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Summary. All polyadenylated RNAs expressed in 
mammalian tissues are assumed to be transported to the 
cytoplasm where they direct the synthesis of a protein 
product. This mainstream view of the function of 
polyadenylated transcripts is currently being challenged 
by the identification of a novel class of genes which, 
although they encode polyadenylated RNA, do not make 
a translated protein. Many of these noncoding RNAs are 
developmentally regulated or show highly restricted 
patterns of gene expression, and their function s are 
providing important insight into RNA-based mecha
nisms of gene expression, genomic imprinting, cell cycle 
progression , and differentiation. The purpose of 
this review is to discuss the current understanding of 
mammalian noncoding RNAs, and to highlight their 
potential for identifying new pathways of human 
disease. 
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Introduction 

In contrast to lower eukaryotes, where most of the 
genome is responsible for directing the synthesis of 
mRNAs that are translated into proteins , the over
whelming majority of genomic DNA in higher species 
does not code for protein. In humans, the protein
encoding portions of genes account for only 3% of the 
genome, and although some of the remaiAing 97% may 
be transcribed into RNA, it does not encode protein 
(Nowak, 1994; Gardiner, 1995). Since most known 
catalytic functions in the cell are accomplished by 
proteins, the prevailing notion has been that non coding 
DNA represents either transcriptional regulatory 
sequences or "junk DNA". This concept is changing 
however, with the discovery that "junk" DNA has 
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sequence information with features of a complex 
language (Ossadnik et aI., 1994), and that its presence in 
the genome is associated with the maintenance of 
chromosomal stability and human disease (Lothe, 1997; 
Zakian, 1997). RNA polymerase II is one of three RNA 
polymerases and is primarily responsible for transcribing 
the protein coding genes of the eukaryotic genome. 
RNAs that are transcribed by this enzyme generally 
possess a clearly identifiable open reading frame (ORF) 
that directs the translation of a singl e protein on 
cytoplasmic ribosomes. Although the concept that all 
polymerase II-transcribed genes must encode a protein is 
based upon a large body of evidence, a small group of 
genes that produce non coding RNAs have recently been 
shown to provide exceptions to this generalized rule. 
This review will provide an overview of the known 
mammalian polyadenylated RNAs that are believed to 
function without translation into a protein product. This 
is an exciting area of investigation that is providing 
some intriguing information about new mechanisms of 
RNA-based gene function that are relevant to the 
understanding of human disease. 

1. His-1 

Initial interest in this locus began with the 
demonstration that the His-] gene is transcriptionally 
activated by retroviral insertional mutagenesis in mouse 
retrovirus-induced leukemias (Askew et aI., 1991). Since 
His-] transcripts are not normally present in hemato
poietic cells, this observation indicated that His-] gene 
activation is associated with the neoplastic phenotype 
and may therefore contribute to leukemogenesis. The 
His-] gene is comprised of 3 exons spanning 6 kb on 
mouse chromosome 2, and is expressed as a 3 kb spliced 
and polyadenylated cytoplasmic RNA (Askew et aI., 
1994). Although there is currently no single unifying 
characteristic that can unequivocally demonstrate that an 
RNA does not encode a protein, several characteristics 
are generally shared by noncoding sequences. Instead of 
the single long ORF that is found in most protein-coding 
RNAs, noncoding RNAs contain multiple small ORFs, 
many of which contain direct repeats that are atypical of 
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protein coding exons (Brockdorff et al., 1992; Brown et 
aL, 1992; Askew et al., 1994). It is therefore a 
considerable challenge to identify which, if any, of the 
multiple small ORFs could encode a small functional 
peptide. The longest His-} ORF could potentially encode 
a predicted peptide of 73 amino acids, but this ORF 
contains a direct repeat and evidence from in vitro 
translation systems have shown that it does not make a 
protein (Askew et al., 1994). Another common approach 
to assess coding capacity is to use computer sequence 
analysis. Recent advances in large-scale genome 
sequencing has shown that protein-coding exons share 
several sequence features that can be recognized by 
neural networks and other complex computer programs 
(Uberbacher and Mural, 1991). The entire His-! 
genomic sequence is not predicted to be coding by such 
programs. This finding strengthens the conclusion that 
the RNA does not encode a protein, and further suggests 
that the His-! sequence contains unique sequence 
information that is not typical of the vast majority of 
mammalian polyadenylated RNA. 

