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a  b  s  t  r  a  c  t

A  range  of  noncoding  RNAs  are  transcribed  by  pol  III. A lot  of  them  such  as  tRNA,  7SL  RNA,  7SK  RNA,
5S  RNA,  MRP  RNA,  Y  RNAs,  H1  RNA,  and  vault  RNAs  are  considered  as  “house  keeping”  RNAs  essential
for  eukaryotic  cells.  In recent  years,  researchers  started  to  recognize  the  existence  of unconventional
functions  of  many  pol  III transcripts  other  than  classical  “house  keeping”  roles.  Therefore,  these  ncRNAs
could  now  be viewed  as molecules  with  functional  regulatory  signals  as  well  as  cellular  building  blocks.
eywords:
ol III
oncoding RNA

RNA
S rRNA

These  noncoding  RNAs,  all transcribed  by  pol  III, may  assemble  regulatory  networks  with  analogy  to
signaling  pathways  in  eukaryotic  cells.  In this  review  we  discuss  these  unconventional  roles  of pol III
transcripts.

© 2012 Elsevier Ltd. All rights reserved.
SL RNA

. Introduction

Eukaryotes possess three main RNA polymerases; pol I, II, and
II. Each of the three RNA polymerases transcribes specific classes of
enes. pol I transcribes only ribosomal RNA genes while pol II tran-
cribes the protein-coding genes as well as many noncoding RNA
ncRNA) genes. Interestingly, a range of ncRNAs are transcribed by
ol III, being mainly derived from three types of promoters (Fig. 1).
ol III contains the largest number of subunits (17 subunits) among
ll three RNA polymerases. pol III transcripts include highly con-
erved ncRNAs involved in many important metabolic processes.
ecently, researchers have begun to reveal their “unconventional”

unctions other than the classical “house-keeping” roles. Therefore,
hese so called “house-keeping” RNAs are more than functional
uilding blocks in a majority of eukaryotic cells, but rather serve
s molecules carrying signals for regulating cell physiology as well.

. Key molecules and their functions with associated
athologies

.1. tRNA
tRNAs transport amino acids into ribosomes and decipher
riplets of nucleotides at each codon of mRNAs. Moreover, a

∗ Corresponding author. Tel.: +86 551 3606274.
E-mail addresses: shange@ustc.edu.cn, shange1@hotmail.com (G. Shan).

357-2725/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
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“non-translational” function of some tRNAs is to serve as primers
for reverse transcription for retroviruses (Mak  and Kleiman, 1997).

Unexpectedly high levels of tRNAs has long been connected
with cancers as well. Winter et al. (2000) demonstrated that tRNAs
were overproduced consistently in human ovarian cancers. More-
over, overexpression of initiator tRNAiMet is oncogenic (Marshall
et al., 2008). Overexpression of tRNAiMet not only promotes cell
cycle but also allows immortalized fibroblasts to generate tumors
in mice. These results indicate that tRNAiMet could be involved in
tumorigenic transformation (Marshall et al., 2008).

In addition to the role of tRNA in tumor transformation, recent
research suggests that tRNA can also inhibit caspase activation. Mei
et al. (2010) reported that microinjection of tRNA in cells inhib-
ited cytochrome c-induced apoptosis. Mitochondrial tRNAs along
with cytosolic tRNAs bind to cytochrome c to impair the interac-
tion of cytochrome c with Apaf-1, a caspase activator, and prevent
the apoptosome formation (Mei  et al., 2010). This finding raises
the possibility that mitochondrial tRNAs may play a key role in
determining cellular response to apoptotic stimuli.

