of evidence suggest that there are key regulatory events that stabilize RNA Pol 

II binding for transcription elongation57–59, yet the molecular link between RNA and the 

transcription machinery had not been elucidated.

Xiaohua Shen from Tsinghua University presented a phase-separation mechanism by which 

noncoding RNA act with RNA-binding proteins (RBPs) to aid in the rate-limiting step 

of polymerase condensate formation to promote polymerase engagement and transcription. 

Shen showed that RBPs are prevalent among chromatin-bound proteins and are susceptible 

to liquid-liquid phase condensation on chromatin. Many RBPs co-localize with RNA Pol II 

at sites of transcription, and the degree of RBP binding to a promoter positively correlated 

with the level of mRNA expression, suggesting that RBPs might act collaboratively to 

regulate transcription. She showed the paraspeckle protein PSPC1 inhibits the RNA-induced 

premature release of Pol II and makes use of RNA as multivalent molecules to enhance 

the formation of transcription condensates and subsequent phosphorylation and release of 

Pol II. This synergistic interplay enhances polymerase engagement and activity via the 

RNA-binding and phase-separation activities of PSPC1. In embryonic stem cells, auxin-

induced acute degradation of PSPC1 leads to genome-wide defects in Pol II binding and 

nascent transcription. Shen put forth a model in which RBPs stabilize the interaction 

between RNA Pol II and the transcription site via phase separation. During transcription, 

RNA Pol II produces nascent transcripts which can evict it from the gene promoter 

before phosphorylation of the C-terminal domain, which is required for transcription 

elongation. The nascent transcripts can also recruit RBPs, which once reaching a critical 

threshold, create an RBP-rich condensate that occlude RNA Pol II eviction, allow it 

to be phosphorylated, and proceed to the elongation phase.60 The interplay between 

noncoding transcripts and RBPs around the transcription sites regulates dynamic assembly 

of polymerase clusters in cells, expanding the horizon in understanding transcription 

regulation beyond classic transcription and epigenetic factors.
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One of the barriers to understanding the role of lncRNAs on gene transcription is the 

lack of explicit definitions of the types of regulatory lncRNAs. Some lncRNAs regulate 

gene expression in cis, meaning that their gene targets are located nearby on the same 

chromosome, while some regulated gene expression in trans, meaning that their targets 

are on a different chromosome or distally on the same chromosome. Rory Johnson 
from University College Dublin presented a new tool to identify cis-regulatory lncRNAs. 

Johnson’s group is developing tools to classify lncRNAs as either cis or trans acting to 

determine the prevalence of each modality and to define general rules for how cis-acting 

lncRNAs work.

Joshua Mendell from Howard Hughes Medical Institute UT Southwestern discussed 

how NORAD regulates Pumilio (PUM) activity. The lncRNA NORAD is a ubiquitously 

expressed cytoplasmic noncoding RNA that is activated by DNA damage.61–66 In contrast 

to most lncRNAs, it contains several repeat units, some of which form conserved secondary 

structures while some consist of Pumilio recognition elements (PRE) and bind PUM 

proteins. PUM represses mRNA translation by binding to PREs in mRNA transcripts and 

accelerating their degradation.

Given that the number of PUM target mRNAs vastly outnumbers the number of PUM 

binding sites on NORAD, Mendell’s group is interested in how NORAD can outcompete 

PUM target mRNA binding sites to effectively inhibit PUM activity. Mendell showed 

that NORAD and PUM co-localize in punctate foci in the cytoplasm, which they termed 

NORAD-Pumilio (NP) bodies. These foci disperse in the absence of NORAD. PUM 

contains several features associated with the ability to form condensates, including large 

IDRs and the ability to bind RNA. They proposed that NORAD sequesters PUM in 

NP bodies, which are formed through NORAD-induced PUM phase separation. In vitro 
studies showed that at physiologic concentrations, NORAD drives phase separation of 

PUM. Mendell showed that NORAD can recruit PUM into the droplet phase not only via 

direct binding to PREs but also via PUM-PUM IDR interactions. This allows NORAD 
to outcompete other PRE-containing RNAs as it can sequester approximately three times 

as many PUM proteins as it would be able to via PRE binding alone. Moreover, each 

