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Gene transcription in the cell nucleus is a complex and
highly regulated process. Transcription in eukaryotes
requires three distinct RNA polymerases, each of which
employs its own mechanisms for initiation, elongation,
and termination. Termination mechanisms vary consid-
erably, ranging from relatively simple to exceptionally
complex. In this review, we describe the present state of
knowledge on how each of the three RNA polymerases
terminates and how mechanisms are conserved, or vary,
from yeast to human.

Transcription in eukaryotes is performed by three RNA
polymerases, which are functionally and structurally
related (Cramer et al. 2008). RNA polymerase II (RNAPII)
is responsible for transcription of protein-coding genes
and many noncoding RNAs, including spliceosomal
small nuclear RNAs (snRNAs), small nucleolar RNAs
(snoRNAs), microRNA (miRNA) precursors, and cryptic
unstable transcripts (CUTs). RNA polymerase I (RNAPI)
transcribes the abundant ribosomal RNAs (rRNAs), and
RNA polymerase III (RNAPII) transcribes noncoding
RNAs such as transfer RNAs (tRNAs), 5S rRNA, and
U6 spliceosomal snRNA. Transcription consists of three
main steps: initiation, elongation, and termination, all
of which are highly controlled and involve a large number
of specific factors. While initiation and elongation
have been well studied (Sims et al. 2004), termination
was until recently an obscure mechanism, especially for
RNAPII transcription. Termination is crucial for the
release of RNAP from its template, and is important
not only to avoid interference with transcription of
downstream genes (Greger et al. 2000), but also to ensure
that a pool of RNAPs is available for reinitiation or
new transcription. Termination can also prevent forma-
tion of antisense RNAs that can interfere with normal
pre-RNA production, thereby preventing aberrant gene
expression.

Termination by RNAPII does not occur at a conserved
site or constant distance from the 3’-end of mature RNAs.
In mammals, termination can occur anywhere from a
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few base pairs to several kilobases downstream from the
3’-end of the mature RNA (Proudfoot 1989). RNAPI
transcription termination is coupled to 3'-end processing
of the pre-mRNA (Birse et al. 1998; Hirose and Manley
2000; Yonaha and Proudfoot 2000; Proudfoot 2004;
Buratowski 2005), and an intact polyadenylation signal
has long been known to be necessary for transcription
termination of protein-coding genes in human and yeast
cells (Whitelaw and Proudfoot 1986; Logan et al. 1987;
Connelly and Manley 1988).

RNAPIII and RNAPI termination appear simpler than
RNAPI termination. RNAPIII terminates transcription
at T-rich sequences located a short distance from the
mature RNA 3’-end and seems to involve at most a
limited number of auxiliary factors (Cozzarelli et al.
1983). RNAPI terminates at a major terminator located
downstream from the rRNA precursor sequence and
requires terminator recognition by specific protein fac-
tors (Kuhn and Grummt 1989; Lang and Reeder 1995).
Recent studies, though, suggest that additional complex-
ities are involved (El Hage et al. 2008; Kawauchi et al.
2008).

The three transcription machineries use different strat-
egies for transcription termination, although they share
common features (Cramer et al. 2008; Gilmour and Fan
2008). This review describes advances in our understand-
ing of transcription termination of all three RNAPs,
particularly in human and in yeast, where transcription
termination mechanisms are somewhat better character-
ized. We refer the reader to several excellent recent
reviews that have dealt with aspects of transcription
termination (Rosonina et al. 2006; Lykke-Andersen and
Jensen 2007; Gilmour and Fan 2008; Rondon et al. 2008).
We begin with the most complex, RNAPII termination.

Termination by RNAPII

3'-End processing machinery

Given the importance of mRNA 3’-end formation in
transcription termination, we begin with a brief descrip-
tion of the 3’-end processing reaction and the factors in-
volved. 3'-End processing is an essential step in the
maturation of all mRNAs and is coupled to transcription
and splicing, as well as termination (Hirose and Manley 2000;
Proudfoot et al. 2002; Buratowski 2005). The mammalian

GENES & DEVELOPMENT 23:1247-1269 © 2009 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/09; www.genesdev.org 1247



Richard and Manley

pre-mRNA 3’-end processing machinery contains more
than 14 proteins giving rise to a 1-MDa complex (for
review, see Colgan and Manley 1997; Zhao et al. 1999;
Mandel et al. 2008; see also Shi et al. 2009).

In mammals, cleavage and polyadenylation occur
~10-30 nucleotides (nt) downstream from a conserved
hexanucleotide, AAUAAA, and ~30 nt upstream of a less
conserved U- or GU-rich region. The AAUAAA signal is
recognized by the cleavage and polyadenylation specific-
ity factor (CPSF), which contains five subunits: CPSF-30,
CPSF-73, CPSF-100, CPSF-160, and Fipl. Cleavage stim-
ulation factor (CstF) contains three subunits—CstF-50,
CstF-77, and CstF-64—the latter of which directly recog-
nizes the U/GU-rich element. The endonucleolytic cleav-
age that precedes polyadenylation is carried out by
CPSF-73 (Ryan et al. 2004; Mandel et al. 2006). CPSF-73
contains a metallo-B-lactamase domain and is a member
of the B-CASP protein superfamily (Callebaut et al. 2002).
CPSF-73 is also likely responsible for cleavage of non-
polyadenylated histone pre-mRNAs (Marzluff et al. 2008;
Yang et al. 2009). CPSF-100 also belongs to the B3-CASP
superfamily (Callebaut et al. 2002) but lacks certain key
catalytic residues and plays an unknown role in 3'-end
cleavage. However, mutations affecting the metallo-
B-lactamase domain of both CPSF-73 and CPSF-100
impair the endonucleolytic cleavage of histone mRNA
precursors (Kolev et al. 2008). CPSF-160, which directly
recognizes AAUAAA, binds CPSF-100, CstF-77, poly(A)
polymerase (PAP), and Fipl (Murthy and Manley
1995; Kaufmann et al. 2004). In addition, the cleavage
complex contains CFI (cleavage factor I), a dimeric pro-
tein implicated in the regulation of poly(A) site selec-
tion (Ruegsegger et al. 1998; Brown and Gilmartin 2003;
Venkataraman et al. 2005), and CFII, containing Pcf11 and
Clpl. Clpl, which interacts with the CFI and CPSF
complexes (de Vries et al. 2000), also possesses an RNA
kinase activity (Weitzer and Martinez 2007), although the
significance of this to 3'-end formation is unknown.
Another protein, symplekin, is also part of the 3’-end
processing complex and appears to function as a scaffold
(Takagaki and Manley 2000). PABP [poly(A)-binding pro-
tein] protects the pre-mRNA from exonuclease degrada-
tion by binding the poly(A) tail and is required for correct
and efficient poly(A) tail synthesis (Minvielle-Sebastia
et al. 1997).

Several factors help link 3’'-end processing to transcrip-
tion. For example, the C-terminal domain (CTD) of the
RNAPII largest subunit also plays an important role in
3’-end processing, likely by mediating interactions with
3’-end processing factors (McCracken et al. 1997; Hirose
and Manley 1998; Barilla et al. 2001; Fong and Bentley
2001). The Pafl complex (Pafl1C), which was first identi-
fied in yeast as an elongation factor and plays a role in
transcription-associated chromatin modification (Krogan
et al. 2002; Squazzo et al. 2002; Simic et al. 2003; Mueller
et al. 2004; Rozenblatt-Rosen et al. 2005), has been shown
to be involved in mRNA 3’-end formation (Penheiter
et al. 2005; Rosonina and Manley 2005) by interacting
with CPSF, CstF, and symplekin (Nordick et al. 2008;
Rozenblatt-Rosen et al. 2009). It is notable that one Paf1C
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subunit, Cdc73 or parafibromin, has been identified as
a tumor suppressor protein, and the Pafl protein is over-
expressed in many cancers (Chaudhary et al. 2007).

In yeast, noncanonical nuclear PAPs, Trf4/5 (Haracska
et al. 2005; Egecioglu et al. 2006; Houseley and Tollervey
2006), function in a nuclear RNA surveillance pathway
as part of the TRAMP (Trf-Air-Mtr4 polyadenylation)
complex, which activates degradation by the exosome of
a variety of aberrant nuclear precursors of many types of
RNAs after addition of a poly(A) tail (LaCava et al. 2005).
Although not well studied, this RNA surveillance function
is likely conserved in humans since homologs of the
TRAMP and exosome complexes are present in mammals.

CTD of the RNAPII large subunit

At least in mammals, the CTD plays an important role in
3’-end processing as first determined by experiments
examining the effects on processing of CTD deletions in
transfected cells (McCracken et al. 1997) and the re-
quirement of the CTD for efficient 3’ cleavage in vitro
(Hirose and Manley 1998). The CTD of RNAPII is flexibly
linked to the core enzyme and consists of heptapeptide
repeats (25 or 26 repeats in yeast, 52 in mammals) with
the consensus sequence Tyrl-Ser2-Pro3-Thr4-Ser5-
Pro6-Ser7 (YSPTSPS). The CTD displays different
phosphorylation patterns during the transcription cycle
(Phatnani and Greenleaf 2006; Egloff and Murphy
2008). RNAPII is recruited to the promoter in an unphos-
phorylated form (RNAPIIA) that becomes extensively
phosphorylated during transcription (RNAPIIO). Phos-
phorylation of Ser5 by the cyclin-dependant kinase
CDK7, a subunit of the general transcription factor
TFIIH, occurs at the initiation step of transcription to
facilitate promoter release and recruitment of capping
factors (Komarnitsky et al. 2000; Schroeder et al. 2000)
and the methyltransferase Setl that is responsible for
trimethylation of Lys4 on histone 3 (H3-K4) (Hampsey
and Reinberg 2003). Phosphorylation of Ser2 by the
positive transcription elongation factor P-TEFb, compris-
ing the kinase CDK9 (Ctkl1 in yeast) and cyclin T, occurs
after initiation. Ser2 phosphorylated CTD helps to recruit
and/or stabilize polyadenylation factors, thereby facili-
tating coupling of transcription and mRNA 3’-end for-
mation. For instance, in yeast, Ser2 phosphorylation of
the CTD potentiates interaction with the essential poly-
adenylation factor Pcf11 (de Vries et al. 2000; Barilla et al.
2001; Licatalosi et al. 2002; Ahn et al. 2004). The H3-K36
methyltransferase Set2 binds elongating RNAPII, recog-
nizing the doubly phosphorylated CTD (Ser5/Ser2)
(Hampsey and Reinberg 2003; Kizer et al. 2005). Interest-
ingly, a genomic analysis employing tilling arrays in
mammalian cells showed that H3-K36 methylation often
decreases near the poly(A) site during or prior to RNAPII
release, leading to the intriguing possibility that H3-K36
methylation plays a role in transcription termination
(Lian et al. 2008).