2.2. 7SK RNA

7SK is a small nuclear RNA (snRNA) about 330 nucleotides (nt)
in length. The 3′ end of 7SK RNA binds strongly to LARP7/PIP7S

to form snRNP, which may  prevent 7SK RNA from degradation
(Bayfield et al., 2010). The long 5′ stem–loop of 7SK RNA binds
to the HEXIM1 protein (Lebars et al., 2010). 7SK snRNP uti-
lizes HEXIM proteins (HEXIM1 or HEXIM2) to bind the positive

dx.doi.org/10.1016/j.biocel.2012.07.013
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
mailto:shange@ustc.edu.cn
mailto:shange1@hotmail.com
dx.doi.org/10.1016/j.biocel.2012.07.013
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Fig. 1. Transcriptional machinery and structures of RNA pol III transcripts. pol III promoters have three types. (A) Most pol III-transcribed genes, for example, tRNA genes have
sequence blocks A and B in the transcribed region. The A and B boxes are recognized by TFIIIC. TFIIIC recruits TFIIIB, which is composed of BDP1, BRF1 and TBP. Secondary
structure of tRNAiMet was shown. (B) The second type internal promoters are characteristic of 5S rRNA gene, which needs the binding of an additional TFIIIA to a C site
compared to the first type. Secondary structure of 5S rRNA was  shown. (C) The third type internal promoters are characteristic of U6 snRNA genes. These promoters contain
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 TATA box, which is bound by TBP, and PSEs (proximal sequence elements), whic
r  may  not be present in this type of promoters. Secondary structure of U6 RNA wa
equences.

ranscription elongation factor b (P-TEFb). P-TEFb has an activity of
yclin dependent kinase-9 when binding with some other proteins
Nguyen et al., 2001). Studies have demonstrated key functions of
SK RNA in regulating pol II transcriptional activity (Nguyen et al.,
001; He et al., 2008). Although details are unclear, some research
as shown that 7SK snRNP indirectly regulates the activity of P-
EFb (He et al., 2008). 7SK-HEXIM1-P-TEFb complex inhibits the
yclin dependent kinase-9 activity of P-TEFb, which then phospho-
ylates the C-terminal domain (CTD) of pol II. The phosphorylation
tatus of CTD determines the transition of pol II from transcriptional
nitiation to elongation.

Treatments such as UV irradiation or low concentration of the
ranscriptional inhibitor actinomycin D promote the transcrip-
ional transactivator, Tat, and increase transcriptional level of HIV-1
He and Zhou, 2011). Tat binds 7SK snRNP containing P-TEFb, and
his binding results in the release of P-TEFb from 7SK snRNP; Tat
ubsequently associates with P-TEFb, and then binds to the HIV
ransactivation response element, which is required for activating
he transcription of HIV 5′ LTR (long terminal repeat) promoter.
hus, 7SK can affect the transcription of HIV genome (He and Zhou,
011; Barrandon et al., 2008).

.3. MRP  RNA

MRP  RNA is a RNA component of the RNase MRP  (mitochon-
rial RNA processing) complex, which is an essential eukaryotic

ibonucleoprotein endoribonuclease involved in many biochemical
rocesses.

The central region of MRP  RNA is important for transportation
f MRP  complex into mitochondria. Without the central region of
ound by SNAPc (small nuclear RNA activating protein complex) factor. Site A may
n. RNA structures were predicted with mfold software (Zuker, 2003) with human

MRP  RNA, the MRP  complex would not be present in mitochon-
dria. However, the MRP  complex is not mitochondria specific and
most MRP  complex is in the nucleolus. The nucleolar localization
of MRP  complex is mediated by its protein subunits (Martin and Li,
2007). MRP  RNA plays an essential role in the enzymatic activity
of RNase MRP  complex at different cellular locations. RNase MRP is
initially isolated from mouse mitochondria, which can cleave the
mitochondrial RNA transcripts to generate primers for the repli-
cation of leading strand of mitochondrial DNA. The RNase MRP
complex has the ability to specifically cleave the precursor of ribo-
somal RNA (rRNA) at the A3 site to form small 5.8S rRNA in the
nucleus of Saccharomyces cerevisiae (Mattijssen et al., 2010).