PRE in NORAD can recruit PUM ~40 times more efficiently than an isolated PRE in a 

target mRNA. Therefore, in the cell, the effective number of NORAD PREs is comparable 

to the total number of PUM binding sites on target mRNAs. Mendell also showed that 

sequestration of PUM in phase-separated condensates is important for regulating PUM 

activity and maintaining genomic stability in mammalian cells.63

Juan Pablo Unfried from Puri Fortes’s lab at the University of Navarra discussed their 

work on lncRNAs associated with hepatocellular carcinoma (HCC). Unfried previously 

published a list of lncRNAs that are highly, preferentially expressed in cancer, including 

HCC, that may serve as attractive drug targets. Several of these are associated with 

clinical outcomes, including survival, suggesting that they may play a role in disease 

pathology.67 Unfried presented data on one such lncRNA, NIHCOLE.68 Depletion of 

NIHCOLE from HCC cells led to impaired proliferation, increased apoptosis and DNA 

damage accumulation due to a specific decrease in the activity of the non-homologous 

end-joining (NHEJ) pathway of DNA double-stranded break (DSB) repair. DNA damage 
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induction further decreased the growth of NIHCOLE-depleted cells. Authors found that 

NIHCOLE associates with DSB markers and recruits several molecules of the Ku70/80 

heterodimer. Band-shift analyses showed that structural domains within NIHCOLE support 

multimeric repair complexes including the ligation complex formed by XRCC4 and DNA 

Ligase IV. This allows NIHCOLE to promote the ligation efficiency in NHEJ reconstitution 

assays by serving as a scaffold and facilitator of the NHEJ pathway. Collectively they 

showed that NIHCOLE’s role in DSB repair confers an advantage to HCC cells uncovering 

a novel cancer vulnerability that could be targeted with therapeutic purposes.

Enhancer RNAs, circular RNAs, and small RNA

Several talks focused on the regulatory roles of small RNA species, such as small nuclear 

RNAs (snRNA), piRNA, microRNA (miRNA), and circular RNA (circRNA).

Jeremy E. Wilusz from the University of Pennsylvania showed how Integrator (Int), a 

multi-subunit complex that associates with RNA Pol II is regulated.69 Integrator contains 

an endonuclease, IntS11, that cleaves nascent snRNA transcripts, which mature into small 

nuclear ribonucleoproteins (snRNP) and catalyze splicing.70 Wilusz’s lab has shown that 

Int can also regulate protein-coding genes by cleaving nascent mRNA transcripts, triggering 

premature transcription termination that results in short, nonfunctional transcripts that are 

degraded.71,72 While these two roles for Int have similar characteristics molecularly—they 

both involve recruitment of Int by RNA Pol II, endonuclease-mediated cleavage, and 

subsequent release of an RNA transcript—they seem to have highly distinct regulatory 

needs. When Int cleaves at an snRNA gene, it results in a functional transcript; therefore, 

constitutive Int activity is required for the production of functional snRNPs. Conversely, Int 

activity at a protein-coding gene abolishes the production of functional mRNA, indicating 

that Int activity must be regulated so that protein-coding genes can be expressed under the 

appropriate cellular conditions. Wilusz presented unpublished data elucidating how Int is 

differentially regulated at snRNA genes versus at protein-coding genes.

The piRNA pathway is the largest and most diverse class of small RNAs. Its most well-

understood function is as a defense mechanism against transposons to protect germ cells 

against the threat of mobile genetic elements. piRNAs bind to and cleave mRNAs, thus 

negatively impacting translation. In the nucleus, this can also lead to epigenetic changes and 

transposon silencing. While many piRNAs match to transposons, many do not.73–75 Lamia 
Wahba from Andrew Fire’s lab at Stanford University presented work on understanding the 

function of non-transposon piRNA. Many possible mechanisms for non-transposon piRNAs 

have been proposed, including transposon defense through imperfect complementarity, 

massive RNA elimination, and translational activation or repression. Wahba presented 

unpublished data in C. elegans, in which over 99% of the 16,000 piRNAs do not map 

to transposons, to elucidate the mechanism of how loss of the piRNA pathway results in 

gradual sterility across generations.