The strongest evidence for lack of coding potential 
in the His-l RNA is provided by sequence comparisons 
between the mouse and human homologs. The rationale 
behind this approach is based upon the fact that 
conserved genes from different species encode related 
proteins from a single conserved ORF. The human 
homolog of the mouse His-! gene resides on chromo
some 2q14-q21 (Askew et al., 1991), and cross 
hybridization studies using His-! DNA probes have 
showed that the His-} gene is highly conserved among 
many other vertebrates (Askew et al., 1994; Li et al., 
1997a). Despite the fact that evolutionary constraints 
have restricted divergence in nucleic acid sequence, 
there is no conservation of the predicted amino acid 
sequence of the multiple small ORFs, making it highly 
unlikely that these ORFs are functional in vivo. 

The His-! gene has an exceedingly narrow range of 
gene expression, a feature that it also shares with other 
noncoding RNAs (see below). The highest levels of His
! RNA are present in the epithelium of the embryonic 
choroid plexus (Li et al., 1997b). The RNA is restricted 
to the epithelial cells which line the developing choroid 
plexus, but is notably absent from the adjacent neural 
tissue and from the ependymal epithelium that is 
contiguous with the choroid plexus epithelium. The 
choroid plexus is a highly vascular structure arising from 
the wall of each of the four ventricles in the brain of all 
vertebrates, and it is the main source of production of 
cerebrospinal fluid (CSF) (Segal, 1993). The primary 
function of this tissue is to provide CSF for mechanical 
support of the brain, but there is also evidence that the 
choroid plexus can modify CSF composition and act as 
both a target and a source of neuroendocrine signalling 
within the brain (Nilsson et al., 1992). Lower levels of 
His-! expression have also been reported in the 
epithelial cells of the adult mouse prostate, seminal 
vesicle, and nonglandular portion of the stomach (Li et 
al., 1997b). The exceedingly narrow range of His-} gene 

expression suggests that powerful constraints limit the 
expression of this gene in most tissues, and that release 
of these constraints in the hematopoietic cell lineage 
may contribute to leukemogenesis. It will be interesting 
to see if targeted deletion of the His-! gene will interfere 
with the functional development of the mammalian 
choroid plexus. 

2. Bic 

Bie provides a second example of a noncoding RNA 
that is implicated in the pathogenesis of hematologic 
malignancies induced by oncogenic retroviruses. The hie 
gene was initially identified by virtue of its location 
within a common site of retroviral integration in B-cel\ 
lymphomas induced by Avian Leukosis Virus (ALV) 
(Tam et al., 1997). The transcription of the hie gene was 
specifically activated by the inserted proviruses in these 
tumors, resulting in high levels of a polyadenylated hie 
RNA. The activation of hie by these retroviruses was 
frequently accompanied by the transcriptional activation 
of the e-mye protooncogene, suggesting that hie 
cooperates with e-mye during lymphomagenesis. 
Preferential activation of hie was also identified in 
tumors with high metastatic potential (Tam et al., 1997), 
raising the possibility that the oncogenicity of hie is 
relevant for the later stages of tumor progression. The 
hie gene consists of two exons and is expressed as two 
spliced and alternatively polyadenylated transcripts. The 
expression pattern of bie in avian tissues is normally 
restricted to Band T lymphocytes of the bursa, thymus, 
and spleen (Tam et al., 1997). Characterization of the 
full length RNA revealed no signficant ORF, suggesting 
that hie is another example of a noncoding RNA. The 
normal function of hie is currently unknown, but the fact 
that exon 2 is predicted to form extensive double
stranded stem-loops that are energetically favorable, 
suggests that the function involves a requirement for 
RNA secondary structure. Although there is no 
homology between bie and His-}, it will be interesting to 
determine if these noncoding RNAs use similar 
mechanisms to promote oncogenesis. 

