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Therapy based on functional RNA elements 
Fragments of long noncoding RNAs show potential in treating a metabolic disorder in mice

By Rotem Ben-Tov Perry1,2 and Igor Ulitsky1,2  

O
ver the past several years, advances 

in RNA sequencing have led to an 

increased appreciation of the preva-

lence and function of noncoding 

RNAs, including long noncoding 

RNAs (lncRNAs). These are typically 

expressed in a tissue-specific manner in 

healthy tissues and are often dysregulated 

in disease, making them potential bio-

markers and therapeutic targets. On page 

662 of this issue, Li et al. (1) reveal the bio-

logical importance of a lncRNA in an in-

herited metabolic disorder called phenyl-

ketonuria (PKU) and demonstrate in mice 

that a molecule that mimics the functional 

region of this lncRNA is a promising thera-

peutic. This discovery suggests that short 

lncRNA fragments could overcome some of 

the challenges faced by other RNA thera-

peutic modalities.

RNA-based and RNA-targeting therapeu-

tics have many advantages: They are cost-ef-

fective, are relatively simple to manufacture, 

can target otherwise undruggable pathways, 

and have demonstrated success in the treat-

ment of several diseases. Although RNA 

therapeutics have a long and bumpy history, 

advances in the generation, purification, and 

cellular delivery of short oligonucleotides 

and long RNAs have led to regulatory ap-

proval of several RNA-focused therapies, 

including the much-celebrated messenger 

RNA (mRNA)–based COVID-19 vaccines. 

The human genome encodes a large num-

ber of RNA molecules that do not encode 

functional proteins, including tens of thou-

sands that are classified as lncRNAs (2). lnc-

RNAs and mRNAs are virtually identical at 

the molecular level, although lncRNA pro-

duction is typically much more tissue spe-

cific. Also, lncRNA genes evolve much faster 

than protein-coding ones (3). lncRNAs have 

diverse roles, including in gene regulation 

and as scaffolds for macromolecular assem-

blies. Some lncRNAs function in cis—that 

is, in the vicinity of their site of transcrip-

tion—whereas others are trans-acting, and 

their function is not affected by their pro-

duction site within the genome. Because 

lncRNAs are expressed in a cell-, tissue-, 

developmental stage–, or disease-specific 

manner, their modulation could have sub-

stantial, but focal, consequences, which are 

expected to be well tolerated. However, the 

progress in elucidating their functions and 

causally linking genetic changes in lncRNA 

loci to disease has been slow. 

Antisense oligonucleotides (ASOs) are 

currently the most common approach for 

therapeutic targeting of RNAs. These are 

single-stranded oligonucleotides that base 

pair with a target RNA and can either lead 

to target degradation or alter target RNA 

structure and/or its ability to interact with 

other factors. Chemical modifications of 

ASOs make them highly stable and able to 

permeate cells, and considerable progress 

has been made in the improvement of their 

pharmacological properties, allowing de-

velopment of effective therapeutics such as 

nusinersen for spinal muscular atrophy (4). 

However, the limited sequence conserva-

tion of lncRNAs between human and mouse 

poses a substantial challenge, because many 

human lncRNAs do not have recognizable 

mouse orthologs (3). For those that are 

conserved, it is often impossible to find an 

ASO sequence that will recognize both the 

human and the mouse sequences, which 

substantially complicates preclinical drug 

development.

In other cases, increased lncRNA expres-

sion is sought, either because the lncRNA is 

mutated in a disease or because an increase 

in its concentration carries benefits. One 

conceptual challenge is that for lncRNAs 

that function in cis, exogenous delivery to 

the entire cell will likely not sufficiently 

increase their concentration at the target 

locus and may hence remain inconsequen-

tial. In any case, a major challenge is the 

delivery of a large RNA molecule. This can 

be potentially overcome by identifying and 

using a functionally active fragment of the 

full lncRNA. Such a functional element can 

be a region in the lncRNA molecule that is 

responsible for interacting with other fac-

tors, possibly resulting in changes to their 

abundance or activity. 