Adelheid Lempradl from the Van Andel Institute discussed how the piRNA pathway can 

play a role on inheritance of metabolic phenotype. Several studies indicate that effects 

of a parent’s environment can be inherited in their offspring. For example, Lempradl had 

previously established a model for diet-induced intergenerational metabolic reprogramming 
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in Drosophila in which fathers fed a high-sugar diet produced offspring with a higher 

susceptibility of diet-induced obesity.76 Other studies have observed similar phenotypic 

inheritance patterns with metabolic disorders and trauma.77,78 Lempradl has investigated the 

role of the piRNA pathway in mediating this intergenerational heritability. Most research on 

the piRNA pathway in Drosophila has been in females. Lempradl showed that the piRNA 

pathway is also present in mature sperm and is necessary for intergenerational inheritance 

of paternal metabolic state. They identified piwi-bound small RNAs in sperm and provided 

evidence that these RNAs repress target gene expression in offspring.79

Sean McGeary from David Bartel’s group at the Whitehead Institute presented work 

on identifying the rules that govern miRNA binding to target mRNAs. miRNAs mediate 

repression of targets by binding to sites within the 3′ UTRs of target mRNAs. Binding 

occurs via pairing between two key regions: the seed region and the 3′-pairing region.80 

Previous studies to identify the rules governing pairing to the miRNA 3′ end were based on 

transcriptome-wide analyses of 11 miRNA transfections, which may have caused miRNA-

specific differences in 3′-pairing preferences to go undetected. Several studies have shown 

there might be more miRNA-specific differences that govern 3′-pairing rules.81,82 McGeary 

used RNA bind-n-seq (RBNS) to more precisely measure the binding affinity of thousands 

of 3′-pairing architectures by varying the length of the 3′ pairing, the starting position of 

the 3′ pairing, the offset of the 3′ pairing with respect to the seed pairing, and the nature 

of the seed pairing. Analyses of these measurements revealed two distinct binding modes 

shared by multiple miRNAs and allowed them to identify optimal 3′-pairing architectures 

for different miRNAs. McGeary has also developed a mathematical model–based framework 

to understand the relationship between 3′-pairing length, position, and offset.83

Chun-Kan Chen from Howard Chang’s lab at Stanford University discussed the elements 

that drive translation of circRNA. Circular RNA is generated by spliceosome-mediated 

back splicing forming a head-to-tail closed loop.84–86 Previous work has shown that 

circRNAs can act as sponges for miRNA and RBPs.87–92 However, circRNAs can also 

serve as templates for translation.93–99 Translation of linear mRNA is initiated by ribosomal 

recognition of the 5′ cap. Circular RNA has no 5′ cap. Instead, the ribosome recognizes 

internal ribosomal entry sites (IRES) that mimic the structure of the 5′ cap.96,98,100–106 

Given that most of the research on translation has focused on linear RNA, much less is 

known about the RNA elements that are required for circRNA translation. In unpublished 

work, Chen has systematically identified IRES sequences in circRNAs (Fig. 4). Using these, 

they were able to identify potential protein-coding circRNAs and showed how the resulting 

peptides can regulate cell function.

RNA structure and function

Anna Marie Pyle from Yale University discussed the importance of structure in lncRNAs. 

Many lncRNAs do not have specific structural elements. Given that one of their key 

roles is to increase the effective RNA Pol II concentration at a locus, many believe that 

their sequence and structure is largely irrelevant. Pyle’s group was the first to solve a 

high-resolution structure of a group II self-splicing intron107, which were largely believed to 

lack any tertiary structure due to their lack of sequence conservation. Similar assumptions 
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have been made about lncRNAs. Pyle’s group has conducted secondary structure analyses 

on the lncRNA HOTAIR. As noted by Swain previously during the meeting, HOTAIR is 

differentially expressed along the body axis and overexpressed in cancer.108 Pyle showed 

that HOTAIR contains four distinct, modular secondary structural domains. Covariance 

analysis identified patterns of phylogenetic covariance and conservation in some of the 

stem regions.109 While lncRNAs are often noted for their lack of sequence conservation, 

Pyle stressed that experimentally determined secondary structures can be instrumental in 

identifying regions of sequence conservation and covariance by providing a framework 

for organizing elements of primary sequence in space. Pyle’s group had adapted the tool 

R-Scape110 to make it more robust at identifying conservation and co-variation in longer 

RNAs. Their tool was released as R-Scape APC-RAFS.111 Pyle also discussed unpublished 

structural studies on another lncRNA, Pnky, as well as a new high-throughput approach their 

lab is developing to rapidly detect tightly folded tertiary motifs.