In addition to pre-rRNA, CLB2 mRNA is another direct target
for the RNase MRP  complex. CLB2 mRNA normally disappears
rapidly as the completion of mitosis, but RNase MRP mutations
lead to increase of CLB2 mRNA level, which subsequently causes
late anaphase delay. Tina Gill et al. (2004) demonstrated that RNase
MRP  complex specifically cleaved the 5′ UTR of CLB2 mRNA at the
end of mitosis to remove the 5′cap to allow rapid 5′–3′ degrada-
tion by the Xrn1 nuclease. The result showed a new mechanism of
mRNA degradation, which is crucial for controlling the cell cycle in
S. cerevisiae (Gill et al., 2004). Similar function may  exist in higher
eukaryotic organisms since RNase MRP  is highly conserved.

A more striking role of MRP  RNA has been reported recently
(Maida et al., 2009). The human telomerase reverse transcriptase
catalytic subunit (TERT) was  found to interact with MRP  RNA, thus

forming a ribonucleoprotein complex that has RNA-dependent RNA
polymerase (RdRP) activity. The RdRP activity can produce double-
stranded RNAs, which can then be processed into small interfering
RNA in a Dicer-dependent manner (Maida et al., 2009).
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ig. 2. Unconventional roles of pol III transcripts in nucleus and cytoplasm. Some c
nd  H1 RNA are shown in the picture. Detailed information about their unconventi

.4. 7SL RNA

7SL RNA is a component of the signal recognition particle (SRP)
n eukaryotes. SRP is a cytoplasmic ribonucleoprotein complex
uiding nascent peptide chains and membrane proteins to the
ndoplasmic reticulum. Mammalian SRP is formed by 7SL RNA and
ix proteins (SRP9, SRP14, SRP19, SRP54, and the SRP68/72 het-
rodimer). 7SL RNA is composed of an Alu domain, an S domain,
nd a linker region. 7SL RNA is the structural center of SRP, and
t offers binding sites for the six SRP proteins. Satoh et al. (2005)
ound that autoantibodies against 7SL RNA can be served as novel
erological markers for a subset of polymyositis/dermatomyositis
PM/DM) cases on the basis that autoantibodies against SRP were
etected in patients with PM/DM.

Recently, it is shown that 7SL RNA is an abundant compo-
ent of infectious human immunodeficiency virus type 1 (HIV-1)
Onafuwa-Nuga et al., 2006). Zhang et al. (2010) demonstrated that
he viral ribonucleoprotein (RNP) complex contained 7SL RNA, Gag,
iral genomic RNA, and tRNALys3. 7SL RNA is a key cofactor of the
ntiviral APOBEC3G, which is a cytidine deaminase enzyme upon
ts packaging into multiple retroviruses. APOBEC3G inhibits repli-
ation of HIV-1 in the absence of the viral protein Vif, which is an
3 ubiquitin ligase and can induce the degradation of APOBEC3G.
eduction of 7SL RNA packaging into HIV-1 impaired APOBEC3G
ntiviral function (Wang et al., 2007).

.5. 5S rRNA

5S rRNA is a ∼120 nt RNA existing in almost all eukaryotic ribo-
omes, except ribosomes in mitochondria of some species. 5S rRNA
an form a complex with ribosomal protein L5, which keeps the

tability of RNA-binding partners of L5 in eukaryotes (Ciganda and

illiams, 2011). RNA-binding partners of L5 include pre-tRNAs,
6 RNAs, and 5S rRNA (Wolin and Cedervall, 2002). 5S rRNA-
5 complex can be transported to the nucleus and incorporated
l pol III transcripts including tRNA, MRP  RNA, 7SL RNA, 5S rRNA, Y RNA, vault RNA,
les is discussed in each section of the main text.

into the large ribosomal subunit for ribosomal assembly. Interest-
ingly, Hammond et al. found a plant RNA P5SM, which is similar to
5S rRNA in both sequence and structure. P5SM bound to L5 and
regulated alternative splicing of TFIIIA (transcription factor IIIA)
pre-mRNA (Hammond et al., 2009). TFIIIA not only recognizes pro-
moter sequence of the 5S rRNA gene but also binds to 5S rRNA
for its stabilization in cytosol. Increased TFIIIA expression upreg-
ulated the synthesis of 5S rRNA. The interaction of P5SM, TFIIIA
and the ribosomal protein L5 regulated the expression of 5S rRNA
(Hammond et al., 2009). The discovery of P5SM offers a new insight
into understanding the ribosomal protein–mRNA interaction.

