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Novel 3’ ends that support translation
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The 3’ ends of two large noncoding RNAs, MALAT1
(metastasis-associated lung adenocarcinoma transcript 1)
and MEN , are formed by cleavage by RNase P and are
capped but not polyadenylated. In the November 1, 2012,
issue of Genes & Development, Wilusz and colleagues
(pp. 2392-2407) show that when these 3’ ends are formed
on a GFP reporter, the resulting mRNA is exported to
the cytoplasm and translated. The 3’ end forms a novel
triple-helical structure that supports export and trans-
lation as well as a poly(A) tail does.

The great majority of eukaryotic mRNAs end in a poly(A)
tail, which in mammals typically is ~200 nucleotides (nt)
long when it is formed on the nuclear pre-mRNA. The
poly(A) tail is essential for efficient translation of an
mRNA in vivo. The only cellular mRNAs described thus
far in eukaryotes that do not end in a poly(A) tail are the
replication-dependent histone mRNAs in metazoans. In
the November 1, 2012, issue of Genes & Development,
Wilusz et al. (2012) reported the surprising finding that
the 3’ ends of two largely nuclear noncoding RNAs—
MALAT]1 (metastasis-associated lung adenocarcinoma
transcript 1) and MEN B, which are transcribed by RNA
polymerase II (Pol II) and whose 3’ ends are formed by
cleavage by RNase P (Wilusz et al. 2008; Sunwoo et al.
2009)—support translation of a GFP reporter gene as
efficiently as the poly(A) tail. They showed that these 3’
ends form a novel triple-helical structure that is essential
for stimulating translation and stability of the RNA as
well as supporting export to the cytoplasm. Although it is
not clear whether these two larger nuclear noncoding
RNAs are ever in the cytoplasm or encode peptides or
proteins, it certainly is possible that there are other Pol II
transcripts, currently classified as “noncoding” RNAs, that
end in similar 3’ ends that encode peptides or proteins,
since many of these noncoding RNAs are primarily
cytoplasmic.

Wilusz, Spector, and coworkers (Wilusz et al. 2008;
Sunwoo et al. 2009) had previously reported that the 3’
end of the MALAT]1 transcript was formed by RNase P
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cleavage, resulting in two RNAs: the noncoding MALAT1
RNA and a small tRNA-like RNA, termed mascRNA
(MALAT1-associated small cytoplasmic RNA), both of
which accumulate in the cell. Subsequently, the same
mechanism was found to form the 3’ end of the MEN
noncoding RNA (Sunwoo et al. 2009). Using a reporter
construct that contains a GFP ORF and ends with the 3’ end
of MALAT]1, they found that the RNA was processed at the
3’ end identical to authentic MALAT1 RNA, but surpris-
ingly, the resulting RNA was cytoplasmic and was trans-
lated to produce GFP in amounts similar to a polyadenylated
GFP reporter driven by the same promoter. Thus, the 3’ end
of the MALAT1 (and MEN ) RNA supports both nuclear
export and translation, resulting in a relatively stable
“mRNA.” There is a nuclear retention signal in the body
of the MALAT1 RNA that prevents export, resulting in
essentially all of the MALAT1 RNA remaining in the
nucleus (Wilusz et al. 2012). However, they noted that in
the ribosome profiling study of Ingolia et al. (2011), some
MALAT1 RNA was found bound to ribosomes at sites near
the 5’ end, consistent with potential translation initiation
sites. Since MALAT1 is as abundant as GADPH mRNA,
a small fraction of the RNA in the cytoplasm would have
escaped detection and could potentially be translated. There
is no conservation of potential peptide sequences, suggest-
ing that MALAT1 translation does not play any role in its
function, which remains unknown.

Wilusz et al. (2012) went on to determine the structure
of the 3’ end of the mRNA as well as the regions essential
for translation and stability. The 3’ end of the MALAT1
RNA is a 15-nt oligo(A) tract interrupted by a GC 4 nt
from the 3’ end (Fig. 1). Upstream of the 3’ end are two
U-rich sequences: The one closest to the 3’ end, U-rich
motif 2, is interrupted by a GC and could form a hair-
pin with the 3’ end. Two nucleotide mutations in this
sequence abolished accumulation of the GFP-MALAT1
mRNA, and accumulation was restored by compensa-
tory mutations. However, larger mutations in U-rich
motif 2 were not rescued by compensatory mutations,
leading to the proposal that the other U-rich region, U-rich
motif 1, could potentially form a triple helix at the 3’ end
of the mRNA (Fig. 1). Mutagenesis and structural pre-
diction studies confirmed that this is almost certainly
the case. A triple-helical structure had been previously
reported by Steitz and coworkers (Mitton-Fry et al. 2010)
on the 3’ end of the PAN (polyadenylated nuclear) non-
coding RNA, an abundant nuclear RNA synthesized by
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Figure 1. Structure at the 3’ end of MALAT1 RNA. The triple-
helix structure formed by the two U-rich motifs (shaded in pink
and green) and the A-rich 3’ end of the RNA (shaded in cyan) is
indicated. Mutation of the nucleotides shaded in purple blocked
translation of the RNA, and mutation of the nucleotides shaded
in orange destabilized the RNA. (Adapted from Fig. 4A in Wilusz
et al. 2012.)