3.H19 

The H!9 gene provides one of the best characterized 
examples of a spliced and polyadenylated RNA that does 
not encode a protein. H!9 was originally identified as a 
mammalian gene that is coordinately regulated with the 
a-fetoprotein gene by the trans-acting locus raj (Pachnis 
et al., 1984). The gene is composed of 5 exons spanning 
3 kb and is expressed as a single 2.5 kb cytoplasmic 
RNA that is spliced and polyadenylated (Brannan et al., 
1990). The numerous stop codons in the Hl9 RNA 
produce multiple small ORFs, none of which span more 
than 2 of the 5 exons. The H!9 RNA does not associate 
with ribosomes, and since none of the ORFs are 
conserved in homo logs from other species, it has been 
concluded that the H!9 RNA does not make a protein 
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(Brannan et a1., 1990). 
The HJ9 gene has a developmentally restricted 

pattern of expression in fetal and neonatal liver, visceral 
endoderm and fetal gut, and is repressed in all adult 
tissues except skeletal muscle (Pachnis et aI., 1988). 
Expression of the H19 gene is regulated by genomic 
imprinting (Bartolomei et a1., 1991), an epigenetic 
process which silences one parental allele during 
transmission through the germ line (Hall, 1997). This is 
a rare mode of gene regulation that results in exclusive 
expression from a single parentally-inherited allele. 
Genomic imprinting is required for normal mammalian 
development, and abnormalites in the imprinting of 
certain genes are implicated in a variety of human 
genetic disorders and cancer (Reik, 1989; Rainier et a1., 
1993). The H 19 gene lies at the end of a cluster of 
genomically imprinted genes on mouse chromosome 7 
and is itself imprinted such that expression is exclusively 
from the maternal allele (Bartolomei et a1., 1991). 

Mice which harbor a homozygous deletion of the 
entire H19 structural gene revealed abnormalities in the 
imprinting of adjacent genes, suggesting that H 19 
controls the imprinting of flanking genes (Leighton et 
aI., 1995). The maternal inheritance of the H19 deletion 
resulted in the disruption of normal imprinting of the 
insulin-2 (Ins-2) and insulin-like growth factor 2 (IGF2) 
genes which lie 100 kb upstream of H19 (Leighton et aI., 
1995). Paternal inheritance of the H19 mutation had no 
effect since H19 is normally expressed from the 
maternal allele and the paternally inherited allele is 
normally silent (Bartolomei et a1., 1991; Leighton et aI., 
1995). The identification of a role for a spliced and 
polyadenylated noncoding RNA as the signal that 
regulates the genomic imprinting of multiple flanking 
genes raises the possibility that other imprinted genes 
may be regulated by similar mechanisms that involve 
noncoding RNAs. 

The ability of H19 to influence the imprinting 
pattern of adjacent genes has been attributed to promoter 
competition for a common set of enhancers, but 
elucidating the function of the RNA itself has proven to 
be more difficult. A possible role for the H19 RNA as a 
tumor suppressor was demonstrated by overexpressing 
the RNA in embryonal carcinoma cells. Expression of 
H19 in these cells inhibited growth, reduced clono
genicity in soft agar, and reduced tumorigenicity in nude 
mice, but a mechanistic explanation for this anti
tumorigenic effect was not established (Hao et al., 1993). 
Consistent with a potential role in tumor suppression, 
loss of HJ9 expression has been reported to be an early 
event in carcinogen-induced transformation of Syrian 
hamster cells (Cui et aI., 1997) and in primary human 
Wilm's tumors (Hao et aI., 1993; Isfort et aI., 1997). 
Regardless of the mechanism involved, the participation 
of the H19 gene in the regulation of gene expression at 
the chromosomal level has important implications for 
human diseases where genomic imprinting conveys a 
unique pattern of inheritance (Reik, 1989; Rainier et aI., 
1993). 