Differential CTD phosphorylation patterns through-
out genes appear to coordinate the different steps of
transcription, and dephosphorylation also contributes to



this. For example, Fepl dephosphorylates Ser2 preferen-
tially while Ssu72 (SCP1 in humans), which is a compo-
nent of the yeast 3’-end machinery, dephosphorylates
Ser5 (Meinhart et al. 2005). Dephosphorylation of Ser2
is also critical for RNAPII recycling (Cho et al. 1999).
Both unphosphorylated and Ser2 phosphorylated CTD
accumulate near transcription termination sites, suggest-
ing that CTD dephosphorylation occurs during or prior
to RNAPII release (Lian et al. 2008). Chromatin im-
munoprecipitation (ChIP) experiments localized Ssu72
predominantly to the 3’-ends of genes (Nedea et al. 2003),
but it was also detected at promoter regions (Ansari and
Hampsey 2005). Ssu72 might then be involved in cou-
pling transcription termination and reinitiation via gene
looping (see below).

For many years, Ser2 was considered the major site of
phosphorylation on the CTD at the 3'-ends of genes
(Komarnitsky et al. 2000; Cho et al. 2001). However, it
was recently demonstrated that mammalian RNAPII can
also be phosphorylated at Ser7 of the CTD (Chapman
et al. 2007; Egloff et al. 2007). High levels of Ser7
phosphorylation were detected at promoter regions of
protein-coding genes, with increasing levels toward the
3'-region (Chapman et al. 2007), as well as at spliceoso-
mal snRNAs genes (Egloff et al. 2007). The role played
by CTD phosphorylated at Ser7 in transcription, and
whether this modification occurs in yeast, remains to
be elucidated; however, association with the 3’-end of
protein-coding genes (Chapman et al. 2007) may suggest
a role in 3’-end processing and/or termination.

CTD phosphorylation seems to modify CTD function
by orchestrating the recruitment of specific factors. It is
an intriguing possibility that changes in CTD phosphor-
ylation contribute to termination.

Transcription termination of protein-coding genes

Allosteric/anti-terminator or torpedo: a unified model
for transcription termination

Two models were proposed more than 20 years ago to
explain the role of 3'-end processing in RNAPII transcrip-
tion termination (Logan et al. 1987; Connelly and Manley
1988; for review, see Proudfoot 2004; Buratowski 2005;
Rosonina et al. 2006). The first model, known as the
allosteric or anti-terminator model, proposes that tran-
scription through the poly(A) site leads to conformational
changes of the elongation complex (EC) by dissociation of
elongation factors and/or association of termination
factors (Logan et al. 1987). The second model, the torpedo
model, is based on the observed rapid degradation of the
3’ RNA after cleavage at the poly(A) site. Cleavage creates
an entry site for a 5'-3’ exonuclease at the uncapped 5'-
monophosphate, which degrades the RNA and, according
to this model, in some way promotes RNAPII release
upon “catching up” with RNAPII (Connelly and Manley
1988). However, as we shall see an emerging view is that
the termination mechanism more likely reflects a combi-
nation of both models (Fig. 1; Luo et al. 2006; Kaneko
et al. 2007; West et al. 2008).

Transcription termination

Rat1/Xrn2: the transcription termination torpedo

The torpedo model is strongly supported by studies that
demonstrated a role for the yeast 5'-3’ exonuclease Ratl
and its human homolog, Xrn2, in RNAPII termination
(Kim et al. 2004b; West et al. 2004). In both cases,
inactivation of the exonuclease resulted in defects in
termination, as measured by ChIP and/or nuclear run-on
experiments, both methods measuring RNAPII density
throughout transcribed genes. Ratl and its cofactor Rail
(see Xiang et al. 2009) are strongly associated with the
3’-end of genes, although in a manner independent of Ser2
CTD phosphorylation since a deletion of CTK1 does not
affect their association (Kim et al. 2004b). Recruitment of
Ratl is more likely indirect, through 3’-end processing
factors. Rtt103 is a Ser2 phosphorylated CTD-binding
protein that cross-links to the 3’-ends of genes in ChIP
experiments, and copurifies with Ratl and other subunits
of the cleavage/polyadenylation complex (Kim et al.
2004b). The Caenorhabditis elegans homolog of Rtt103,
CIDS-1, was recently identified in a genome-wide RNAi
screen for factors involved in termination, and deletion of
cids-1 resulted in reduced 3’-end cleavage, supporting the
connection between cleavage and termination (Cui et al.
2008). Additionally, Ratl recruitment to the 3'-end of
a protein-coding gene was reduced by Pcfl1 inactivation.
Similarly Ratl is required for the recruitment of Pcfll
and Rnal5, the yeast CstF-64 equivalent, to the 3'-end of
genes (Luo et al. 2006). These data suggest that Ratl is
important for the efficient recruitment of 3'-end process-
ing factors and/or vice versa. However, depletion of Ratl
does not affect cleavage at the poly(A) site (Kim et al.
2004Db).

Ratl activity is likely not sufficient to bring about RNA
and RNAPII release from the template. Depletion of Ratl
inhibits but does not abolish termination (Kim et al.
2004b), and digestion of RNAPII-associated RNA is not
sufficient to disassemble the EC in vitro (Gu et al. 1996;
Kireeva et al. 2000). Consistent with this, the abundant
and mostly cytoplasmic exonuclease Xrnl, which is
similar to Ratl, is able to complement the exonuclease
activity of a Ratl-deficient strain when targeted to the
nucleus, but unable to complement the termination
defect (Luo et al. 2006). Moreover, a defect in termination
in a RAT1 mutant strain (Kim et al. 2006) is not associated
with stabilization of the 3’ downstream product, pro-
viding evidence that degradation of the nascent 3’ prod-
uct is not sufficient to promote termination (Luo et al.
2006).

The above results suggest that another activity, perhaps
associated with Ratl, is required to efficiently dismantle
the EC. Indeed, Kawauchi et al. (2008) provided evidence
that Senl, an RNA/DNA-dependant ATPase and a mem-
ber of the superfamily I of RNA/DNA helicases (Kim
et al. 1999), cooperates with Ratl to promote efficient
RNAPII termination at two protein-coding genes. They
suggested that Senl might expose the downstream RNA
product generated after cleavage to facilitate its degrada-
tion by Ratl. Another possibility is that it could function
at the site of termination to help disrupt the ternary
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Figure 1. Mammalian RNAPII termination at protein-coding genes. Poly(A) site recognition leads to changes in the EC. Some factors
associated with RNAPII through elongation that may function as anti-terminators are released (Paf1C, PC4) upon passage through the
poly(A) site. At the same time, other factors, such as Xrn2, are recruited to the EC. After cleavage, Xrn2, most likely recruited by
p54nrb/PSF, degrades the downstream RNA, “catches up” with RNAPII, and, perhaps with the aid of the helicase SETX, terminates
transcription by releasing RNAPII from the template DNA. Involvement of chromatin remodeling factors and pausing sequences and
factors are depicted. The RNAPII subunits Rpb3 and Rpbl1 are also shown to play a role in termination by perhaps transducing
a “termination signal.” The possible involvement of SR proteins in termination is also indicated.

complex. Furthermore, even though Senl was previously
detected at snoRNAs genes (Kim et al. 2006), read-
through at noncoding and some coding genes in a SEN1
mutant strain supports Senl involvement in termination
of both class of RNAs (Steinmetz et al. 2006b). Senl is
a large, low-abundance nuclear protein that interacts
with the CTD (Ursic et al. 2004) and is implicated in
processing of a variety of noncoding RNAs (Winey and
Culbertson 1988; Ursic et al. 1995).

Senataxin (SETX) is the putative human homolog of
Senl and possesses a conserved helicase domain (Moreira
et al. 2004). Interestingly, mutations in SETX lead to two
neurological disorders, an autosomal dominant form,
ALS4 (amyotrophic lateral sclerosis type 4) (Blair et al.
2000), and an autosomal recessive form, AOA2 (ataxia-
oculomotor apraxia type 2) (Moreira et al. 2004; Chen
et al. 2006). Although the only characterized role of SETX
in humans is its involvement in DNA damage repair
(Suraweera et al. 2007), it will be interesting to determine
whether SETX also functions in transcription termina-
tion, particularly in neurons.

The Ratl homolog in humans is Xrn2, and its function
in termination appears to be conserved. West et al. (2004),
using siRNA-mediated knockdown, provided evidence
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that Xrn2 degrades the downstream 3’ RNA of the
B-globin transcript and promotes termination. However,
the effect of Xrn2 on B-globin pre-mRNA termination is
specific to a cotranscriptional cleavage (CoTC) activity
and not to the poly(A) site. Indeed, the B-globin gene
contains a specific CoTC element, ~1 kb downstream
from the poly(A) site, that is required for termination
(Dye and Proudfoot 1999, 2001). The CoTC sequence
undergoes a rapid cleavage event that exposes a free 5’
monophosphorylated downstream RNA that serves as
a substrate for Xrn2 (Teixeira et al. 2004; West et al. 2004).
It is important to note that CoTC appears to be a specific
termination signal for some globin genes (it is also found
in the e-globin 3’ flanking region) (Dye and Proudfoot
2001) that has not yet been identified in other genes. In
most genes, which lack CoTC, cleavage at the poly(A) site
generates the entry site for Xrn2.

