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The list of functions of long noncoding RNAs (IncRNAs) in human tissues is
rapidly growing. To further underscore their critical role in human health,
two reports in this issue of JCI associate altered expression of novel IncRNAs
with the heritable syndromes HELLP and brachydactyly type E.

As technological advances such as next-
generation sequencing and targeted RNA
capture allow for a more refined view of
the human transcriptome, the idea that the
sole function of RNA is to transmit genetic
information from DNA to ribosomes,
facilitating protein expression, has faded.
Studies like the Encyclopedia of DNA Ele-
ments (ENCODE) Project (1) are provid-
ing a more complete understanding of the
transcribed genome, showing that noncod-
ing intergenic and “desert” regions of the
genome are in fact teeming with transcrip-
tional life. Moreover, interesting and novel
functions are being ascribed to a bewilder-
ing array of noncoding RNAs (ncRNAs)
identified by such projects, and it is now
clear that these comprise a large portion
of the total RNA pool and perform critical
cellular functions (2). One particular class,
the long ncRNA (IncRNA), is of emerging
interest as a major contributor to gene reg-
ulation in many biological processes and
diseases. In this issue of the JCI, two papers
identify IncRNAs as causal agents linked to
important human inherited conditions —
the hemolysis, elevated liver enzymes, and
low platelets (HELLP) syndrome (3) and
brachydactyly type E (BDE; ref. 4).

IncRNAs have many functions

Although many classes of functional
ncRNAs have been recently described
(including microRNAs [miRNAs], snRNAs,
snoRNAs, piwiRNAs, and circular RNAs),
IncRNAs are distinguished by their length
(greater than 200 nucleotides). Often,
IncRNAs are encoded in many exons spread
over large, intergenic DNA regions (>50 kb)
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and undergo canonical RNA splicing to
yield ncRNAs that are kilobases in length.
Various diverse functions have been pro-
posed for IncRNAs, including roles in
regulating DNA metabolism, chromatin
structure, and gene expression (reviewed
in refs. 2, 5).

A useful framework has been suggested
(2, 5) to generally classify IncRNAs func-
tionally — as either scaffolds assembling
interacting proteins, tethers linking pro-
teins to areas of transcription (in ¢is), or
guides bringing protein complexes to a
regulated region of the genome (in trans).
The best-known scaffold IncRNA is prob-
ably TERC, the RNA subunit of the telom-
erase holoenzyme complex. TERC both
provides the RNA template for telomeric
DNA extension and also binds TERT, the
enzymatic protein subunit of telomerase
that harbors reverse transcriptase activity.
An example of a presumed tether ncRNA
is Xist, which is expressed from the inac-
tive X-chromosome (Xi) and is required for
polycomb group-mediated (PcG-mediat-
ed) silencing of the Xi in c¢is. HOTAIR, on
the other hand, is an example of a guide
IncRNA, binding PcG proteins to lead
this repressive machinery to repress loci
on other chromosomes (acting in trans).
Although helpful, this conceptual frame-
work is not rigid, as these various activities
are not mutually exclusive: for example,
HOTAIR and TERC play scaffolding roles
in the assembly of multiprotein enzymatic
complexes, but also likely serve as guides to
targeted regions of the genome.

Itis important to mention that although
several IncRNAs have been associated with
epigenetic transcriptional repression, the
mechanisms whereby IncRNAs cause gene
silencing are distinct from those of the bet-
ter-understood miRNAs, which target spe-
cific mRNAs posttranscriptionally to block
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translation and induce transcript degrada-
tion. In contrast, the binding of IncRNAs
to DNA/chromatin can promote profound
silencing of transcription, which is epige-
netically enforced and stable through cellu-
lar replication, allowing for heritable gene
regulation from mother to daughter cells.
For example, Xist-mediated inactivation
of an X-chromosome in a female somatic
stem cell is reliably transmitted so that the
same X-chromosome is silenced in that
cell’s progeny. Similarly, other IncRNAs
such as Airn, H19, and KCNQIOT1 pro-
mote the regional and heritable silencing
of neighboring genes as part of the process
of genomic imprinting (6).