4.XIST 

The suppression of gene expression on one X
chromosome in mammals is under the control of a single 
cis-acting locus called the X-inactivation center, Xic 
(Lyon, 1994). The X/ST gene maps to this region and is 
expressed exclusively from the inactive X-chromosome 
(Brown et aI., 1991). The product of the 8 exons of the 
mouse X/ST gene is an extremely large, spliced and 
polyadenylated RNA (17 kb in humans) that shares the 
characteristic high density of stop codons with other 
noncoding sequences (Brockdorff et aI., 1992; Brown et 
aI., 1992). The mouse and human X/ST homologs 
contain several tandem repeats that are strikingly 
conserved, but the lack of a conserved ORF between the 
two RNAs has led to the conclusion that X/ST is another 
example of a noncoding RNA (Brown et aI., 1991, 1992; 
Brockdorff et al., 1992; Hendrich et aI., 1993). This 
concept is further strengthened by the inability of the 
coding recognition program GRAIL to recognize the 
human X/ST sequence as coding (Brockdorff et aI., 
1992; Brown et aI., 1992). 

A unique feature of the X/ST RNA is its nuclear 
localization, despite the fact that it is polyadenylated and 
spliced like a typical protein-coding transcript 
(Brockdorff et aI., 1992; Brown et aI., 1992; Hendrich et 
aI., 1993). Furthermore, the X/ST RNA becomes 
physically associated with the inactive X-chromosome, 
suggesting that it controls X-inactivation by remodeling 
chromatin through interactions between the RNA and 
the X chromosome (Willard and Salz, 1997). Functional 
studies to support a direct role for the X/ST RNA in the 
repression of X-linked gene expression has come from 
gene-targeting and transgenic approaches in embryonic 
stem (ES) cells. By analogy to the gene disruption 
approach utilized for H19, a large deletion mutation in 
the X/ST gene was created to maximize the probability 
of disrupting the function of the X/ST RNA (Penny et aI., 
1996). The gene targeting was performed in XX ES cells 
so that analysis of the initiation and progression of X
inactivation could be studied by in vitro differentiation 
of the mutant ES cells. The results of this deletion 
demonstrated that the Xist gene is required for X
inactivation to occur in cis, thereby providing direct 
evidence that a non coding RNA could regulate gene 
expression on a chromosome-wide basis (Penny et aI., 
1996). This provides an intriguing parallel to the ability 
of the H19 RNA to influence gene expression. 

Recent studies have examined the possibility that the 
X/ST RNA can suppress the expression of genes that are 
not located on the X-chromosome. This was performed 
by introducing copies of X/ST into autosomes in murine 
ES cells. The ectopically transcribed X/ST RNA 
remained nuclear, became closely associated with the 
autosome into which the gene was integrated, and 
induced long-range gene inactivation along the affected 
autosome (Herzing et aI., 1997; Lee and Jaenisch, 1997). 
This indicates that the mechanism(s) involved in the 
suppression of genes on the X chromosome by the X/ST 
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RNA can also operate on autosomes, raising the 
possibility that additional RNA-based methods of 
complex gene regulation may play a role in autosomal 
gene expression in higher eukaryotes. A role for XIST in 
disease is suggested by the association of mental 
retardation and congenital anomalies with human genetic 
disorders that lack XIST (Apacik et aI., 1996; Guillen et 
aI., 1997). It is therefore likely that further analysis of 
this RNA will provide insights into the causes and 
consequences of congenital defects that involve aberrant 
female dosage compensation mechanisms, and this is 
consistent with the observation that female mice which 
carry an XIST deletion mutation on the paternal X
chromosome fail to develop normally (Marahrens et aI., 
1997). 

5. The 3' UTR 

It is worth noting that a high density of stop codons 
is characteristic of the 3' untranslated regions (3' UTRs) 
of all eukaryotic mRNAs that encode a protein product. 
Although it was presumed for many years that this 
feature reflected a lack of biological significance, it is 
now known that the 3' UTR plays a crucial role in the 
regulation of mRNA function. At least one of these roles 
is the regulation of translation, a function that is 
mediated by RNA-binding proteins that interact with 
specific sequences in the UTR (Goodwin et aI., 1993). A 
second and previously unanticipatea IUnction for the 3' 
UTR is the ability of noncoding sequences in the 3' 
UTRs of certain muscle structural genes to activate 
muscle specific promoters, regulate the proliferation and 
differentiation of some cell types, and function as a 
tumor suppressor (Rastinejad and Blau, 1993; Rastinejad 
et aI., 1993). The mechanism by which the noncoding 
RNA of the 3' UTR can regulate gene expression and 
influence cell growth has not been established, but is 
presumed to involve protein-RNA interactions. Regard
less of the mechanism involved, the discovery of a 
functional role for noncoding sequences in mRNA has 
important implications for the pathogenesis of neoplastic 
and congenital diseases that are associated with 
disruptions in the untranslated regions of specific 
cellular genes (Begley et al., 1989; Brook et aI., 1992; 
Liu et aI., 1993; Zelenetz et aI., 1993). 