Like Ratl, Xrn2 interacts with processing factors that
might facilitate its recruitment to the 3’-ends of genes.
Kaneko et al. (2007) showed that Xrn2 interacts with
CstF-64 and p54nrb/PSF (protein-associated splicing fac-
tor). p54nrb and PSF are related multifunctional proteins
that are involved in transcription, splicing, and polyade-
nylation (Rosonina et al. 2005; Liang and Lutz 2006). ChIP



experiments revealed that, while p54nrb/PSF, cross-
linked along the length of the B-actin gene, Xrn2
cross-linked primarily downstream from the poly(A] site,
a result consistent with Ratl localization along yeast
genes (Kim et al. 2004b; Luo et al. 2006). In vitro cleavage
assays demonstrated that while Xrn2 and p54nrb/PSF are
required for degradation of the 3’ cleavage product, they
are not necessary for cleavage itself (Kaneko et al. 2007).
Coupling of Xrn2 to 3’ processing, however, was shown to
stimulate exonuclease activity in the nuclear extract.
These experiments, together with the observation that
knockdown of p54nrb interferes with Xrn2 recruitment
and termination, suggest that Xrn2 is recruited to the
cleavage/polyadenylation machinery via p54nrb/PSF.
The involvement of p54nrb/PSF in termination was
recently confirmed in a genome-wide RNAi screen in
C. elegans (Cui et al. 2008).

Evidence supporting the hybrid model of termination
came from recent experiments that separated pre-mRNA
associated with the DNA template from the released
RNA. West et al. (2008) provided evidence that poly(A)
site cleavage can occur while RNAPII is still bound to the
template, and that Xrn2-mediated degradation of the
RNAPII-associated downstream RNA precedes RNAPII
release from the template. Alternatively, cleavage at the
CoTC site in the terminator region of the 8-globin gene
allows Xrn2 entry and leads to RNAPII release before
cleavage at the poly(A) site. However, in both cases,
poly(A) site recognition, which occurs rapidly, is essential
for termination. These data reinforce the idea that
transcription termination is a combination of both the
allosteric and torpedo models (Fig. 1).

Pausing the polymerase: another factor in RNAPII
termination

ChIP analysis of human genes frequently shows a high
density of RNAPII at promoter regions that decreases
throughout the gene body and increases downstream
from the poly(A) site (Glover-Cutter et al. 2008). This
increased RNAPII density at the 3'-end may reflect
pausing of RNAPII that precedes termination. Indeed,
transcription pause sites located downstream from
poly(A) sites appear to play a role in RNAPII 3’-end
processing and termination, at least in mammalian genes,
such as a-globin and vy-globin genes (Enriquez-Harris
et al. 1991; Plant et al. 2005). A G-rich sequence (MAZ
element: GsAG;) was identified downstream from the
poly(A) site of the liver-specific C2 complement gene
(Ashfield et al. 1994; Yonaha and Proudfoot 1999, 2000).
This sequence is a potential binding site for the transcrip-
tion factor MAZ and promotes poly(A)-dependant termi-
nation. Indeed, siRNA-mediated depletion of Xrn2
decreased MAZ-dependent termination efficiency (Gro-
mak et al. 2006). Additionally, Gromak et al. (2006)
described another G-rich region downstream from the
B-actin poly(A) site that acts as a pause site-mediated
terminator. Interestingly, the strength of the poly(A) site
correlates with efficient pausing-dependent termination
(Plant et al. 2005; Gromak et al. 2006).

Transcription termination

Other cis-acting protein-binding sites have been shown
to function in termination. It has been suggested that the
poly(A) signal itself can direct RNAPII pausing. The
AAUAAA-dependent pausing is mediated by CPSF but
does not require the CTD and any other downstream
pausing elements (Orozco et al. 2002; Park et al. 2004;
Nag et al. 2006, 2007). Another sequence, a CCAAT-box
in the adenovirus late promoter is necessary for termina-
tion of the upstream gene (Connelly and Manley 1989).
West et al. (2006b) showed that multiple termination
sequence elements in the mouse serum albumin (MSA)
3’-flanking region promote termination. Many MSA tran-
scripts appear to be cleaved cotranscriptionally and,
interestingly, seem to be adenylated and processed by
the TRAMP/exosome complex (West et al. 2006a,b).
Whether these sequence elements are implicated in
RNAPII pausing remains to be elucidated. Pausing also
plays a role in RNAPI and RNAPII termination (see
below), making it a general feature of the termination
process. However, whether or not it is required at every
gene remains unclear.

Trans-acting factor dynamics at the poly(A) site affect
transcription termination

Transcription termination of protein-coding genes re-
quires recognition of the polyadenylation signal. This
provides a signal for binding many factors involved in
3’-end formation, which in turn renders RNAPII compe-
tent for termination (Whitelaw and Proudfoot 1986;
Logan et al. 1987; Connelly and Manley 1988; Birse
et al. 1997; West et al. 2008). In yeast, mutations and
conditional depletion of factors involved in pre-mRNA
cleavage and polyadenylation, including homologs of
CstF-64 (Rnal5), CstF-77 (Rnal4), Pcfll, CPSF160
(Yhh1), CPSF-73 (Yshl), and Ssu72, result in read-through
at the 3'-end of protein-coding genes (Birse et al. 1998;
Dichtl et al. 2002; Steinmetz and Brow 2003; Garas et al.
2008). Accordingly, ChIP assays suggest that 3’-end
processing factors, including Pcfl1, Rnal4, and Rnal5,
become associated with the RNAPII EC at the poly(A)
site, in a Ser2 phosphorylated CTD-dependant manner
(Ahn et al. 2004; Kim et al. 2004a; Luo et al. 2006). Other
components of the yeast polyadenylation machinery,
including homologs of CPSF-100, CPSF-30, and symple-
kin, are also associated with the 3’-ends of protein-coding
genes (Kim et al. 2004a). ChIP analysis in human cells
also revealed the association of components of the 3'-end
processing complex, including CPSF-73 and CstF-64 at
the 3’-end of genes (Swinburne et al. 2006; Glover-Cutter
et al. 2008). Interestingly, mutations in RNAPII subunits
Rbp3 and Rpbl1 induce read-through at an mRNA and
snoRNA terminator, leading Steinmetz et al. (2006a) to
propose that a “termination signal” is transduced through
the Rpb3/Rpb11 heterodimer. An intriguing possibility is
that the “termination signal” involves interactions with
3’-end processing factors (Fig. 1).

While some 3'-end processing factors and RNAPII itself
behave as termination factors, other proteins function as
anti-terminators. In ChIP experiments, factors such as
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the Paf1C and the TREX/THO complex, which functions
in mRNP biogenesis and maintenance of genome in-
tegrity (Garcia-Rubio et al. 2008), cross-link throughout
genes, but their levels are reduced on passage through the
poly(A) site, suggesting they are released from the EC
(Ahn et al. 2004; Kim et al. 2004a). Dissociation of
a CstF64-interacting protein, the transcriptional coacti-
vator PC4 (human homolog of Subl), at the poly(A] site
renders RNAPII competent for termination, and genetic
evidence in yeast suggests that Subl/PC4 has an evolu-
tionarily conserved anti-terminator activity (Calvo and
Manley 2001). The yeast mRNA-binding protein Npl3 is
thought to compete for mRNA binding with cleavage
and polyadenylation factors, thereby preventing termina-
tion until transcription of the poly(A) site (Bucheli and
Buratowski 2005; Bucheli et al. 2007). It is intriguing to
note that Npl3, like p54nrb/PSF, plays multiple functions
in pre-mRNA metabolism (Dermody et al. 2008; Kress
et al. 2008), and all three contain related RNP-type RNA-
binding domains.

Pcfl1 activity may be particularly important for tran-
scription termination. Pcfl1 interacts with nascent RNA,
contains a conserved CTD-interacting domain (CID), and
mutations or depletion of Pcfl1 cause defects in cleavage
and termination (Licatalosi et al. 2002; Sadowski et al.
2003; Meinhart and Cramer 2004; Zhang et al. 2005).
Using purified yeast RNAPII ECs, Zhang et al. (2005)
showed that the CID of Pcfll bridges the CTD to pre-
mRNA, and can dismantle the EC in vitro, although this
activity is independent of its activity in cleavage, and its
physiological significance is unclear (Sadowski et al.
2003; Zhang et al. 2005). In Drosophila, depletion of
Pcfl1 causes transcriptional read-through, and Drosoph-
ila Pcfll can also dismantle the EC in vitro (Zhang and
Gilmour 2006). Zhang et al. (2007) also provided evidence
that Pcfl1 causes premature termination of an HIV pro-
virus by limiting RNAPII processivity. However, in yeast,
Pcfl1l mutants defective in cleavage also showed tran-
scriptional read-through of the ADHI and PMA1 genes
(Kim et al. 2006). In contrast to the previous experiments,
this result argues that Pcfll function in cleavage is
necessary for efficient termination. Furthermore, deple-
tion of Pcfll in human cells by siRNA reduced the
efficiency of RNAPII termination and stabilized the
3’'-product of pre-mRNA cleavage, suggesting a role of
Pcfl1 in degradation of the 3' RNA (West and Proudfoot
2008). These experiments together suggest that Pcfll
may also facilitate Xrn2-mediated degradation of the
downstream RNA and efficient transcription termina-
tion, but the mechanism remains unclear.