The precise mechanisms whereby
IncRNAs enforce transcriptional silencing
are not well understood; therefore, even the
question of whether IncRNAs act predomi-
nantly in cis or in trans has become contro-
versial. Many IncRNAs with known target
genes are transcribed near these targets,
consistent with activity in c¢is. For example,
a IncRNA expressed from the DHFR locus
represses expression of the DHFR gene, pre-
sumably through cis action. Surprisingly,
however, ectopic production of this IncRNA
(ie., in trans) is also able to cause repression
of DHFR, suggestive of the capacity for trans
activity, at least in the setting of experimen-
tal overexpression (7). Further complicating
matters are IncRNAs that apparently act in
cis to regulate distant targets on the same
chromosome. Whereas HOTTIP is located
over 40 kilobases from the HOXA genes
it regulates, it appears to act in cis, being
brought into proximity with its target genes
through long-range chromosomal looping
(8). In contrast, studies targeting IncRNAs
with siRNAs have suggested that IncRNAs
regulate gene expression at multiple loci,
acting primarily in trans (9). This approach,
however, may be biased toward the detec-
tion of trans activity, since siRNA-mediated
transcript degradation is thought to pre-
dominantly occur in the cytosol, and would
therefore not be expected to perturb the
function of nuclear cis-acting transcripts.
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Dysregulation of two novel IncRNAs in heritable conditions. (A) Placental trophoblasts normally
invade the uterine wall as the placenta remodels the maternal vasculature. van Dijk et al. pro-
pose that a IncRNA transcribed from the HELLP locus regulates the transition from prolifera-
tion to invasion of trophoblasts (3). (B) Mutations predisposing to HELLP that are present in
fetal tissue appear to promote increased expression of the HELLP IncRNA (pink) in placental
trophoblasts, promoting trophoblast proliferation at the expense of differentiation and invasion.
(C) The CISTR-ACT locus (purple) and DA725942, a IncRNA transcribed from the CISTR-ACT
locus, interact in cis with PTHLH and in trans with SOX9. Maass et al. conclude that DA725942
organizes chromatin to coordinate transcription of multiple loci involved in cartilage differentia-
tion (4). (D) A chromosomal translocation found in BDE patients disrupts the ability of DA7125942
to bind the PTHLH locus in cis, potentially causing premature chondrocyte differentiation at the

expense of proliferation and bone elongation.

IncRNAs are misregulated

in heritable syndromes

Given the clear importance of IncRNAs in
various aspects of mammalian cell biol-
ogy, it is not surprising that mutations of
IncRNAs have been associated with sev-
eral heritable diseases. For example, muta-

3838

The Journal of Clinical Investigation

tions in TERC cause congenital telomer-
ase insufficiency, leading to premature
telomeric shortening in somatic stem cell
compartments that manifests as dyskera-
tosis congenita (DKC), aplastic anemia,
and pulmonary fibrosis (8, 10-15). Like-
wise, DBE-T is a IncRNA that is aberrantly
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expressed in the autosomal-dominant
facio-scapulo-humeral dystrophy (FSHD)
syndrome. Expression of DBE-T leads
to epigenetic activation of several genes
located in the FSHD locus, which gener-
ates the disease phenotype (16). Beyond
rare disease like FSHD and DKC, single
nucleotide polymorphisms and altered
splicing/expression of ANRIL, an intrigu-
ing IncRNA located near the INK4/ARF
(CDKN2a/b) tumor suppressor locus, have
been linked to several common age-asso-
ciated diseases, including atherosclerosis,
type II diabetes, and several cancers (17),
presumably through cis regulation of the
transcripts encoded by the INK4/ARF or
Interferon loci (18-20).

Against this background, two new
studies have linked altered expression
of IncRNAs to genetic syndromes. The
HELLP syndrome is an uncommon but
serious complication of late pregnancy
comprised of the clinical triad of hemoly-
sis, elevated liver enzymes, and low plate-
lets. This condition is associated with pla-
cental dysfunction, and recent work has
shown that it can be familial. Specifically,
a 2001 genome-wide association study
found that HELLP is genetically distinct
from preeclampsia, a similar clinical enti-
ty, and linked HELLP to human chromo-
some 12q (21). Picking up on this prior
work, van Dijk and colleagues made the
clever assumption that placental (i.e., fetal)
genotype might predispose the mother to
HELLP (3). This assumption allowed the
group to explain, for example, a pair of
monozygotic sisters who were discordant
for HELLP. In this instance, the fetus of
the affected sister was homozygous for
the risk allele, whereas the children of the
unaffected sister were homozygous for
non-disease alleles. In this way, the authors
demonstrated that placental insufficiency
attributable to fetal genetics dictated
maternal phenotype. Importantly, this
understanding explained why this condi-
tion does not have a clear recessive or dom-
inant pattern of inheritance (at least when
considered from the point of view of the
affected mothers) and allowed for more
precise mapping of the HELLP suscepti-
bility locus, to a small intergenic region
of chromosome 12q23.2 encoding a single
IncRNA transcript.