Kaposi’s sarcoma-associated herpesvirus. The 3’ end of
the poly(A) tail forms a triple helix with an upstream
region, resulting in stabilization of the PAN RNA, pro-
tecting it from deadenylation (Mitton-Fry et al. 2010).
This structure was elucidated by crystallography. The
PAN RNA sequesters PABP [poly(A)-binding protein] in
the nucleus, helping the virus shut down host protein
synthesis (Borah et al. 2011). Thus, complex tertiary
structures at the 3’ end of RNAs can clearly stabilize the
RNAs and, in the case of the MALAT1 and MEN 8 RNA,
efficiently support translation.

Further mutagenesis of the MALATI1 3’ end allowed
Wilusz et al. (2012) to identify RNAs ending in MALAT1
that were stable but not translated well and ones that
were much less stable but still translated, and these
properties mapped to two distinct regions flanking resi-
dues in the triple helix but likely do not disrupt the basic
triple-helix structure (Fig. 1). How is the Malatl RNA
degraded? Cloning sequences at the 3’ end of the unstable
MALAT1 mRNA resulted in identification of RNAs that
had either nontemplated Us or nontemplated As at the 3’
end. The nontemplated A tails were added to the 3’ end of
the RNA, but many of the oligo(U) tails were added onto
intermediates that had been partially degraded into the 3’
end structure. Degradation of replication-dependent his-
tone mRNAs, the only known cellular nonpolyadenyl-
ated mRNAs, proceeds by oligouridylation of the stem-—
loop at the 3’ end of the histone mRNA, allowing
recruitment of Lsm1-7 to the mRNA to activate degrada-
tion. Degradation intermediates partially degraded into
the stem-loop are also uridylated, suggesting that an
exonuclease activity initiates degradation after addition
of the oligo(U) tail and, when it stalls, must be reprimed by
a new oligouridylation (Mullen and Marzluff 2008). A sim-
ilar mechanism may be degrading the MALAT1 mRNA.

The poly(A) tail: a dynamic regulator of translation
and stability

For “standard” polyadenylated mRNAs, the poly(A) tail is
bound to PABP in the cytoplasm, with one molecule of
PABP binding to ~15 adenosines. An actively translated
mRNA is thought to have multiple PABP molecules
bound to its 3’ end. One function of the poly(A) tail is
to stimulate translation of the mRNA. The PABP in-
teracts directly with eIF4G, which, together with the
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interaction of e[F4G with the cap-binding protein elF4e,
results in a complex that promotes initiation of trans-
lation. There are proteins—PAIP1 (Craig et al. 1998) and
PAIP2 (Khaleghpour et al. 2001 )}—that interact with PABP
and either enhance (PAIP1) or reduce (PAIP2) the effi-
ciency of translation. There is compelling evidence that
regulation of the poly(A) tail length is an important
mechanism for regulating translation during early de-
velopment (Sheets et al. 1995; Groisman et al. 2002) and
likely also at synapses in metazoans (Costa-Mattioli et al.
2009). In Xenopus oocytes, mRNAs encoding critical
proteins for development, such as c-mos, are stored with
a short A tail, and lengthening of the poly(A) tail after
progesterone treatment results in activation of transla-
tion (Sheets et al. 1995). Some mRNAs undergo a round
of adenylation and deadenylation in each cell cycle in
early Xenopus development (Groisman et al. 2002). There
is also excellent evidence that yeast mRNAs are de-
adenylated [actually, the poly(A) tail is shortened to ~10 nt]
and stored when yeast are starved for glucose, and the
poly(A) tail is lengthened and the mRNA is translated
again when the yeast are refed (Coller and Parker 2005).
Mammalian mRNAs are stored in stress granules when
translation is blocked due to a variety of environmental
stresses (Anderson and Kedersha 2008). Finally, binding
of microRNAs to the 3’ untranslated region (UTR) leads
to deadenylation and inhibition of translation (Wu et al.
2006). Thus, the poly(A) tail is a dynamic component of
most mRNAs that plays an important role in modulating
translation during the lifetime of those mRNAs.
Deadenylation is also the initial step in mRNA degra-
dation for most mRNAs . These series of findings have led
to the model that mRNAs can transition between an
active and inactive state by modulating poly(A) tail
length in the cytoplasm (Coller and Parker 2005), making
the poly(A) tail a dynamic modification that serves to
regulate translation. How the cell decides whether de-
adenylation results in translation inhibition and reten-
tion of the mRNA in an inactive form is not understood.
Thus, the poly(A) tail provides a dynamic mechanism for
regulating both the translation and half-life of mRNAs.