Amanda Hargrove from Duke University discussed work on targeting lncRNAs with small 

molecules. One challenge to developing RNA-targeting small molecules is the relative 

paucity of high-resolution structures. Hargrove’s group has been working to optimize 

selective RNA-binding small molecules in the absence of such structures. Toward this goal, 

they have developed a database, R-BIND, that contains approximately 150 bioactive ligands 

that target non-rRNA.112,113 Hargrove focused on their group’s work in scaffold-based 

library design, which has revealed insights on the factors that drive RNA binding affinity 

and specificity. Based on data showing that dimethyl amiloride is a weak, selective binder 

of HIV-1 TAR RNA114, Hargrove’s group synthesized and screened a library of amiloride 

(AMR)-based small molecules and identified a molecule with 100-fold increased binding 

affinity. They developed a model whereby simple molecular properties, such as molecular 

weight and charges, can be used to predict which ligands selectively bind to HIV-1 TAR 

RNA.115,116 Hargrove’s group has expanded upon this model to make it more generalizable 

for a range of RNAs and scaffolds. They hope that general rules can guide prediction 

of ligand structure-activity relationships in the absence of high-resolution structures. In 

a similar vein, screening AMR compounds for binding to an enterovirus RNA identified 

a small molecule that selectively inhibited viral translation and replication.117 Finally, 

Hargrove discussed work on a separate scaffold, DPF, to target the triple helix of MALAT-1, 

the stability of which is important to prevent degradation.118 DPF-based compounds bind to 

the triple helix with a range of affinities and selectivities. The data revealed the importance 

of shape, with rod-like compounds displaying higher affinity and selectivity.119 Interestingly, 

the degree of destabilization did not correlate with binding affinity.120 Hargrove’s group is 

screening additional small molecules to identify stabilizing compounds and tease out which 

features are important for de/stabilization, selectivity, and affinity.

Matthew D. Simon, from Yale University presented work on understanding the role of 

promoter proximal pausing in gene regulation. During the initial stages of transcription, 

RNA Pol II pauses after transcribing approximately 40 nucleotides. This pause allows 

cells to either release the paused RNA Pol II and continue transcription or to terminate 

transcription. Simon presented data on determining the rates of transcription termination 
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and RNA Pol II release at promoter proximal pause sites throughout the genome and 

demonstrated how various perturbations can affect these rates to regulate transcription.121

Marco Marcia from EMBL Grenoble presented structural-functional studies for the 

lncRNA MEG3. Marcia was involved in developing a representation of group II intron 

splicing using nearly 20 high-resolution structures and molecular dynamics to capture 

catalytic RNA in the act of splicing.122–124 They plan to similarly visualize the activity 

of lncRNAs using structural studies. MEG3 is involved in tumor progression via regulating 

expression of p53.125–127 In vitro and in vivo probing analyses of MEG3 revealed five 

secondary structure domains. Using a gene reporter assay of p53 activation, Marcia’s 

group demonstrated that two of these domains, domain 2 (D2) and domain 3 (D3), are 

essential for MEG3-mediated p53 activation. They also identified elements within these 

domains that contribute to p53 stimulation. Some of these regions are highly conserved, 

although conservation was not picked up via other structure-free methods. Marcia focused 

on an invariant loop within D2 that is required for p53 activation. Regions within D3 are 

complementary to this loop, suggesting the potential for a long-range tertiary interaction 

(Fig. 5). Indeed, introducing compensatory mutations between these two regions rescued 

the activity of the single point mutations, suggesting that a long-range tertiary interaction 

between these sites does control MEG3-mediated p53 expression. Consistent with this, 

atomic force microscopy studies showed that MEG3 forms a distinct, compact 3D structure 

that functionally inactive mutants cannot adopt.128,129

Róża K. Przanowska from Anindya Dutta’s lab at the University of Virginia presented 

work on the structure-function relationship in the lncRNA MUNC. MUNC has two 

isoforms, MUNC spliced and MUNC genomic, both of which are involved in muscle 

satellite cell differentiation.130 RNA-seq analysis of myoblasts overexpressing either 

isoform revealed that, while both isoforms are myogenic, they regulate different sets of 

genes, and MUNC spliced is a stronger pro-myogenic factor. SHAPE-MaP revealed six 

secondary structural elements present in both isoforms that were not predicted by folding 

algorithms.131 The data also revealed that MUNC spliced is more stable structurally, 

whereas MUNC genomic exists in a more dynamic unfolded state. Przanowska used the 