Many factors involved in 3'-end formation and termi-
nation also associate with promoter regions (Calvo and
Manley 2003). This has been observed in yeast (Bentley
2002; Calvo and Manley 2003; He et al. 2003) and hu-
mans (Dantonel et al. 1997; Venkataraman et al. 2005;
Swinburne et al. 2006; Zhang et al. 2007; Glover-Cutter
et al. 2008; Rozenblatt-Rosen et al. 2009), and suggests
a cooperation between the transcription initiation and 3’'-
end processing/termination machineries. One scenario is
that this facilitates recruitment of polyadenylation fac-
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tors to active genes, and that these factors travel with the
EC during transcription (e.g., Dantonel et al. 1997).
Alternatively, studies in yeast suggest that gene looping
brings promoter and terminator regions together during
early stages of transcription, facilitating RNAPII reinitia-
tion (O’Sullivan et al. 2004; Ansari and Hampsey 2005;
Singh and Hampsey 2007). Moreover, these studies
showed that gene looping is dependent on components
of the cleavage/polyadenylation machinery and the gen-
eral transcription factor TFIIB. In mammals, gene looping
has been proposed to regulate transcription of the human
BRCA1 gene (Tan-Wong et al. 2008). Additionally, Perkins
et al. (2008) showed the existence of gene looping at an
integrated HIV-1 provirus, which required a functional
poly(A) signal.

Cooperation between the splicing machinery and ter-
mination might also take place. An intriguing study in C.
elegans showed that an SR protein, SRp20, is implicated
in mRNA transcription termination. Cui et al. (2008)
propose that SRp20 functions either in degradation of the
cleaved 3'-product or release of RNAPII from the tem-
plate. ChIP assays combined with high-density micro-
arrays showed that the splicing factor polypyrimidine
tract-binding protein (PTB) is found at the 3’-ends of
many genes and in some cases many kilobases past the
mature 3'-end of the mRNA (Swinburne et al. 2006).
However, PTB, a splicing repressor, is a multifunctional
protein that also functions, for example, in 3’-end forma-
tion (e.g., Moreira et al. 1998). Thus, further experiments
will be needed to confirm the role of PTB, and SRp20, in
termination, and whether this, in fact, reflects a link with
splicing. Notably, West and Proudfoot (2009) showed
that termination enhances gene expression by promoting
more efficient preemRNA processing, including post-
transcriptional splicing.

Histone mRNA termination

In contrast to plant and yeast histone mRNAs, mamma-
lian histone proteins are encoded by mRNAs that do not
possess a poly(A) tail at their 3’-end, but rather a stem-
loop structure (Marzluff et al. 2008). The 3’-ends of
histone mRNAs are generated by endonucleolytic cleav-
age 3’ to a dinucleotide CA, positioned downstream from
a conserved stem-loop and upstream of a purine-rich his-
tone downstream element (HDE), which is recognized by
base-pairing with the 5’-end of the U7 snRNA (Schaufele
et al. 1986; Bond et al. 1991; for review, see Dominski and
Marzluff 2007). Interestingly, like polyadenylated
mRNAs, cleavage is most likely performed by CPSF-73
(Dominski et al. 2005a; Yang et al. 2009). The ends of
mature histone mRNAs consist of a stem-loop followed
by a short single-strand tail. The stem-loop structure is
bound by SLBP (stem-loop-binding protein) (also called
HBF [hairpin-binding factor]), which helps recruitment of
U7 snRNP. A zinc finger protein (ZFP100) bridges SLPB
and Lsmll, a component of the U7-snRNP (Dominski
et al. 2002; Pillai et al. 2003). In addition to these, another
factor is required for histone pre-mRNA processing.
Kolev and Steitz (2005) isolated a Heat-Labile Factor



(HLF), which is required for histone pre-mRNA cleavage
and remarkably was found to contain polyadenylation
factors, including symplekin. As suggested for polyade-
nylated RNAs (Takagaki and Manley 2000), symplekin
appears to be a scaffold protein that brings the seven other
subunits of HLF, which include all CPSF subunits, CstF77
and CstF64, to the 3’-end of histone pre-mRNA.

Histone transcription continues for at least a few hun-
dred nucleotides past the 3’-end of the mRNA (Chodchoy
et al. 1987, 1991). The terminator of one mouse histone
gene consists of a GC-rich region located ~600 base
pairs (bp) downstream from the mature 3’-end RNA
(Chodchoy et al. 1991). Termination of histone gene
transcription is, like other protein-coding genes, depen-
dent on 3’-end processing. Indeed, deletion of the stem-—
loop or HDE results in transcription termination read-
through (Chodchoy et al. 1991; Gu and Marzluff 1996).
However, in vitro and in vivo experiments suggested that
cleavage of histone mRNA precursors is not necessary for
termination (Chodchoy et al. 1991; Gu and Marzluff
1996).

It is also likely that histone mRNA termination
requires a 5'-3’ exonuclease. UV irradiation of a histone
mRNA precursor containing a unique radiolabeled nu-
cleotide at the cleavage site incubated in HeLa cell
extract, revealed a cross-link with CPSF-73 in an HDE-
and U7 snRNA-dependent manner. CPSF-73 also cross-
linked to the 5’-end of the downstream cleavage product
(DCP) (Dominski et al. 2005a). Recently, Yang et al. (2009)
provided evidence that the DCP generated during 3’-end
processing of histone pre-mRNAs is degraded 5’ to 3’ by
a U7-dependent exonuclease activity. They proposed that
CPSF-73, rather than Xrn2, is the 5'-3’ exonuclease that
degrades the DCP, possibly implicating CPSF-73 in ter-
mination of histone pre-mRNAs. However, some data
show that the degradation of the DCP can be uncoupled
from cleavage (Walther et al. 1998; Dominski et al.
2005a), and no direct evidence that CPSF-73 possesses
exonuclease activity has yet been presented.

Termination of mRNA transcription is a remarkably
complex process involving not only many 3’-end process-
ing factors but also elongation factors, possibly splicing
factors, an exonuclease, and perhaps a helicase. Cis-
acting sequences, including the AAUAAA sequence,
pause sites, and histone 3’ processing signals are also
crucial elements of transcription termination. Even if the
mechanism of termination of protein-coding genes is
better understood now than it was a few years ago, many
aspects remain to be elucidated. Why do some genes
terminate closer to the poly(A) site than the others? How
often do promoter/enhancer elements of downstream
genes contribute to termination? Are the downstream
genes important elements in the choice of a termination
site? Ratl/Xrn2 function is important for termination
but apparently not essential. Indeed, some data suggest
that endonucleolytic cleavage at the poly(A) site is not
a prerequisite for transcription termination (Osheim et al.
1999, 2002; Zhang et al. 2005). Is it then possible that
the mechanism of transcription termination can vary
among genes? This is perhaps not surprising, given prec-
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edents from prokaryotes, such as rho-independent and
rho-dependent mechanisms of termination (Nudler and
Gottesman 2002). Although many elements and protein
factors important for termination have been discovered
recently, it remains difficult to draw a detailed common
picture of RNAPII termination.

Termination of short RNAPII transcripts

Spliceosomal snRNAs

Mammalian RNAPII-transcribed spliceosomal snRNAs
(U1, U2, U4, and U5) are intronless and nonpolyadeny-
lated noncoding RNAs. Formation of their 3’'-ends
depends on specific snRNA promoters but does not
require a poly(A) site or HDE, like histone mRNAs, but
rather a 3'-box element located 9-19 nt downstream from
the mature 3’-end of snRNAs (de Vegvar et al. 1986;
Hernandez and Weiner 1986). The 3’-box is important for
proper transcription of snRNAs and was shown to be
required for 3’-end processing of Ul and U2 snRNAs
(Cuello et al. 1999). After endonucleolytic cleavage
downstream from the 3’-box, snRNAs carry an extended
3’-end that is trimmed after their export to the cytoplasm
(for review, see Egloff et al. 2008).

Like protein-coding genes, the RNAPII CTD is required
for transcription and 3’-processing of Ul and U2 snRNAs
(Uguen and Murphy 2003). CTD truncation and CTD
kinase inhibitors affect 3’-box recognition of U2 but not
transcription termination (Medlin et al. 2003; Jacobs
et al. 2004). Medlin et al. (2005) showed that P-TEFb
and phosphorylation of both Ser2 and Ser5 are required for
cotranscriptional recognition of the 3’-box. Interestingly,
phosporylation of Ser7 of the CTD is required for the
recruitment of the Integrator complex and, therefore, for
snRNAs transcription and processing (Egloff et al. 2007).
Integrator is a large complex that contains homologs of
some CPSF subunits and has been shown to play a role in
pre-snRNA 3’-end formation (Baillat et al. 2005). The
CPSF-73 homolog, Int11/RC-68, interacts with the CTD
phosphorylated at Ser7. Mutation of Ser7 to alanine
specifically affects 3’ processing of snRNAs but not
coding mRNAs (Chapman et al. 2007; Egloff et al. 2007).

The 3'-ends of snRNAs are generated by endonucleo-
lytic cleavage, by an endonuclease containing a catalytic
B-lactamase domain, and one of the polypeptides of the
Integrator complex component, very likely, Int11/RC-68
(Baillat et al. 2005; Dominski et al. 2005b). Int11/RC-68
interacts with the apparent homolog of CPSE-100, Int9/
RC-74, forming a complex distinct from CPSF, as they do
not associate with CPSF-160 (Dominski et al. 2005b).
Depletion of Intll by siRNA or inactivation of its
catalytic activity by mutation revealed a defect in Ul
and U2 3’-end processing (Baillat et al. 2005). However,
inactivation of Intll did not seem to interfere with
termination of transcription.

Despite the presence of 3’'-boxes, snRNA genes appear
not to use a common termination process. While tran-
scription of Ul genes terminates close to the 3'-box
(Cuello et al. 1999), U2 transcription terminates ~1 kb
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from its mature 3’-end (Medlin et al. 2003). An uniden-
tified termination factor or complex appears to bind the
Ul precursor RNA immediately downstream from the
3'-box at a G track, just upstream of a T stretch (Cuello
et al. 1999). When this potential terminator-binding
region is positioned downstream from the U2 3'-box, it
leads to efficient transcription termination. However,
such a sequence was not identified around the natural
terminator region of U2. These experiments indicate
that snRNA transcription termination might involve
gene-specific factors and mechanisms, although details
remain unclear.