The authors then pursued further
experiments to associate this novel Inc-
RNA with HELLP. They showed that this
IncRNA was preferentially expressed in
placental trophoblasts, consistent with
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their view that the 12q23 locus is associ-
ated with placental insufficiency. Knock-
down of this transcript by siRNA and
subsequent genome-wide RNA sequence
analysis suggested that this IncRNA regu-
lates multiple genes to control placental
proliferation. Additionally, the authors
used a morpholino approach to stabi-
lize the IncRNA, which altered expres-
sion of the same transcripts affected by
siRNA knockdown of this IncRNA. Based
on these results, the authors proposed
that the HELLP IncRNA regulates the
cell cycle progression of placental tro-
phoblasts. While van Dijk et al. did not
identify a specific causal variant affecting
expression or structure of this IncRNA,
they believe that increased trophoblast
proliferation is associated with reduced
placental invasion of the maternal decid-
ua, causing placental insufficiency and
HELLP (Figure 1, A and B).

In a separate study, Maass and col-
leagues studied families with BDE, a con-
genital skeletal malformation comprised
of shortening of the bones of the hands
and feet, sometimes in the setting of short
stature. Several genes have been linked to
the various subtypes of brachydactyly, but
Maass et al. focused on two BDE families
harboring balanced germline transloca-
tions involving chromosome 12p11.2.
Prior work had shown that a chromo-
some 12 transcript, PTHLH, plays a role in
the normal development of the digits, in
part by regulating another gene, SOX9, on
chromosome 17. Germline mutations of
PTHLH or SOX9 have been associated with
congenital skeletal malformations; in par-
ticular, Maass et al. had previously shown
that a family with a balanced translocation
on chromosome 12 harbored dysregulated
expression of PTHLH (22).

In their present work, Maass et. al. char-
acterize a second family with a balanced
chromosome 12 translocation, identify-
ing the breakpoint 145 kb downstream
of PTHLH (4). Hypothesizing that the
translocation disrupts the interaction
between PTHLH and a cis-regulatory ele-
ment (CRE), the authors used chromatin
conformation capture to identify CREs
of PTHLH and SOX9. In particular, the
authors identified a CRE 24 Mb from
PTHLH that associated in c¢is with PTHLH
in cultured skeletal precursor cells. They
also demonstrated that this same CRE
interacted in trans with SOX9; given
these cis and trans enhancer activities,
the authors named this CRE CISTR-ACT.
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Upon further analysis, the authors dis-
covered a conserved IncRNA, DA125942,
originating from the CISTR-ACT region
and showed that it interacted with both
the PTHLH and SOX9 loci. Moreover,
altered DA125942 expression resulted
in misexpression of PTHLH and SOX9
mRNA. The authors suggest a model
whereby DA125942 organizes chromatin
so that chondrogenic genes are located
in a common “transcription factory,” in
which expression of SOX9 and PTHLH is
appropriately coordinated (Figure 1C).
Loss of the physiologic cis interaction of
DA125942 with PTHLH in patients harbor-
ing balanced chromosome 12p transloca-
tions appeared to result in the BDE phe-
notype (Figure 1D).

Future questions regarding IncRNAs
and human disease

As these studies illustrate, complex
developmental events such as placenta-
tion and digit formation require tightly
regulated transcriptional changes, often
requiring coordinate expression of genes
located in spatially distinct parts of the
genome. Given that IncRNAs play criti-
cal roles in the epigenetic control of gene
expression, it should not be a surprise
that these studies and others have impli-
cated IncRNA deregulation in heritable
disease. While showing a novel mode of
inheritance of HELLP susceptibility and
explaining why chromosome 12p trans-
locations cause BDE are satisfying to the
geneticist, they also lead to several new
questions. For example, the mechanism
whereby the newly identified HELLP RNA
affects cellular proliferation and invasion
is unclear. It is possible that this IncRNA
influences gene expression by guiding
regulatory protein complexes in trans to
regulated genes, as has been more thor-
oughly demonstrated for other IncRNAs;
however, given the myriad emerging func-
tions ascribed to IncRNAs, one should
stay open-minded to the possibility of
even more exotic activities. Likewise, for
BDE, while the data seem fairly strong
linking both cis and trans interactions of
DA125942 with regulated target genes,
the physical basis for these interactions is
unknown, as is the mechanism whereby
these interactions control the activity of
the transcriptional complexes.