SHAPE-MaP-predicted secondary structure to delete and mutate various structural regions 

and determine which regions were responsible for MUNC function. They identified distinct 

structural domains responsible for regulating different genes and for binding to different 

genomic sites and cohesin complex.132

RNA technologies

Howard Y. Chang from Stanford University discussed work in understanding the role of 

the X chromosome and Xist in sex-biased immunity. Several lines of evidence support a 

sex bias in immunity, including particular the preponderance of autoimmune diseases among 

women133 and the improved outcomes in women to COVID-19.134 As Heard discussed in 

the keynote address, Xist is a lncRNA that coats and silences the X chromosome. While 

long thought to be primarily involved in establishing X-chromosome inactivation, Chang 

showed that a subset of X-linked genes requires ongoing Xist silencing in adult female 

B cells, including TLR7, a gene involved in innate immunity, in adult female B cells. 
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Genes that re-activate upon Xist silencing have low levels of methylation, which is known 

to maintain X-chromosome inactivation. Chang showed that Xist binds to many factors in 

a cell type-dependent fashion. In B cells, interactions between Xist and TRIM28, which 

enforces RNA Pol II pausing, is key to maintaining X-chromosome inactivation. Chang 

put forth a model in which TRIM28 binds to target genes and interacts with Xist. This 

interaction enhances the ability of TRIM28 to pause RNA Pol II, thereby blocking gene 

expression. Chang also showed single-cell RNA-seq data of B cells from female COVID-19 

patients that demonstrates a population of atypical B memory cells (ABC) that have high 

levels of Xist escape. Chang proposed that expansion of these ABCs increases reactivity to 

self-antigens but can also lead to a more effective immune response against some pathogens, 

such as SARS-CoV-2.135

Samie Jaffrey from Weill Medical College of Cornell University discussed work on 

developing a system to express circRNA in mammalian cells. Expressing RNA at high levels 

in mammalian cells is a major challenge due to their high susceptibility to exonucleases. 

Jaffrey’s group had previously leveraged an endogenous pathway that generates circRNAs, 

which are resistant to exonucleases, from a tRNA intron.136 The resulting circRNA was 

stable in mammalian cells but only present at low levels. To optimize the production 

of circRNA, Jaffrey’s group insert RNA sequences into a self-splicing bacterial Twister 

ribozyme that generates 3′ and 5′ ends that are recognized by the tRNA ligase that creates 

circRNA (Fig. 6). The resulting system, dubbed Tornado, generates circRNA species that 

are highly stable and expressed at high levels in mammalian cells.137 Jaffrey showed how 

the Tornado system can be used to express engineered RNA-based aptamers that can at as 

metabolite sensors, interact with endogenous proteins to affect signaling pathways, act as 

decoys to block the activity of RBPs, or be translated into protein. Jaffrey hopes that the 

Tornado expression system will expand the use of RNA as tools to control mammalian cell 

function and potentially as a new therapeutic modality.

Given that high-resolution structures of RNA species are difficult to obtain, other 

technologies are needed that can characterize RNA structural elements.

Lydia Contreras from the University of Texas at Austin presented work on quantifying 

accessibility within RNA species to potentially characterize functionally important areas. 

Contreras noted that accessibility can give insights into which areas are more likely to 

mediate interactions with binding partners (Fig. 7). Their group has developed a high-

throughput method that measures regional RNA accessibility in vivo (and, more recently, 

in vitro138) to understand interfaces available for binding interactions that may play a role 

in regulatory processes.139,140 In this system, an RNA probed designed to target a region 

(9–16 nucleotides) of a target RNA is incorporated into a riboregulator, which leads to GFP 

expression upon RNA binding.139–141 A high-throughput version for use in E. coli was 

also developed that uses RNA transcript length as the output and can probe hundreds of 

molecules at a time.140 Contreras showed how RNA accessibility can be assessed under 

various conditions within cells, to pinpoint regions important for regulation and/or to 

understand how intracellular factors affect RNA accessibility.140,142 For example, by using 

accessibility as a proxy for CsrA occupancy (low accessibility = high occupancy), the CsrB 

sRNA was rationally reengineered for modular activity.142 Accessibility insights for other 
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sRNAs, namely extreme accessibility found indicative of target binding, have supported 

the rational selection of predicted mRNA targets for experimental follow-up.143 They are 

currently modifying the method for detection of long-range tertiary interactions within RNA.

Small RNAs species are often underestimated in RNA-seq studies, this is in part, because 

RNA modifications can block reverse transcription and/or unique termini features can 

occlude detection.