Unusual cellular 3’ ends: short poly(A) tails

There are cellular RNAs that do not end in long poly(A)
tails. These include some highly abundant, stable mRNAs,
such as serum albumin mRNA in frogs, which end in
poly(A) tails of 20 nt, and long poly(A) tails are never
formed on these mRNAs. Instead, there is a cis-element,
termed the PLE, that directs the formation of a short
poly(A) tail on these transcripts, and this sequence is
also essential for their efficient translation (Peng and
Schoenberg 2005). PABP does not appear to be essential
for translation of these mRNAs.

Replication-dependent histone mRNAs

The only known cellular mRNAs that are not polyadenyl-
ated are the metazoan replication-dependent histone
mRNAs. These mRNAs end in a simple six-base stem



and four-base loop that must fulfill all of the essential
functions of the poly(A) tail (Marzluff et al. 2008). The
histone 3’ end interacts with a cellular protein—the stem—
loop-binding protein (SLBP)—that appears to function only
in histone mRNA metabolism. The 3’ ends of histone
mRNA are essential for translation, synergizing with the
cap like the poly(A) tail does for other mRNAs (Gallie et al.
1996), and SLBP binds the stem-loop and is also essential
for translation (Sanchez and Marzluff 2002). SLBP homo-
logs are only found in organisms that have histone stem-
loops in their 3’ UTR, suggesting that there has been
coevolution of this novel set of histone mRNAs and the
SLBP protein (Lopez and Samuelsson 2008).

There is one other set of 3’ ends formed on the snRNAs
transcribed by RNA Pol II. A processing complex dedi-
cated to snRNA 3’ end formation cleaves the nascent
transcripts (Baillat et al. 2005), a processing mechanism
similar to the cleavage of either histone or polyadenyl-
ated pre-mRNAs, and the snRNAs are rapidly exported to
the cytoplasm for assembly of snRNPs. mRNAs tran-
scribed from genes with the histone 3’ end replaced with
the snRNA 3’ end are exported but not translated (Sun
et al. 1992), indicating that just having a transcript made
by RNA Pol IT with a secondary structure on the 3’ end is
not sufficient for translation.

Nonpolyadenylated viral RNAs often have 3’ ends
essential for translation

There are a number of viral mRNAs that are translated
efficiently without a poly(A) tail. Many plant RNA
viruses are uncapped and have 3’ ends that end in com-
plex structures. Six different classes of structures that are
essential for translation of plant viral RNAs have been
identified (for review, see Nicholson and White 2011});
four of them interact with the translation initiation factor
EIF4F, binding directly to either eIG4g or elF4e, and a fifth
interacts directly with the ribosome. A recent report
demonstrated that the sixth class binds directly to PABP
(Iwakawa et al. 2012), raising the possibility that RNA
structures other than the poly(A) tail promote translation
by interacting directly with PABP, which in turn could
stimulate translation by binding to eIF4g. Some of these
plant viral mRNAs are translated efficiently in animal
cells (Gallie and Walbot 1990), in contrast to metazoan
histone mRNAs that are not translated in plant cells
(Gallie et al. 1996). In contrast, there are very few animal
viral mRNAs that are not polyadenylated. A notable
exception is the flaviviruses that cause West Nile dis-
ease, dengue fever, and yellow fever. These viruses have a
+-strand genome that is not polyadenylated and is trans-
lated efficiently, even though these mRNAs lack the IRES
present in other flavifiruses like hepatitis C and polio-
virus. The flavirus RNAs end in an RNA structure whose
secondary structure is predicted to consist of two stem-—
loops, preceded by a complex secondary structure, and
the 3’ UTR promotes translation. The cellular trans-acting
factors required for translation of the flaviviral RNAs are
not known. There is a report that PABP interacts directly
with the 3’ UTR dengue viral RNA and can affect trans-
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lation in vitro (Polacek et al. 2009). However, the interact-
ing region seems to be A-rich regions in the 3’ UTR rather
than the 3’ stem-loop region that has also been directly
implicated in translation (Holden et al. 2006), suggesting
that other factors may be required as well.

How is MALAT1 RNA translated?

The 3’ end of the MALAT1 RNA likely promotes trans-
lation by circularizing the mRNA and promoting the
recruitment of translation initiation factors. Whether
there is a specific novel cellular trans-acting factor re-
quired or whether the 3’ end interacts directly with known
initiation factors, including possibly PABP, is not known.
Regardless of the mechanism, the fact that mRNAs ending
in the MALAT1 3’ end are translated as efficiently as
polyadenylated mRNAs suggests that there may be other
Pol I transcripts that are not polyadenylated but that may
be translated. Given that some estimates suggest that as
many as 25% of the long noncoding RNAs may not be
polyadenylated (Yang et al. 2011), there are likely to be
more Pol II transcribed RNAs whose 3’ ends are formed by
RNase P cleavage or other novel mechanisms, such as
“partial splicing” (Box et al. 2008), and it is possible that
there will be RNAs that are not polyadenylated that are
translated to synthesize critical peptides or proteins under
some conditions.
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