In summary, these reports add to the
rapidly growing list of diseases and syn-
dromes associated with misregulated
expression or structure of IncRNAs.
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Clearly, IncRNAs are more common and
more important than previously appre-
ciated, and these species appear to play
various roles in coordinating transcrip-
tion and other crucial cellular functions.
Several features have made the study of
IncRNAs difficult, such as poor sequence
conservation in model organisms and
difficulties in predicting RNA structure,
but given these important examples
of human syndromes linked to aber-
rant IncRNA function, we can hope the
increased interest in IncRNAs will accel-
erate our understanding of their role in
human biology and disease.
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probing the long-term effects of obesity
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Obesity has reached epidemic proportions in the United States, and obesity-
related illnesses have become a leading preventable cause of death. Child-
hood obesity is also growing in frequency, and the impact of a lifetime spent
in the overweight state is only beginning to emerge in the literature. In this
issue of the JCI, Bumaschny et al. used a genetic mouse model to investigate
the self-perpetuating nature of obesity and shed some light on why it can
become increasingly difficult to lose weight over time.

The global pandemic of obesity affects the
health of more than 500 million people.
Obesity poses a major risk for other comor-
bid diseases and has become a leading
preventable cause of death in the United
States. For morbidly obese patients, a mod-
est (5%-10%) reduction in body weight can
bring significant health benefits such as
improvements in blood pressure and gly-
cemic control, which may ultimately con-
tribute to decreased mortality (1). Never-
theless, despite lifestyle interventions and
numerous efforts in developing effective
anti-obesity therapies, sustained weight
management remains a challenge for most
obese patients.

Limited efficacy and weight rebound are
two common problems, yet the mechanisms
underlying treatment refractoriness remain
to be identified. It is generally believed that
chronic obesity may trigger maladaptive
responses that help retain a state of sus-
tained positive energy balance. However,
given the complex genetic, environmental,
and social factors involved in the etiology of
obesity, it has been very difficult to evaluate
the impact of chronic obesity itself on the
effectiveness of anti-obesity therapies.
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In this issue of the JCI, Bumaschny and
colleagues generated a novel mouse obe-
sity model in which severe and early-onset
obesity is induced by the loss of a single
gene, proopiomelanocortin (Pomc), in a
small population of neurons in the brain
(2). Notably, the model allowed the authors
to “treat” the obesity by restoring Pomc
expression at different ages and directly
test the efficacy of gene therapy after dif-

ferent durations of the obese state.

Reversible genetic obesity

The Pomc gene encodes a polypeptide that
is most abundant in the anterior pitu-
itary gland and in neurons in the arcuate
nucleus of the hypothalamus (ARH). The
241-amino-acid polypeptide is the precur-
sor of many physiologically important
molecules, including the anorexigenic
peptide a-melanocyte-stimulating hor-
mone (a-MSH) (3). Mutations of the Pomc
gene, in both rodents and humans, lead to
severe early onset of obesity as well as adre-
nal insufficiency that is the result of defi-
ciency in another Pomec product, adrenocor-
ticotropic hormone (ACTH) (4-6).

A major strength of the work of Bumas-
chny et al. is the generation and charac-
terization of several elegant genetic tools
for in vivo obesity studies. First, in order
to generate a Pomc-deficient obesity model
without pituitary dysfunction, Bumas-
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chny et al. took advantage of their previous
findings that Pomc expression in the pitu-
itary gland and hypothalamus is governed
by two independent upstream regulatory
sequences (7) and engineered a new knock-
in mouse line in which Pomc transcription
is selectively disrupted specifically in hypo-
thalamic neurons (2). As expected, these
mice developed early-onset obesity due
to the lack of hypothalamic Pomc expres-
sion, whereas Pomc expression in pituitary
cells remained undisturbed. An important
feature of this model is that physiological
levels of Pomc expression can be restored
by tamoxifen-inducible Cre-mediated
recombination (8), so that the hypotha-
lamic Pomc deficiency can be reversed at
different postnatal stages in a temporally
controlled manner.

Timing is everything

Bumaschny and colleagues found that res-
toration of neuronal Pomc expression in
lean juvenile mice completely prevented
the subsequent development of obesity.
However, the ability of hypothalamic Pomc
reexpression to normalize body weight
was progressively attenuated as the age
of Pomc rescue was delayed and the obe-
sity was allowed to continue. Given that
the degree of Pomc restoration remained
constant among all age groups, Bumas-
chny and colleagues suspected that the
increased adiposity and the metabolic
changes associated with obesity played
a major role in the blunted phenotypic
responses to Pomc rescue. In an innovative
approach, the authors tested this hypoth-
esis using a caloric restriction regimen to
delay the onset of obesity in older Pomc-
deficient mice. At P60, when obesity is evi-
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