For example, the lncRNA Nron (non-

coding repressor of NFAT) was identified 

in mice as a critical suppressor of bone 

resorption, which is a pathological mecha-

nism in osteoporosis (5). Delivery of full-

length Nron using a bone-resorption sur-

face-targeting nucleic acid delivery system 

inhibits bone resorption but causes side 

effects in mice, including splenomegaly, 

probably because of a strong immune re-

sponse to the delivered RNA. However, the 

delivery of just the conserved functional 

motif of Nron, which binds the E3 ubiq-

uitin ligase cullin-4B, effectively reversed 

bone loss in mice without any obvious side 

effects, indicating its potential transla-

tional use in osteoporosis (5). 

Li et al. developed a therapeutic strat-

egy based on the activity of the HULC 

(hepatocellular carcinoma up-regulated 

long non-coding RNA) lncRNA which, 

as they demonstrate, increases the activ-

ity of phenylalanine hydroxylase (PAH), 

which is mutated in PKU. They used lnc-

RNA mimics containing a short fragment 

of HULC sequence that is tagged with an 

N-acetylgalactosamine (GalNAc) moiety 

that facilitates delivery to hepatocytes. Two 

different lncRNAs, Pair and HULC, perform 

this function in mouse and human liver, 

respectively, yet both were able to function 

equivalently in cells from both species, and 

the mimics of the functional region in hu-

man HULC were effective in vivo at improv-

ing PAH function in the mouse liver, with-
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RNA-focused therapeutics 
RNA-focused therapeutics—such as messenger 

RNAs (mRNAs), antisense oligonucleotides (ASOs), 

and long noncoding RNA (lncRNA) mimics—differ 

in size and whether chemical modifications can be 

introduced. Their function in humans and mice also 

varies, which affects preclinical development.
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out any detectable adverse effects on liver 

or kidney function. 

The use of mimics of lncRNA func-

tional motifs to treat human disease has 

several advantages compared with other 

approaches (see the figure). In contrast 

to therapeutic mRNAs, which need to be 

translated by ribosomes, and similarly to 

ASOs, lncRNA mimics can be extensively 

modified, which can facilitate high in vivo 

stability and decrease immunogenicity. 

They can also be easily tagged with organ-

targeting peptides for tissue-specific distri-

bution. Functional RNA motifs often do not 

have strict sequence requirements, which 

allows flexibility in designing lncRNA 

mimics and minimizing undesired activi-

ties, such as triggering antiviral pathways 

that recognize different RNA modalities. 

Because endogenous lncRNA activities are 

often tissue specific, there is, in principle, 

a relatively low potential for toxicity. Lastly, 

as exemplified by Li et al., functional ele-

ments can have conserved functions even if 

their sequences are entirely different, and 

so the same element can be equivalently 

active in humans and mice, overcoming a 

major challenge for ASOs.

Several hurdles still need to be overcome 

before lncRNAs or fragments thereof real-

ize their full therapeutic potential. Perhaps 

most important is the need for advances in 

the methods to deliver RNA molecules to 

specific tissues and cell types (as nanopar-

ticles or through other vehicles), which will 

also benefit therapeutic mRNAs and ASOs 

(6). The repertoire of lncRNAs whose biol-

ogy is properly understood and linked to 

specific pathological states also needs to be 

expanded. Lastly, for as long as the delivery 

of full-length lncRNAs remains a challenge, 

new approaches will be needed in computa-

tional and/or experimental identification of 

lncRNA functional domains and of minimal 

backbones that will facilitate stability and 

desired subcellular localization. j
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Treatments for Alzheimer’s 
disease emerge
Anti-amyloid immunotherapies will provide 
the first disease-modifying therapeutics

By Dennis J. Selkoe 

 F
ew of life’s experiences evoke  greater 

apprehension than a diagnosis of Alz-

heimer’s disease (AD). Virtually un-

known to the public until the 1980s, it 

is alone among the 10 most common 

fatal diseases of developed nations 

in lacking a disease-modifying treatment. 