6. RNA derived from introns 

Evolutionary comparisons between species 
homo logs of eukaryotic genes have shown that protein 
coding exons are generally the most conserved, whereas 
intronic sequences display the greatest variability. 
Exceptions to this have been reported however (Koop 
and Hood, 1994), and recent evidence has established 
precedence for conserved introns that produce non
coding RNAs. One of the best studied examples of an 
intron-encoded noncoding RNA is self-splicing RNA. 
These catalytic RNAs fold into tertiary structures and 
catalyze the excision and religation of the host exons 

without the aid of the spliceosome (Cech, 1990). 
A second example is provided by the snoRNAs. 

These small stable noncoding RNAs are found within 
the introns of protein-encoding genes and are believed to 
playa role in rRNA processing in the nucleolus 
(Maxwell and Fournier, 1995). They are transcribed as 
part of the primary transcript, and the mature snoRNA is 
released by excision and subsequent trimming of the 
intronic sequences (Kiss and Filipowicz, 1995). One 
unusual member of the snoRNA family, U22, is found 
within the penultimate intron of the U22 host gene 
(UHG). In contrast to other reported snoRNA host 
genes, the spliced and polyadenylated UHG RNA 
possesses the same high density of stop codons that is 
characteristic of noncoding RNA, suggesting that it does 
not encode a protein (Tycowski et aI., 1996). Strikingly, 
it is the introns of the UHG gene that show the greatest 
degree of conservation and these introns have been 
shown to contain several snoRNAs in addition to U22 
(Tycowski et al., 1996). This is the first example of a 
gene for which the functional product is a noncoding 
RNA that is specified by the introns rather than the 
exons. It is conceivable that further interspecies 
comparisons of mammalian genomes will identify 
conserved intronic sequences that are flanked by 
noncoding exons, and that these introns may provide a 
previously unsuspected source of new examples of 
non coding RNAs. 

7.IPW 

The Prader-Willi syndrome (PWS) is a neuro
behavioral disorder which is characterized by growth 
and mental retardation, failure to thrive in infancy, and 
hyperphagia (Butler, 1990). Most patients with PWS 
have a microscopically detectable cytogenetic deletion 
of their paternal 15qll-q13 chromosome. The parent-of
origin dependence of this disease suggests that one or 
more genes in this region of chromosome 15 is 
expressed from a single allele in a uniparental manner. 
The IPW gene is expressed as a 2.2 kb spliced and 
polyadenylated RNA from 3 exons in this region of 
chromosome 15, and is considered to play an important 
role in the pathogenesis of PWS (Wevrick et al., 1994). 
The /PW RNA is believed to function as a noncoding 
RNA because it shares the lack of an extensive ORF 
with each of the non coding RNAs reported to date 
(Wevrick et aI., 1994). The RNA has a broad tissue 
distribution, but it is preferentially expressed from the 
paternal allele in fetal tissues suggesting that it is subject 
to allele-specific gene regulation during development 
(Rachmilewitz et aI., 1996). Although genomic 
imprinting is not a common form of gene regulation, it is 
striking that three noncoding mammalian RNAs, H19, 
X/ST, and /PW are imprinted. Since the XIST and H19 
RNAs participate in the regulation of gene expression at 
the chromosomal level, it will be of interest to determine 
if the IPW RNA has a related role that contributes to the 
complex Prader-Willi phenotype. 
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Table 1. Examples of noncoding RNAs that are providing insight into novel mechanisms of RNA-based gene function. 