The main role of 5S rRNA is linked with ribosomal proteins.
However, it also interacts with various other protein complexes
in cells. Li and Gu found that 5S rRNA interacted with Mdmx-
associated complexes in human cells. 5S rRNA bound to the RING
domain of Mdmx  (aa 437–490) and blocked Mdmx degradation
by Mdm2.  This finding shows that 5S rRNA acts as a critical reg-
ulator for Mdmx  stability besides its classic role in translation (Li
and Gu, 2011). Both Mdmx  and Mdm2  are crucial negative regula-
tors in the activity of P53 (Wang, 2011). Knockdown of endogenous
5S rRNA induced Mdmx  degradation and subsequently activated
p53-dependent growth arrest (Li and Gu, 2011).

2.6. Y RNA

Y RNAs (about 100 nt) function with Ro60, La, and some other
proteins to form Ro RNPs (Ro ribonucleoprotein particles) in human
cells (Fabini et al., 2001). Y RNAs could regulate the subcellular
distribution of Ro60 with binding to Ro60 also being modulated
during cellular stress (Sim et al., 2009). Ro RNPs are associated
with chromosomal DNA replication and are required for DNA repli-

cation in human cells, although the detailed mechanisms are still
unclear (Christov et al., 2006). Ro RNPs proteins are not required
for the role of Y RNA in chromosomal DNA replication in a human
cell-free system, but Y RNA was  involved in different cellular
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egulatory pathways depending on the associated proteins (Langley
t al., 2010).

Another study showed that human Y RNAs were significantly
verexpressed in human tumors and were required for prolifer-
tion of cancer cell. It suggests that Y RNAs could serve as novel
iomarkers for identification or treatments of cancer (Christov
t al., 2008). miRNA-sized fragments derived from Y RNAs were
ecently identified (miY RNAs), indicating that Y RNAs may  be
icroRNA precursors, and that the biogenesis of the miY  RNAs may

e modulated by Ro60 (Verhagen and Pruijn, 2011).

.7. Vault RNA

Vault RNAs (v RNAs) are about 100 nt RNAs contained in the
ault particles of eukaryotic cells. Vault particles are conserved
rganelles existing in many species. Vaults consist of proteins such
s MVP, vPARP, TEP1, and vRNAs, and have been known to be
elated to multidrug resistance for many years (Scheffer et al.,
995).

Intriguing research from Persson et al. (2009) showed that
uman vRNAs may  have structures resembling microRNA pre-
ursors, and vRNAs could indeed generate small regulatory RNAs
svRNAs). svRNAs are produced in a Drosha-independent and
icer-dependent mechanism that is different from conventional
iRNA pathway. Furthermore, svRNA can also guide sequence-

pecific cleavage to regulate gene expression through a complex
imilar to the RISC. svRNAs use a miRNA-like mechanism to down-
egulate CYP3A4, a significant drug-metabolizing enzyme (Persson
t al., 2009).

.8. H1 RNA

H1 RNA is the RNA subunit of human RNase P, a tRNA process-
ng ribonucleoprotein responsible for generating 5′ end of mature
RNA. H1 RNA is a ribozyme with the endonucleolytic activity in
Nase P (Kikovska et al., 2007).