The 3'-box can be compared with the poly(A) signal in
mRNA encoding genes, as they are both required for
efficient cleavage and termination. There is no evidence
yet of an association of Xrn2 with snRNAs genes, but it is
conceivable that termination occurs via degradation of
the downstream product, at least in U2 termination.
Termination of yeast snRNA transcription involves the
same pathway used for snoRNA termination, which is
discussed next.

Yeast sno/snRNAs

The majority of snoRNAs fall into two structurally and
functionally well-defined classes. SnoRNAs carrying the
conserved box C and D elements function mainly as
guides in the site-specific 2’-O-methylation of target
RNAs, whereas box H/ACA snoRNAs direct pseudour-
idylation. While some snoRNAs are required for pre-
rRNA processing, the majority of snoRNAs guide
modifications of pre-tfRNAs (Kiss 2002). In mammals,
these latter snoRNAs are encoded within introns of pre-
mRNAs (Richard and Kiss 2006), while snoRNAs in-
volved in pre-rRNA processing in humans, and most of
the guide RNAs expressed in yeast, are transcribed by
RNAPII from their own promoters.

Following cleavage by the endoribonuclease Rntl
(yeast RNase III) (Chanfreau et al. 1998) or release from
introns, the 3'-ends of snoRNA precursors are matured by
exonucleolytic trimming via the exosome. In some cases,
independently transcribed snoRNAs do not possess the
RNA hairpin structures that are recognized by Rntl and
may undergo endonucleolytic cleavage by the mRNA
3’-end formation machinery (Fatica et al. 2000; Morlando
et al. 2002). After cleavage, cotranscriptional association
of specific factors and formation of sn/snoRNPs protect
the mature 3’-end of sn/snoRNAs from further exonu-
cleolytic trimming (Morlando et al. 2004; Ballarino et al.
2005; Yang et al. 2005; Houalla et al. 2006).

Involvement of mRNA 3'-end processing factors in
yeast snoRNA processing and termination

SnoRNAs and snRNAs are not polyadenylated. How-
ever, they require common factors from the cleavage/
polyadenylation machinery (Fatica et al. 2000; Morlando
et al. 2002), and thus cleavage must be uncoupled from
polyadenylation. Cleavage factors are, in fact, required
for correct termination and processing of sno/snRNAs
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(see Fig. 2; Morlando et al. 2002; Carneiro et al. 2008).
Additionally, mutations in a subcomplex of the cleavage/
polyadenylation machinery, the APT complex (associated
with Ptal [homolog of symplekin]), lead to read-through
transcription of certain sn/snoRNA genes (Dheur et al.
2003; Ganem et al. 2003; Nedea et al. 2003; Steinmetz
and Brow 2003; Kim et al. 2006; Ghazy et al. 2009). The
APT factors implicated in sn/snoRNA termination in-
clude Ptil, a second yeast homolog of CstF-64 that also
binds Rnal4; Ref2, which interacts with the snoRNP-
specific protein Nopl (Morlando et al. 2004); the CTD
phosphatase Ssu72 (Ganem et al. 2003; Steinmetz and
Brow 2003; Kim et al. 2006); and Swd2, which is also
a component of the Setl complex (Cheng et al. 2004;
Dichtl et al. 2004). Overexpression of Ptil inhibits poly-
adenylation without affecting cleavage, suggesting that
Ptil may function in uncoupling cleavage and polyade-
nylation during snoRNA 3’-end formation (Dheur et al.
2008).

But the role of factors involved in 3’ processing/
termination of pre-mRNA transcripts in snoRNA termi-
nation is not clear-cut. While ChIP experiments have
shown that Ratl, mRNA cleavage factors including
Rnal5 and Rnal4, as well as subunits of the APT complex
are present at several snoRNA genes, surprisingly no
termination defect was detected in RAT1 or RNA14
mutant strains (Kim et al. 2006). Normal snoRNA termi-
nation also occurred in strains lacking Rntl or the
nuclear exosome component Rrp6 (Kim et al. 2006).
Kim et al. (2006) also showed that cleavage by the
cleavage/polyadenylation machinery is not required for
snoRNA termination, as depletion of the CPSF-73 homo-
log Yshl or a mutation of PCF11 blocking cleavage did
not affect snoRNA termination. However, transcription
read-through was seen in strains expressing PCF11
mutants that are not capable of binding the CTD, and
Garas et al. (2008) showed that termination at specific
snoRNA genes is defective in a particular cold-sensitive
YSH1 mutant strain. Interestingly, as shown in mRNA
termination, Steinmetz et al. (2006a) observed that alter-
ation of the heterodimer Rpb3/11 impairs snoRNAs
termination. Another common point with mRNA ter-
mination is that in addition to proteins involved in
3’-end processing, the PaflC is implicated in snoRNA
termination. Defects in Paf1C lead to read-through tran-
scription at snoRNA terminators (Sheldon et al. 2005).
ChIP experiments suggested that PaflC may facilitate
snoRNAs 3’-end formation by recruiting Nrd1 (see below)
(see Fig. 2; Sheldon et al. 2005).

The above results indicate that snoRNA genes appear
to use different pathways to terminate transcription, as
mutations or depletion in factors involved in mRNA
termination have effects only on a subset of snoRNA
genes. Further investigations will be needed to under-
stand what underlies the differences among these genes.

The Nrdl complex

Despite the apparent involvement of factors shared with
pre-mRNA 3’-end processing, sno/snRNA termination
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Figure 2. Yeast RNAPII termination at snoRNA genes. Termination at terminator I (TI), the major termination site, is Nrd1-binding-
dependent. The Nrdl complex interacts with the Ser5-phosphorylated CTD and with the TRAMP and exosome complexes. The
cleavage/polyadenylation machinery (CPF and CFIA) is not required for termination at TI (drawn as blurry complexes). Termination at
terminator II (TI) involves cleavage/polyadenylation factors, while the Nrdl-TRAMP-exosome complex appears inactive in that
process (blurry complexes). SnoRNA transcription couples termination with RNA surveillance. After release of the precursor, Trf4 and
Papl adenylates the pre-snoRNA that will be processed by the exosome. Other factors shown to have a role in snoRNA termination are
indicated. These include Pcfl1, PaflC, and the RNAPII subunits Rpb3 and Rpb11.

relies heavily on a specific factor, the Nrdl complex.
Nrdl (nuclear pre-mRNA down-regulation) is an essen-
tial nuclear RNA-binding protein that directs termi-
nation of snoRNA and some mRNA transcripts, in
association with an interacting protein, the helicase
Senl (Steinmetz and Brow 1996; Steinmetz et al. 2001;
Ursic et al. 2004; Vasiljeva and Buratowski 2006). Nrd1
contains a CID (Meinhart and Cramer 2004; Meinhart
et al. 2005) that interacts with CTD phosphorylated at
Ser5 (Conrad et al. 2000; Gudipati et al. 2008; Vasiljeva
et al. 2008a). Nrd1 also interacts with another essential
RNA-binding protein, Nab3 (Yuryev et al. 1996).

Nrdl, Nab3, and Senl form the Nrdl complex, which
is detected by ChIP at snoRNAs genes (Kim et al. 2006)
as well as some mRNAs genes, mainly at promoter
regions (Nedea et al. 2003). Importantly, NRD1 and
SEN1 mutations cause strong termination defects at
some snoRNAs (Kim et al. 2006). Nrd1 and Nab3 recog-
nize specific RNA sequences located downstream from
the mature 3’-end of sn/snoRNAs (GUAA/G and UCUU,
respectively) (Steinmetz and Brow 1996, 1998; Conrad
et al. 2000; Steinmetz et al. 2001; Carroll et al. 2004,
2007), and mutations in these sites cause termination
defects (Carroll et al. 2004). Several snoRNA terminators
contain multiple potential binding sites for Ndrl and
Nab3, which form a heterodimer (Carroll et al. 2007).
Nrd1 can also recruit the exosome complex, coupling the
Nrdl termination pathway to exosome-dependent trim-

ming or degradation of transcripts (Fig. 2; Vasiljeva and
Buratowski 2006).

Genome-wide analysis of RNAPII distribution in a
SEN1 mutant strain confirmed the involvement of Senl
in transcription termination of snoRNAs (Ursic et al.
1997; Rasmussen and Culbertson 1998) and other short
transcripts (Steinmetz et al. 2006b). ChIP analysis showed
RNAPII read-through at most snoRNAs genes in a SEN1
mutant strain or a strain defective for its helicase activity
(Kim et al. 2006; Steinmetz et al. 2006b). Senl associates
with the CTD and also coprecipitates with several
snoRNAs and some snRNAs (Yuryev et al. 1996; Ursic
et al. 1997, 2004). Nedea et al. (2008) showed that Glc7,
the yeast PP1 (protein phophatase-1) catalytic subunit,
is also a regulator of snoRNA termination, interacting
directly with Senl. Purification of TAP-tagged Senl
identified Glc7, Nab3, Nrdl, and all the snoRNP core
proteins as Senl-associated proteins (Nedea et al. 2008).
They propose that Senl-Glc7-Nab3-Nrd1 form a stable
complex in which Senl1 interacts directly with Nab3 and
Glc7, which was shown to dephosphorylate Sen1 in vitro.
Glc7 (He and Moore 2005) and PP1 in mammals (Shi et al.
2009) are known to function in mRNA 3’-end formation,
and it will be of interest to elucidate the precise roles of
dephosphorylation in all these processes.