AD affects people of all ethnicities; in the 

United States, African Americans have 

twice the prevalence of European Ameri-

cans (1). The cumulative financial cost to 

society of late-life dementias (of which AD 

comprises ~60%) is estimated to exceed 

those of heart disease and cancer (2). This 

dismal reality may now be changing. The 

properties of the key proteins comprising 

the amyloid plaques [amyloid-b (Ab)] and 

neurofibrillary tangles (tau) that define 

the neuropathology of AD have been iden-

tified. Coupled with extensive genetic stud-

ies, a sequence of lesion formation in brain 

networks serving memory and cognition 

is suggested. Antibodies that target these 

proteins are in advanced trials, and adu-

camumab, which clears Ab, was recently 

approved, though not without controversy.

Through longitudinal analyses of hu-

mans with rare, causative mutations in 

APP (the Ab precursor protein) and prese-

nilin (the catalytic subunit of g-secretase, 

which cleaves APP to generate Ab), it has 

become clear that biochemical alterations 

in the brain begin at least two decades be-

fore cognitive symptoms develop. During 

this long presymptomatic interval, extra-

cellular accumulation of the self-aggre-

gating Ab42 peptide into initially soluble 

oligomers and then increasingly large poly-

mers and insoluble fibrils is accompanied 

by binding of the oligomers to the plasma 

membranes of microglia, astrocytes, and 

myriad neurites and synapses (see the 

figure). Although this amyloid hypothesis 

of AD is often drawn linearly for simplic-

ity (3), many of the changes likely arise in 

temporal proximity (4).

Genome-wide association studies in typ-

ical late-onset AD (i.e., after age 65) have 

converged on risk alleles in diverse genes 

mediating cholesterol and lipid regulation, 

synaptic network functions, and especially 

microgliosis (altered microglia) and neu-

roinflammation. The most potent genetic 

risk factor is the apolipoprotein E (APOE) 

e4 variant: Heterozygosity raises AD risk 

2- to 5-fold, and homozygosity increases it 

>5- to 10-fold. Its pathogenic mechanism 

appears to involve decreased glial-medi-

ated clearance of Ab from the brain’s ex-

tracellular space, leading to more amyloid 

in cerebral plaques and microvessels (5). 

In mice, the APOE4 protein can also pro-

mote tau-mediated neurodegeneration and 

glial activation, both in the presence and 

absence of amyloid (6). Some other AD ge-

netic risk factors have likewise been linked 

to enhanced Ab deposition and/or the 

macrophage and microglial reaction to it.

Two decades ago, theories about AD 

pathogenesis seemed divided over the pri-

macy of amyloid versus tau deposition. This 

false dichotomy has been supplanted by a 

growing consensus that Ab aggregation in 

the brain [indicated by declines in soluble 

Ab monomers in cerebrospinal fluid (CSF) 

and accrual of insoluble plaques seen on 

amyloid-PET (positron emission tomogra-

phy) scans] begins early in people destined 

to develop AD and is followed by glia-me-

diated inflammation and the accumulation 

and spread of tau tangles in brain regions 

that serve cognition (7, 8). Rising amounts 

of extracellular Ab lead to aggregates, in-

cluding soluble oligomers, that appear to 

enhance the accrual of tau tangles and al-

tered neurites beyond the medial temporal 

lobe, where these lesions are often present 

in older people without AD. Such tau accu-

mulation and spread in the brain, perhaps 

via neuron-to-neuron connections, seems 

necessary for the development of cognitive 

symptoms in AD (9). In APP transgenic 

mice, deletion of the gene that encodes 

tau does not alter amyloid plaques but sig-

nificantly lessens their behavioral conse-

quences. Thus, Ab oligomerization appears 

to initiate AD neuropathology, leading to 

altered tau in neurites and cell bodies as 
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“...short [long noncoding RNA] 
fragments could overcome some 
of the challenges faced by other 
RNA therapeutic modalities.”
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