Qi Chen from the University of California Riverside presented a new RNA-seq method 

that detects small RNAs often missed by traditional sequencing, dubbed Panoramic RNA 

Display by Overcoming RNA Modification Aborted Sequencing (PANDORA-seq). In 

PANDORA-seq, samples are treated with enzymes that eliminates reverse transcriptase-

blocking modification and converts non-canonical termini so that they can be sequenced.144 

Conducting PANDORA-seq on multiple human and mouse tissues/cells revealed a RNA 

landscape containing enriched tsRNA and rsRNA species that had not previously been 

identified. Additional data suggests that these small RNAs may be functionally relevant. 

Chen showed that tsRNA and rsRNA expression is tissue specific and that they can regulate 

mouse embryonic stem cell (mESC) differentiation process. To annotate and analyze the 

different types of small ncRNAs, Junchao Shi, from Chen’s group developed the software 

SPORTS.145 Shi showed that SPORTS performs admirable both in precision and sensitivity 

compared with other annotating software at identifying miRNA.146 Moreover, SPORTS can 

also annotate other RNA species, including piRNA, tsRNA, and rsRNA. SPORTS showed 

that tsRNAs and rsRNAs are derived from different regions within tRNAs and rRNAs, 

respectively. As an example of translational application, SPORTS was used to identify a 

small RNA-based signature, TRY-RNA, that consists of tsRNA, rsRNA, and ysRNA and 

can distinguish between control, lung cancer, and tuberculosis subjects, demonstrating the 

potential for these types of tools in lung cancer screening and potentially other diseases.147

Noncoding RNA in development and disease

Lin He from the University of California at Berkeley discussed how retrotransposons can 

affect cell differentiation during preimplantation development. The transcriptome is highly 

enriched with retrotransposons during pre-implantation development148,149 and thus these 

mobile elements may play an important developmental role during this stage. For example, 

MERVL, a family of LTR retrotransposons, is an important marker of totipotency.150–153 

RNA-seq studies of various mammals showed that retrotransposons exhibit dynamic 

expression during preimplantation development. He showed that retrotransposon derived 

promoters can affect host gene regulation, generating gene isoforms with an altered 

ORF. One such example is the MT2B2 promoter for Cdk2ap1, which is strongly 

induced in morulae. Activation of MT2B2 shifts the transcription start site of Cdk2ap1, 

resulting in an N-terminally truncated protein isoform. This alternative promoter is 

essential for preimplantation development; deleting it in mice resulted in partial embryonic 

lethality. Interestingly, while MT2B2 retrotransposons are mosue specific, the resulted, 

MT2B2 induced Cdk2ap1 isoform is evolutionarily conserved, albeit with species-specific 

expression regulation. The level of the N-terminally truncated Cdk2ap1 inversely correlated 

with development timing in mammalian preimplantation embryos. The high level of 
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MT2B2 dependent Cdk2ap1 isoform in mice is correlated with a rapid progression of 

its preimplantation development. He put forth a model in which specific retrotransposon 

promoters can yield novel gene isoforms during preimplantation embryos that are essential 

for proper, species-specific development.154

Erwei Song from Sun Yat-sen University discussed how the lncRNA IRENA affects 

macrophage phenotype in response to chemotherapy. Tumor-associated macrophages 

(TAM) are the most abundant infiltrating inflammatory cells in various cancers.155 In 

treatment-naive breast cancer patients, TAMs exhibit an immunosuppressive phenotype, 

which may drive out T cells and promote tumor progression.156 Song showed that 

chemotherapy treatment changes the phenotype of TAMs toward an IFN-activated, 

proinflammatory phenotype, which enhances antitumor immunity but also promotes 

resistance to chemotherapy. TAMs isolated from patients after receiving neoadjuvant 

chemotherapy were able to enhance chemotaxis and tumor-specific cytotoxicity of CD8+ 

T cells whereas TAMs isolated before chemotherapy were not. In mice, macrophage 

deficiency reduced chemotherapy-induced infiltration of CD8+ T cells but enhanced 

response to chemotherapy. These two effects of post-chemotherapy TAMs—increased 

immune response and chemoresistance—were mediated by distinct mechanisms. Song 

showed that chemoresistance was mediated by NF-κB activation while anti-tumor immunity 

was mediated by JAK1–STAT1 signaling. Song showed that the lncRNA IRENA can 

activate the NF-κB pathway following chemotherapy via its interaction with PKR. Knocking 

down IRENA abrogated the chemoresistance effect of macrophages in co-culture with tumor 

cells without affecting the anti-tumor immunity effects on T cells. Song showed that IRENA 
activates NF-κB by interacting with PKR. In a mice breast cancer model, IRENA knock out 

improves response to chemotherapy and abrogates NF-κB but not JAK1-STAT1 signaling. 