Some snoRNA terminators appear to be bipartite, with
a major (terminator I) Nrd1l-binding-dependent termina-
tor and a second, downstream terminator (terminator II)
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containing features similar to cleavage and polyadenyla-
tion signals (Fig. 2; Fatica et al. 2000; Morlando et al.
2002; Steinmetz and Brow 2003; Steinmetz et al. 2006a).
Both terminators are required for efficient termination.
Intriguingly, a snoRNA terminator can lead to polyade-
nylation when placed in the 3’ untranslated region (UTR)
of a protein-coding gene, upstream of the natural poly(A)
site (Steinmetz et al. 2006a). These data suggest that,
depending on the gene context, snoRNA terminators
possess the potential to direct polyadenylation. Previ-
ous data, indeed, reported polyadenylation of some sn/
snoRNAs precursors in an exosome-defective yeast strain
(van Hoof et al. 2000; Egecioglu et al. 2006). Accordingly,
a strain deleted for RRP6 showed that one to four adenines
are present at the 3'-end of C/D-box snoRNA precursors
that had been incompletely processed (Grzechnik and
Kufel 2008). Trf4/5 (PAPs from the TRAMP complex) add
adenines at terminator I, while the canonical poly(A)
polymerase, Papl, polyadenylates snoRNA precursors at
both terminators. SnoRNA read-through and defects in
Nrdl recruitment at terminator I in a TRAMP-defective
strain indicate that the TRAMP complex is important for
the appropriate association of Nrdl with snoRNA genes
and therefore for termination. Grzechnik and Kufel (2008)
concluded that polyadenylation by Trf4 and Papl is
a normal mechanism linked to snoRNA termination that
stimulates 3’-end formation by the exosome (Fig. 2).

The regulation of transcription termination of snRNAs
and snoRNAs involves a large number of factors, impli-
cated in every step of transcription. Many factors are
shared between mRNA and snoRNA termination path-
ways, and a tight regulatory network is necessary to
correctly and efficiently discriminate between the two.
An important feature of termination appears to be the
distance traveled by RNAPII when it reaches the termi-
nator. The Nrd1l complex is implicated in transcription of
short transcripts (Steinmetz et al. 2006b). As explained
below, this regulation reflects the different stages of CTD
phosphorylation. On the other hand, the potential poly-
adenylation of snoRNAs adds another degree of complex-
ity in possibly linking RNA surveillance, processing, and
termination, and will need to be more fully explored.

A wider role for the Nrd1 complex in gene expression

Recent data indicate that the function of the Nrdl
complex is not restricted to snoRNA 3’-end formation
and termination. The Nrdl complex has wider functions
in gene expression, especially in the synthesis/processing
of CUTs. CUTs are short noncoding RNAs (300-600 nt)
that were first detected by genome-wide microarray
analysis in yeast strains defective for RNA nuclear
degradation (Kapranov et al. 2005; Wyers et al. 2005;
David et al. 2006; Davis and Ares 2006). In strains
defective for the nuclear exosome protein Rrp6, CUTs
with a defined 5'-end and heterogenous 3'-ends accumu-
late. These transcripts are estimated to originate from
10% of yeast intergenic regions (Wyers et al. 2005;
although see Neil et al. 2009 and Xu et al. 2009). After
Nrdl-dependent termination by RNAPII, CUTs are rap-
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idly polyadenylated by the TRAMP complex, and then
degraded by the nuclear exosome (Wyers et al. 2005;
Arigo et al. 2006b; Houalla et al. 2006; Thiebaut et al.
2006). Recently, Gudipati et al. (2008) showed that Nrd1-
dependent termination of CUTs is inhibited by CTD
phosphorylation on Ser2 and promoted by Ser5 phosphor-
ylation. They also showed that binding of Nrdl to the
nascent transcript, even if not sufficient, is necessary for
efficient termination. Accordingly, Vasiljeva et al. (2008a)
showed that Nrdl has a high affinity for the CTD
phosphorylated at Ser5 and Ser5/Ser2. Additionally, asso-
ciation of Nrdl with a snoRNA or mRNA gene is not
affected by inhibition of Ser2 phosphorylation.

The studies of Gudipati et al. (2008) and Vasiljeva et al.
(2008a) provide an explanation of why termination
depends on the distance traveled by RNAPII, and how
RNAPII chooses between the 3’ cleavage and polyadeny-
lation pathway for mRNA termination and the Nrdl
complex for noncoding RNAs, short ORFs and CUT
termination. Short transcripts are mostly associated
with Ser5 phosphorylation, which recruits the Nrdl
complex. In contrast, longer transcripts (most mRNAs)
will be largely associated with Ser2 phosphorylation at
the 3'-end of the gene, which recruits Pcfl1 and Rtt103,
facilitating Ratl function (Rondon et al. 2008). Additional
studies will be needed to understand how the cleavage/
polyadenylation factor pathway is regulated at termina-
tor II of snoRNA genes. Even when this terminator is at
a greater distance from the promoter, this distance is
usually <100 bp from terminator L.

Some CUTs play a regulatory function by controlling
adjacent gene activity (Martens et al. 2004; Steinmetz
et al. 2006b). For example, the regulatory region of the
SER3 gene produces a CUT that represses transcription of
SER3 (Martens et al. 2004). Nrdl complex-dependent
termination was shown to recognize regulatory termina-
tors called “attenuators” located in the 5'-UTR of three
characterized protein-coding genes—NRD1, HRP1 (or
NAB4), and IMDZ2 (Steinmetz et al. 2001, 2006b; Arigo
et al. 2006a; Kuehner and Brow 2008). Termination of the
noncoding RNAs initiated upstream of the mRNA start
site of the protein-coding genes regulates their expres-
sion. For instance, binding of Nrdl and Nab3 to the
5'-UTR and upstream coding region of NRDI directs
premature termination, resulting in negative autoregula-
tion of Nrdl levels (Steinmetz et al. 2001; Arigo et al.
2006a). Likewise, termination of CUTs initiated up-
stream of the IMD2 mRNA start site regulates IMD2
mRNA expression (Jenks et al. 2008; Kuehner and Brow
2008; Thiebaut et al. 2008). All three attenuators are
sensitive to mutations in SENI and RPB11, consistent
with previous studies showing the importance of the
Rpb3/11 heterodimer in termination (Steinmetz et al.
2006a).

The Nrd1-TRAMP/exosome complex appears to have
a broad role in gene expression. CUTs provide an example
of RNAs controlled by the Nrdl complex that appear
important for regulation of mRNA expression. Despite
the existence of human homologs of exosome and
TRAMP subunits, there is still only limited evidence



for such an RNA quality and gene expression control
pathway in humans (Houseley et al. 2006; Kapranov et al.
2007; Vanacova and Stefl 2007). However, West et al.
(2006a) showed that the 5’ products of 8-globin transcrip-
tion resulting from cleavage at the CoTC frequently
contain a short A-tail and accumulate upon siRNA-
mediated depletion of the Rrp6 human homolog. But
more importantly, new noncoding RNAs with unknown
function were recently detected in the human genome
(Kapranov et al. 2007). Further studies will be needed to
elucidate the role of these RNAs and to reveal whether or
not they function in gene expression.

RNAPII termination and chromatin remodeling factors

Chromatin architecture plays an important role in gene
expression (Li et al. 2007), and mechanisms that remodel
chromatin coordinate elongation with termination and
3’-end processing. Most commonly, chromatin remodel-
ing occurs via histone modifications (Berger 2002) or ATP-
dependant DNA remodeling complexes (Narlikar et al.
2002). Chromatin remodeling factors, grouped into three
different families (SWI/SNF, ISWI, and CHD/Mi2), play
crucial roles in transcription initiation (Xue et al. 2000).
However, evidence has accumulated that these factors
may also function in transcription termination. A genetic
screen in Schizosaccharomyces pombe identified Hrpl,
the homolog of the Saccharomyces cerevisiae chromatin
remodeling protein Chdl, as a termination factor (Alen
et al. 2002). Transcription run on (TRO) analysis revealed
a termination defect in both hrpIA S. pombe and in
chdlA S. cerevisiae strains, correlating with an alteration
in chromatin structure at the 3’-end of the tested genes.

Another remodeling complex, ISWI, has also been
implicated in remodeling at the 3’-ends of genes. ChIP
analysis confirmed the presence of the CHD/Mi2 and
ISWI complexes at the terminator regions of yeast pro-
tein-coding genes (Alen et al. 2002). Additionally, an
ATPase-deficient version of Isw1 resulted in a termination
defect at the 3’-end of protein-coding genes and a defect in
Rnal5 recruitment that correlated with a drop in CTD
Ser2 and Ser5 phosphorylation (Morillon et al. 2003).

The Setl-containing complex is responsible for the
H3-K4 trimethylation that is associtated with actively
transcribed genes (Santos-Rosa et al. 2003). Mutation or
depletion of Swd2, a component of both the Setl and APT
(see above) complexes, leads to transcriptional read-through
at certain genes, including mRNAs and snoRNAs; how-
ever, this is independent of a defect in methylation at
H3-K4 (Cheng et al. 2004; Dichtl et al. 2004).

Although heterochromatin is thought to constitute a
transcriptionally silent region, a large analysis of RNAPII
distribution throughout the entire genome of S. cerevi-
siae showed that RNAPII is present in heterochromatin
(Steinmetz et al. 2006b). Genome-wide analysis of human
cells suggests that most protein-coding genes, including
transcriptionally inactive genes, are occupied by RNAPII,
and evidence of transcription initiation is frequently
detected (Barski et al. 2007; Guenther et al. 2007). Two
recent papers (Houseley et al. 2007; Vasiljeva et al. 2008b)

Transcription termination

provide evidence that the Nrdl/exosome complex
represses transcription within heterochromatin. In yeast,
IGS1 (intergenic spacer region 1) in the rDNA locus (Fig.
3; and see below) produces CUTs, whose transcriptional
repression prevents recombination and loss of rDNA
repeats. This rDNA silencing appears mostly to be due
to the histone deacetylase Sir2. However, inactivation of
the Nrdl complex or the exosome led to termination
defects of CUTs within the rDNA loci (Vasiljeva et al.
2008D). This is correlated with rDNA chromatin changes
and higher rDNA recombination. While histone deacety-
lation by Sir2 plays an important role in this process by
preventing RNAPII access to the template, the Nrdl
complex might ensure termination of transcripts gener-
ated by RNAPII that did manage to access to the tem-
plate, by recruiting the TRAMP and exosome complexes
(Houseley et al. 2007; Vasiljeva et al. 2008b). Interest-
ingly, this mechanism might also be used at repressed
chromatin at telomeres (Houseley et al. 2007).