NONCODING RNA 

H19 
Xist 
3'UTRs 
7H4 
IPW 
NIT 
Introns 
Un-4 
RoX1 & RoX2 
930 
Pgc & Xlsirts 
Sme2+ 
OxyS 

SPECIES 

Mammalian 
Mammalian 
Mammalian 
Mammalian 
Mammalian 
Mammalian 
Multiple 
C. elegans 
Drosophila 
Drosophila 
Drosophila/Xenopus 
Yeast 
E. coli 

POSSIBLE FUNCTION 

Gene regulation (genomic imprinting, tumorigenesis1 

Gene regulation (X-inactivation)1 
Gene regulation, tumor suppression1 

Synaptic function in muscle? 1 
Unknown (imprinting?) 1 

Gene regulation? 1 

Gene regulation (RNA processing) 1 

Gene regulation (RNA-RNA antisense inhibition)2 
Gene regulation (X-chromosome)3 
Heat shock/transcript processing and translation4 

Germ cell formationS 
Cell cycle regulation6 

Protection from oxidative stress 7 

1; Discussed in the text; 2; Lee et aI., 1993; 3; Meller et aI., 1997; 4; Lakhotia and Sharma, 1996; 5; Nakamura et aI., 1996; Kloc and Etkin, 1994; 
6; Watanabe and Yamamoto, 1994; 7: Altuvia et al.. 1997. 

B.NTT 

The NTT gene was identified by a differential 
display approach, based upon its increased expression in 
activated T-cell clones (Liu et aI., 1997). It is located on 
chromosome 6q23-q24 and is specifically expressed in 
activated, but not resting T cells. The NTT gene 
produces a 17 kb polyadenylated transcript that has a 
very high density of stop codons and a predominantly 
nuclear localization. Extensive sequence analysis of the 
multiple small ORFs in the NTT sequence failed to 
identify an ORF in good context for translation, and the 
sequence was not predicted to be coding by coding 
region prediction algorithms. Athough the function of 
the Nn- RNA is not yet known, the presence of tandem 
repeats, a high density of stop codons, a large size, and a 
nuclear localization are striking features that the NTT 
RNA shares with the XIST RNA. The ability of XIST to 
repress autosomal gene expression when ectopically 
expressed has raised the possibility that additional gene
regulatory RNAs have yet to be identified (Herzing et 
aI., 1997; Lee and Jaenisch, 1997), and the identification 
of the NIT RNA has provided a likely candidate for such 
an RNA. 

9.7H4 

Very little is known about the 7H4 RNA. The RNA 
was cloned during a subtractive hybridization approach 
that was used to enrich for RNAs that function at the 
motor endplate (Velleca et aI., 1994). The gene is highly 
conserved among vertebrates, and has a very narrow 
range of expression. The 7H4 RNA is muscle specific 
and is upregulated during early postnatal development 
and after denervation of muscle (Velleca et aI., 1994). 
The gene contains no introns, but the RNA is poly
adenylated like a typical mRNA. The lack of a 
significant ORF in the sequence of the 7H4 RNA has 
indicated that this RNA may be another example of a 
mammalian noncoding RNA. Since the RNA is localized 

to the synapse at the muscle endplate, it is presumed that 
it has a synaptic function, but this remains to be 
established. 

Conclusions 

Genes that encode noncoding RNAs are providing 
important insight into previously unanticipated roles for 
polyadenylated RNA in both normal cell function and in 
disease. Although only a limited number of such genes 
have been reported in mammals, other examples have 
been identified in Drosophila, Xenopus, plants and yeast 
(Table 1). Some of these noncoding RNAs have no 
established function, whereas others have been 
implicated in the control of germ cell formation, meiosis, 
and adaptation to heat shock or oxidative stress. The 
existence of non coding RNAs therefore appears to be a 
phylogenetically conserved phenomenon, but there is as 
yet no single characteristic that can be used to either 
identify them or to understand how they act. It is hoped 
that the large-scale sequencing of complex mammalian 
genomes and expressed sequence tags will provide clues 
about the functional significance of the sequence 
information that is contained in atypical RNAs, so that 
we can better understand the mechanism by which they 
interact with cellular machinery to coordinate cell 
functions. J 
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