In human breast cancer tissue, IRENA expression in TAMs correlates with chemoresistance 

and poorer survival.157

John Rinn from the University of Colorado Boulder discussed the importance of splicing in 

lncRNA function. Rinn focused on the lncRNA Tug1 and TERT mRNA. Both RNA species 

often retain some of their introns. Rinn showed that splicing is important for subcellular 

localization. Specifically, transcripts that maintain their introns localize to the nucleus 

whereas spliced transcripts localize to the cytoplasm. Rinn showed that the localization 

pattern of Tug1 is important for its function. Blocking Tug1 splicing with a nuclear localized 

modified ASO, thiomorpholino (TMO), depleted the cytoplasmic Tug1 pool and shifted 

localization to the nucleus, which had a negative impact on cell viability. In the case of 

TERT, the mRNA normally localizes to the nucleus, which would preclude its translation. 

Rinn showed that retention of two introns (intron 11 and 14) maintains TERT mRNA 

nuclear localization. During mitosis, the nuclear membrane breaks down, TERT mRNA 

enters the cytoplasm, and intron 11 is spliced. Blocking intron 11 splicing with TMOs 

also reduced cell viability. Rinn’s work suggests that splicing is important for lncRNA 

localization and function.158

Mukesh Lalwani from Andrew Baker’s lab at the University of Edinburgh presented 

unpublished work on the role of the lncRNA CARMN in heart regeneration. After injury, 

the heart suffers from loss of cardiomyocytes, which are replaced by noncontractile 
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fibroblasts, which can lead to contractile dysfunction and heart failure. While adult 

mammals cannot induce cardiomyocyte proliferation, neonates and lower vertebrate species 

can regenerate and proliferate cardiomyocytes after injury.159 Several lncRNAs are induced 

upon injury in cardiomyocytes.160,161 Lalwani focused on the impact of CARMN. Baker’s 

group previously showed that loss of CARMN can enhance vascular smooth muscle 

cell proliferation, migration, inflammation, and plasticity and accelerate atherosclerosis in 

mice.162 In addition, differential expression of CARMN isoforms in cardiac progenitor 

cells affects differentiation at different stages of development. In the fetal heart, CARMN 
isoforms promote differentiation into cardiomyocytes while in the adult heart, CARMN 
isoforms promote differentiation to smooth muscle cells.163,164 Lalwani is investigating the 

role of CARMN in cardiomyocyte proliferation and cardiac regeneration in zebrafish.

Murat Can Kalem from John Panepinto’s lab at the State University of New 

York, University at Buffalo presented unpublished work on protein post-translational 

modification can regulate lncRNA function in C. neoformans infection. C. neoformans 
is an environmental fungal pathogen that can cause Cryptococcal meningitis 

in immunocompromised people. RNA-seq data has identified approximately 3000 

differentially expressed genes in C. neoformans at the site of human meningitis, of 

which approximately 500 of which are lncRNAs.165 Gene regulation is important for C. 
neoformans to adapt to different microenvironments, such as elevated temperature. One of 

the key factors that enables C. neoformans to grow at elevated temperature is the arginine 

methyltransferase Rmt5. Arginine methylation can potentially impact protein-protein and 

protein-RNA interactions. Given the importance of Rmt5 in C. neoformans survival and 

of lncRNAs at sites of infection, Kalem is investigating whether there is a link between 

arginine Rmt5 target proteins and lncRNA function.

Repetitive RNAs in gene regulation

Transposable elements (TE) are highly repetitive DNA regions that represent over half of the 

genome. While most TEs are not protein coding, the have been shown to be an abundant 

source of various kinds of noncoding regulatory sequences, such as promoters, enhancers, 

noncoding RNAs, and short RNAs.166

Edward B. Chuong from the University of Colorado Boulder discussed how 

retrotransposons can regulate innate immunity. They focused on the endogenous retrovirus 

(ERV) MER41, of which approximately 9000 copies are present in primate genomes. 

MER41 contains a pair of STAT1 binding motifs that can interact with STAT1 and impact 

the expression of nearby genes. In particular, Chuong showed that MER41 elements exhibit 

IFN-inducible regulatory activity in macrophages. Upon IFN stimulation, STAT1 can bind 

to MER41.AIM2, which is located near the inflammasome component absent in melanoma 

2 (AIM2) and induce AIM2 expression. Chuong also showed that MER41 elements can 

impact expression of several other genes, indicating that ERVs have been co-opted to act 

as IFN-stimulated enhancers for a number of anti-viral and inflammatory genes.167 Their 

group is continuing to study how transposable elements influence the evolution of immune 

regulation and variation and how they impact regulatory elements in disease. Toward that 

goal, Chuong presented unpublished work on a separate EVR, LTR10, and its role in 
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cancer. Transposable element activation is common in cancer cells.168–172 Chuong’s groups 

is working to understand how the elements may cause gene dysregulation that can contribute 

to disease.