All these data show that changes in chromatin are im-
portant for termination and suggest that RNAPII requires
a specific chromatin structure to terminate efficiently. In
addition, it is possible that chromatin remodeling factors
facilitate the recruitment of factors that are directly
involved in termination. This is illustrated by a recent
study in S. pombe showing that Swi6 (human HPI)
recruits cohesin to the intergenic region of convergent
genes, which forces RNAPII to terminate by blocking
RNAPII elongation (Gullerova and Proudfoot 2008).
While ChIP analysis in HeLa cells showed an association
of several proteins involved in chromatin remodeling
with the entire transcription unit, including the region
downstream from the poly(A) site (Venkataraman et al.
2005), detailed studies of the possible role of chromatin
remodeling factors in mammalian termination are nec-
essary to better understand the exact function and gen-
erality of chromatin in termination.

RNAPI termination

RNAPI synthesizes >50% of total cellular RNAs in ac-
tively growing cells. RNAPI is composed of five subunits
common to all RNAPs, two subunits shared with RNA-
PIII, and seven unique subunits (Reeder 1999). Human
cells contain ~400 copies of ribosomal DNAs repeats
distributed over five chromosomes, while yeast cells
contain 150-200 copies of rDNAs, concentrated on one
chromosome. Each repeat is transcribed in the nucleolus
by RNAPI to synthesize the 35S precursor RNA (45S in
human) that is processed into mature 18S, 5.8S, and 25S
(28S in mammals) rRNAs (Fig. 3). Chromatin structure
influences the active or silent status of rDNA genes, and
only a portion of these genes are transcribed at a time
(Grummt and Pikaard 2003; Birch and Zomerdijk 2008).
Most ribosomal gene units consist of a transcribed se-
quence containing the mature rRNA sequences, internal
and external transcribed spacer sequences (ITS and ETS),
and the IGS. The yeast IGS is interrupted by the 5S RNA
gene, which is transcribed independently by RNAPIII in
an opposite polarity. Termination of transcription of the
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Figure 3. Organization of the IDNA genes in yeast and mouse. The rDNA transcription unit is 9.1-kb long in yeast and 43-kb long in
human. It consists of a 35S precursor in yeast and 45S in human. The precursor contains the sequences of the mature 18S, 5.8S, and 25S/
28S rRNAs separated by two ITSs, ITS1 and ITS2, and is flanked by two ETSs, the 5’ETS and 3'ETS. In yeast, the IGS is interrupted by
the 5S rDNA gene, which is transcribed by RNAPIII in the opposite orientation. In yeast, RNAPI terminates predominantly at the T1
terminator, apparently dependent on Rebl and located ~90 bp downstream from the 258 sequence, in IGS1 (IGS upstream of the 5S
gene). The “fail-safe” terminator (T2) is located ~250 bp downstream from the 25S sequence. The RFB that binds Fobl is located
downstream from T2. In mouse, the major terminator (Sal box 1) is located ~550 nt downstream from the 28S RNA. The origin of
bidirectional replication (OBR) in mouse and the autonomously replicating sequence (ARS) in yeast are indicated, as well as the Rntl

cleavage and the TO terminator.

35S/45S precursor occurs in the IGS region at a series of
terminator elements downstream from the 3’-end of the
35S transcript, and upstream of the 5S gene (see Fig. 3; van
der Sande et al. 1989; Johnson and Warner 1991; El Hage
et al. 2008).

RNAPI termination: not that simple

RNAPI termination involves significantly fewer factors
than RNAPII termination but is still a complex process.
Three major termination sites have been identified in the
IGS sequence of yeast rDNA. Ninety percent of yeast
RNAPI terminates at the first terminator (T1), situated
upstream of a pause-inducing factor-binding site that
is recognized in vitro by Rebl (Ju et al. 1990; Lang and
Reeder 1995). In mammals, the major terminator, called
the Sal box (Grummt et al. 1985; Kuhn et al. 1988), is
recognized by TTF-I (transcription termination factor for
poll) (Bartsch et al. 1988; Evers et al. 1995), and like the
Reb1-binding site, it must be correctly oriented to cause
termination (Grummt et al. 1985; Lang and Reeder 1993).
The mouse Sal box is an 18-bp element repeated 10 times
in the IGS, while humans contain a shorter Sal box (11 bp)
that is recognized by the human TTF-I (Bartsch et al.
1987; Pfleiderer et al. 1990; Evers and Grummt 1995).
Several mammalian rDNAs contain a Sal box (TO) up-
stream of the transcription start site (Grummt et al. 1986;
Labhart and Reeder 1986; Pfleiderer et al. 1990). Such
terminators seem to prevent transcriptional interference
by terminating transcripts initiated in the IGS (Bateman
and Paule 1988; Henderson et al. 1989) and have been
shown to stimulate transcription as well (Grummt et al.
1986). Yeast rDNA also contains a TO terminator, which
is, however, in the wrong orientation to mediate termi-
nation (Fig. 3).

Another sequence element situated upstream of the
Reb1-binding site in yeast and the Sal box in mammals,
which is necessary for termination, acts as a transcript
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release element (Lang et al. 1994, Jeong et al. 1995; Lang
and Reeder 1995). This sequence is composed of a stretch
of Ts. The weakness of the resulting A-U heteroduplex
might destabilize RNAPI pausing at the Rebl/TTF-I-
mediated pause site (Kuhn and Grummt 1989; Lang and
Reeder 1995). Consequently, rRNA precursors termi-
nated at T1 are formed ~12-20 bp upstream of the
Reb1-binding site and within the T stretch, 93 nt down-
stream from the mature 3’-end of 25S RNA (Lang et al.
1994; Jeong et al. 1995).

A release factor is additionally needed for rRNA 3’-end
formation and RNAPI release in mammals (Mason et al.
1997). The factor, designated as PTRF (Pol I and transcript
release factor), is associated with RNAPI and TTF-L
Addition of PTRF to an in vitro transcription assay
containing RNAPI is sufficient to release the transcript
and RNAPI from the DNA template. PTRF function is
dependant of the T-rich stretch located upstream of the
terminator T1 and most likely binds the U stretch of the
3’-end of the precursor RNA (see Figs. 3, 4; Jansa et al.
1998; Jansa and Grummt 1999).

Ten percent of yeast RNAPI transcripts do not termi-
nate at T1 and read-through to a second terminator (T2 or
“fail-safe” terminator) located ~250 nt downsteam from
the 25S RNA 3’-end (Reeder et al. 1999; Prescott et al.
2004) or to the replication fork barrier (RFB). The RFB,
located roughly 300 bp downstream, recruits the protein
Fobl, which blocks DNA replication forks (see Fig. 3;
Takeuchi et al. 2003; Huang et al. 2006). TTFI also acts
as an RFB when it is bound to the second Sal box and
flanking regions of the IGS (Gerber et al. 1997). Un-
expectedly, the RFB was found to act as an additional
RNAPI transcription terminator in a xrnlA strain de-
pleted of Ratl (E1 Hage et al. 2008). Absence of Ratl and
the mainly cytoplasmic exonuclease Xrnl causes read-
through, mostly at T1 but also at T2 and RFB. The
additional absence of Fobl increased read-through at
T2 and RFB, leading to the accumulation of very large



Sal box
Transcript release element

transcripts extending through the IGS1 region. The role of
Ratl/Xrn2 in RNAPI termination is discussed further
below.

Coupling of rRNA processing and termination

The 3’-end of the primary rRNA transcript is cleaved by
the dsRNA-specific RNase III, Rntl (Elela et al. 1996;
Kufel et al. 1999; Henras et al. 2004). Inactivation of Rnt1
causes read-through at T1, indicating that, as with pro-
tein-coding genes, cotranscriptional cleavage is impor-
tant for efficient termination (Reeder et al. 1999; Prescott
et al. 2004; Kawauchi et al. 2008). Recently, Catala et al.
(2008) showed that Rntl interacts with two RNAPI-
specific subunits, Rpal2 and Rpa34. Rpal2 shares se-
quence similarity with the small RNAPII subunit Rpb9
and with C11 of RNAPIII. While C11 is implicated in
RNAPIII reinitiation (see below), Rpb9 might regulate
arrest of elongating RNAPII at pause sites (Awrey et al.
1997). TRO analysis and electron microscopy (EM) visu-
alization of Miller spreads demonstrated the involvement
of Rpal2 in RNAPI termination (Prescott et al. 2004,
Kawauchi et al. 2008). These experiments link transcrip-
tion termination and processing of pre-rRNA. Deletion of
Rntl or mutation disrupting its interaction with RNAPI
altered the chromatin conformation of rDNA by increas-
ing the number of open rRNA gene repeats. However,
deletion of RPA12 alone had no effect on chromatin
opening and pre-rRNA processing (Catala et al. 2008).
Interestingly, as shown for RNAPII termination (Alen
et al. 2002), chromatin remodeling factors are also in-
volved in RNAPI termination. Deletion of CHD1, ISW1,
and ISW2 had no effect on transcription initiation or on
accumulation of rRNA, but caused an RNAPI termina-
tion defect (Jones et al. 2007). It is thus possible that
normal RNAPI termination requires a specialized chro-
matin structure directed by these remodeling factors.

RNAPI termination: also torpedoed?