Some work has shown surprising functions of RNase P as tran-
cription factor for RNA polymerase I and III (Reiner et al., 2006,
008). Targeted cleavage of H1 RNA altered enzyme specificity of
Nase P and caused a significant reduction in transcription of sev-
ral noncoding RNA genes, including 7SL RNA, 5S rRNA, and other
ol III transcripts (Reiner et al., 2006). Furthermore, targeted cleav-
ge of H1 RNA abolished transcription of the rDNA gene by pol I
Reiner et al., 2008).

H1 RNA is imported into mitochondria in a polynucleotide phos-
horylase dependent manner (Wang et al., 2010). Very recently,

t was found that a 20 nt stem-loop sequence from the H1 RNA
s essential for the transporting of H1 RNA into mitochondria and
hat this sequence could be utilized to deliver RNA molecules into

itochondria as a potential treatment for mitochondrial genetic
isorders (Wang et al., 2012).

. Therapeutic implications

As we noted in the discussion above, pol III transcripts are found
o be associated with a wide range of diseases. For example, tRNAs
nd 5S rRNA are associated with carcinogenesis and both 7SL and
SK RNAs have roles in HIV infection. MRP  RNA gene is mutated

n the inherited pleiotropic syndrome cartilage-hair hypoplasia.
hese findings create novel opportunities for disease diagnosis
nd treatment. It has already been proposed that autoantibodies
gainst 7SL RNA could be utilized as diagnostic markers for a subset

f polymyositis/dermatomyositis cases (Satoh et al., 2005). Many
oncoding RNAs, including some of “conventional” pol III tran-
cripts discussed above, are also related to human diseases such
s tumors (Lin et al., 2012).
stry & Cell Biology 44 (2012) 1847– 1851

Strategies such as external guide sequence (EGS), based on
discoveries in pol III transcripts with therapeutic potential, have
already been invented (Yuan and Altman, 1994; Shan, 2010). In EGS
technology, an artificial oligoribonucleotide known as an external
guide sequence can be introduced into cells with various methods,
and this EGS molecule with its sequence complementation to the
specific mRNA target would form a complex resembling to a tRNA
precursor. This complex could then be cleaved by RNase P, which is
an enzyme for generating mature 5′ end for tRNAs. RNase P itself in
eukaryotic cells has a core component of pol III transcript (H1 RNA
in human). EGS molecules have been used successfully as antibac-
terial, anticancer, or antiviral agents in laboratories (Lundblad and
Altman, 2010).

Novel diagnostic and therapeutic methods may  also result from
research surrounding pol III noncoding RNAs, as compared to
those based on understanding protein–protein interaction net-
works, although a long road lies ahead of bringing these into reality.
One major concern among other hurdles in front of the coming
new treatments is targeting the unconventional roles of pol III tran-
scripts while maintaining their house-keeping roles.

In summary, researchers have just started to recognize the exis-
tence of unconventional functions of many pol III transcripts. Now,
these molecules could be viewed as regulatory elements in cells.
As shown in Fig. 2, these noncoding RNAs, all transcribed by pol
III, assemble a regulatory network with analogy to signaling path-
ways in eukaryotic cells. Such novel roles for pol III transcripts may
also provide therapeutic implications and opportunities. We  also
need to rethink about how the expression of these pol III tran-
scripts is regulated, as one would expect that the expression of
any molecule with a regulatory or signaling role would be under
careful control. Furthermore, genomic regions of some pol III tran-
scripts such as 5S rRNA and sets of tRNAs are organized as repeats.
Therefore, more studies are needed to investigate transcriptional
regulation and genomic stability in these regions. Based on these
novel mechanistic insights, with the assistance of new technologies
in molecule biology such as RNA interference (Shan, 2010), it is sure
that more unconventional roles of so-called “house keeping” pol III
transcripts will be uncovered as part of the fast-moving research
field of ncRNAs.

Signaling network facts

• Some “house-keeping” pol III transcripts have regulatory roles in
cells.

• pol III transcripts could serve as “signals” in normal cells or cells
in diseases.

• All these novel roles of pol III transcripts may also provide ther-
apeutic implications or opportunities.
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