Lynne E. Maquat from the University of Rochester Medical Center described how loss 

of the fragile X retardation protein (FMRP) upregulates nonsense-mediated mRNA decay 

(NMD), potentially contributing to the developmental and cognitive defects observed in 

individuals with fragile X syndrome. Approximately 5 to 10% of mRNAs are degraded by 

NMD, which allows the cell to regulate mRNA concentration and adapt to environmental 

changes. For example, Maquat’s group has shown that NMD competes with a separate 

mRNA decay pathway, Staufen-mediated mRNA decay (SMD), due to the fact that both 

pathways require the protein UPF1.173 This competition contributes to myogenesis as 

decreased levels of the NMD factor UPF2 enables UPF1 to interact with the SMD factor 

Staufen and increase SMD efficiency. Downregulation of SMD targets, such as PAX3, 
and upregulation of NMD targets, such as myogenin, ultimately promote myogenesis.142 

More recently, Maquat’s lab has shown that UPF1 interacts directly with FMRP. This 

interaction promotes and/or stabilizes FMRP binding to NMD targets and thus suppresses 

NMD activity. In the brain, many NMD targets encode proteins important for axon guidance 

and synaptic transmission. Therefore, in the absence of FMRP, such as in fragile X 

syndrome and depending on the stage of neural differentiation, NMD is hyperactivated, 

and NMD targets are destabilized, which negatively affects neurogenesis. Maquat showed 

that fibroblasts and iPSCs from subjects with fragile X syndrome manifest hyperactivated 

NMD. The differentiation of these iPSCs to neurons manifests deficits in neurogenesis that 

are partially normalized upon administration of an NMD inhibitor.143

Xuhang Liu from Sohail Tavazoie’s lab at The Rockefeller University showed how a tRNA 

fragment can impact metastasis. Small RNA-seq analysis of mouse breast cancer cells with 

differing metastatic capacity identified 5′-tRFCys as one of the most upregulated tRFs in 

highly metastatic cells. High expression of 5′-tRFCys also correlates with poor clinical 

outcomes in breast cancer patients and is increased in breast tumors compared to normal 

breast tissues. Liu showed that interactions between nucleolin and 5′-tRFCys enhances 

nucleolin binding to a subset of transcripts, including several metabolic enzymes, and 

enhances their expression (Fig. 8). Liu put forth a model in which breast cancer cells contain 

a subset of pro-metastatic transcripts that bind to nucleolin and form nucleolin monomers. 

In the absence of 5′-tRFCys, these monomers are not able to efficiently oligomerize, the 

complexes disassemble, and cells have limited metastatic potential. However, upregulation 

of 5′-tRFCys promotes efficient oligomerization of nucleolin-based complexes, which 

stabilizes pro-metastatic transcripts and increases the metastatic potential of cells.174
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Figure 1. 
HSATIII arcRNAs form nSBs upon thermal stress that sequester proteins involved in intron 

splicing, including SRSF and SAFB. Upon recovery from thermal stress, additional factors 

are recruited to the nSBs, including CLK1.
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Figure 2. 
An m6A modification site in HOTAIR required for HOTAIR-mediated cell proliferation and 

invasion in breast cancer cells.
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Figure 3. 
Proposed mechanism of lncRNA SNHG12 regulation of atherosclerosis through a DNA-PK-

mediated DNA damage response in the vascular endothelium.
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Figure 4. 
IRES sequences identify potential protein-coding circRNAs.
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Figure 5. 
An invariant loop within domain 2 (D2) of MEG3 required for p53 activation mediated by 

MEG3.
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Figure 6. 
Tornado generates circRNA species that are highly stable and expressed at high levels in 

mammalian cells.
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Figure 7. 
Models of understanding regional RNA accessibility and interfaces available for binding 

interactions that may play roles in regulatory processes.
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Figure 8. 
Interactions between nucleolin and 5′-tRFCys enhances nucleolin binding to a subset of 

transcripts, including several metabolic enzymes, and enhances their expression.
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