Recent data have unexpectedly implicated Ratl in
RNAPI termination. ChIP assays showed the presence
of Ratl in the IGS1 region of rDNA, and increased RNAPI
occupancy in the IGS1 region was detected in a strain
lacking active Ratl (El Hage et al. 2008). Additionally,
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Figure 4. Mammalian RNAPI termination. Transcrip-
tion terminates at the transcript release element com-
posed of a stretch of Ts, upstream of the TTF-I-mediated
pause site. The release factor PTRF, which interacts with
RNAPI and TTF-I, recognizes the transcript release ele-
ment and most likely binds the stretch of Us on the
nascent RNA. The RNAPI-specific subunit Rpal2 also
plays a role in yeast RNAPI termination that is possibly
conserved in mammals. After cleavage of the precursor
downstream from the 28S gene, Xrn2 degrades the
downstream RNA, “catches up” with RNAPI, and partic-
ipates in RNAPI release, possibly in conjunction with
SETX. An unidentified 3'-5' exonuclease might be in-
volved in processing of the rRNA precursor.

deletion of the gene encoding the Ratl cofactor Rail
caused the same RNAPI termination defect. Extending
these results, Kawauchi et al. (2008) showed that Senl is
also detected at the terminator region of rDNA and
cooperates with Ratl to promote efficient RNAPI termi-
nation. However, contrary to what was previously
shown in vitro (see above), Rebl was not detected at
the terminator region in vivo, and a fourfold reduction
of Rebl did not affect RNAPI termination in TRO
analysis. These results question the necessity of Rebl in
termination at T1 and indicate that the mechanism of
RNAPI termination is more complicated than expected
(Kawauchi et al. 2008). On the other hand, it is possible
that Rebl protein levels were not sufficiently reduced
enough to cause a termination defect. El Hage et al. (2008)
and Kawauchi et al. (2008) proposed that after cotran-
scriptional cleavage of the rRNA precursor by Rntl, the
downstream RNA is bound by Ratl/Rail, which “catches
up” with RNAPI paused at T1. Ratl, in association with
the helicase Senl, most likely recruited cotranscription-
ally by Rntl (Ursic et al. 2004), might then be able to
disrupt the EC and release the transcript and RNAPI from
the DNA template.

The above data indicate that RNAPI termination
shares common features with RNAPII termination, at
least in yeast. No RNase III cleavage site has been
identified at the 3’-end of the human 45S precursor, even
though the precursor is trimmed by an exonuclease at its
3’-end (Kuhn and Grummt 1989). RNAPI termination in
mammals requires more investigation in order to de-
termine whether Xrn2, and perhaps SETX, is also in-
volved (Fig. 4).

RNAPIII termination

RNAPIII transcribes a variety of short, nuclear, and cyto-
plasmic noncoding genes (100-150 bp) including those
encoding 5S rRNA, U6 spliceosomal snRNA, tRNAs, and
the RNAse P, RNAse MRP, adenovirus-associated (VA),
and 7SK RNAs (for review, see Dieci et al. 2007). RNAPIII
is the largest of the three RNAPs; yeast RNAPII has an
overall mass of 700 kDa and is composed of 17 subunits,
all essential for cell viability. Nine subunits define the
structural core, evolutionarily related to the other nu-
clear RNAPs, with only five subunits specific to RNAPIII
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(Jasiak et al. 2006). RNAPIII is a very efficient polymerase
not only because of the short transcription units, but also
because of rapid reloading of RNAPIII on the same
transcription unit (Dieci and Sentenac 1996; Ferrari
et al. 2004). RNAPIII can terminate efficiently with no
apparent need of other factors.

RNAPIII: a terminator on its own!?

Three classes of RNAPIII-transcribed genes exist (tRNAs/
VA RNAs, 5S rRNA, and U6 snRNA), which each uses
a characteristic promoter. Despite the use of different
promoters, RNAPIII terminates transcription at a simple
common consensus sequence at the 3’-end of genes.
More than 25 years ago, Bogenhagen and Brown (1981)
identified a nucleotide sequence composed of a cluster
of T residues in the coding DNA strand, required for
transcription termination of the Xenopus laevis oocyte
5S RNA gene. Later, Cozzarelli et al. (1983) showed that a
purified RNAPIII unable to carry out transcription initi-
ation of a 5S DNA was able to terminate accurately and
efficiently by recognizing the simple T-rich consensus.
This experiment provided early evidence that RNAPIII
itself possesses transcription termination activity with-
out requirement of associated factors.

In vitro transcription using RNAPIII lacking the RNA-
PIII-specific subunits C11, C37, and C53 (RNAPIIIA) can
support transcription initiation but fails to terminate
properly (Landrieux et al. 2006). Adding back the hetero-
dimer C37/C53 was sufficient to allow recognition of
the terminator and to correct the termination defect, but
not for transcription reinitiation. It was proposed that the
C37/C53 complex reduces the elongation rate of
RNAPIIIA, allowing for an increased pausing time at the
terminator elements, which leads to release of the tran-
script and RNAPIII (Fig. 5). C11 is an essential subunit
that mediates the intrinsic RNA cleavage activity of
RNAPIII (Whitehall et al. 1994) and shows homology
with the RNAPII subunit Rpb9 and to RNAPII elongation
factor TFIIS (Chedin et al. 1998). Landrieux et al. (2006)
showed that C11 RNA cleavage activity is not required
for correct recognition of the RNAPII terminator

oc
o

= Terminator

Figure 5. RNAPIII termination. Most of the termination activ-
ity is triggered by RNAPII itself. The subunits C37 and C53 are
essential for termination. The heterodimer C37-C53 might play
a role in reducing the elongation rate of RNAPIII, allowing for an
increased pausing time at the terminator, composed of a stretch
of four to five Ts in the coding DNA strand. Several auxiliary
factors, such as La, PC4, Topoisomerase I, or TFIIIC, are pro-
posed to participate in RNAPIII termination in mammals.
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elements and release of the newly synthesized transcript.
However, C11 itself, but not its cleavage activity, is
required for reinitiation (Chedin et al. 1998; Landrieux
et al. 2006). These experiments strongly suggest that
termination and cleavage of the RNA precursor are not
coupled in the RNAPIII transcription process. Consistent
with its role in termination, structural analysis of RNA-
PIII showed that the C37/C53 heterodimer is positioned
at the outer end of the DNA-binding cleft, toward the
front of the EC, allowing the complex to sense the
incoming DNA (Fernandez-Tornero et al. 2007).

Most RNAPIII termination signals occur within the
first 40 bp downstream from the mature 3’-end of RNAs.
In yeast, the most frequent T stretch length is six or seven
with no stretch shorter than five Ts (Allison and Hall
1985; Hamada et al. 2000). In mammals, a stretch of four
Ts is the most frequent terminator, and a stretch of more
than five Ts is rare (Braglia et al. 2005). RNAPIII pauses
not only at the terminator region but also at several other
T stretches during transcription (Campbell and Setzer
1992; Matsuzaki et al. 1994). Campbell and Setzer (1992)
proposed that RNAPIII release at the terminator is de-
pendent on nascent RNA strand displacement during
transcription elongation and can be uncoupled from
termination signal recognition. RNAPIII recycling is
also dependent on a natural termination signal (Dieci
and Sentenac 1996; Ferrari et al. 2004). Termination can
be influenced by sequences surrounding the T tract
(Bogenhagen and Brown 1981; Mazabraud et al. 1987;
Gunnery et al. 1999; Braglia et al. 2005). Braglia et al.
(2005) proposed that the surrounding residues and, in
particular, downstream residues of the yeast terminator
influence the pausing time or the processivity of RNA-
PIII. However, no consistent pattern for this context
effect has been elucidated.

Does RNAPIII need auxiliary factors to terminate?

Even though RNAPIII appears to be sufficient for accurate
termination, some studies have demonstrated factor-
dependent mechanisms for efficient termination and
reinitiation in mammals (Fig. 5). The general RNAPIII
transcription factor TFIIC, the RNAPII transcription
coactivator PC4, and Topoisomerase I interact with the
terminator region of VA1 and tRNA genes and appear to
facilitate RNAPII termination and reinitiation (Wang
and Roeder 1996, 1998). Purification of VA1 terminator-
binding factors identified nuclear factor 1 (NF1) tran-
scription factor as a stimulatory factor for RNAPIII
termination and recycling (Wang et al. 2000). However,
the NF1-binding sequence is not present at the termina-
tor regions of many RNAPIII-transcribed genes and might
only be stimulatory for specific genes. Additionally, ChIP
assays showed that NF1 is not detectable at RNAPIII-
transcribed genes (Fairley et al. 2005).

The La protein is associated with newly transcribed
RNAPII RNAs via their common 3’-U termini and
functions to prevent their degragation by exonucleases
(Maraia and Intine 2001). Twenty years ago, Gottlieb and
Steitz (1989) proposed a role of La protein in transcript



release and RNAPIII termination/reinitiation. In vitro
studies (Maraia et al. 1994; Maraia and Intine 2001) and
the fact that La is found at RNAPIII-transcribed genes in
vivo (Fairley et al. 2005) reinforced the idea that La is
a transcription termination factor. On the other hand, La-
depleted X. laevis extracts are capable of efficient RNA-
PIII termination, and nascent transcripts are released
from the DNA template (Lin-Marq and Clarkson 1998).
Other in vitro studies show no role for La protein in
RNAPIII transcription (Pannone et al. 1998; Weser et al.
2000; Hu et al. 2003). Recent work from French et al.
(2008) might reconcile both hypotheses. Using EM to
visualize RNAPIII on the yeast 5S rRNA, a higher average
RNAPIII density was detected in a strain deleted for the
yeast La protein, and ChIP assays demonstrated an
association of La protein with the 5S gene, apparently
mediated by the nascent RNA. French et al. (2008)
showed that La has no effect on the rate of synthesis
and size of 5S rRNA but proposed that the extra RNAPIII
visualized at the 5S gene in the yeast IaA strain reflects
a defect in RNAPIII release.

The above data point to possible differences in re-
quirement for yeast and mammalian RNAPIII termina-
tion. The yeast terminator may be less stable than the
human terminator, as it possesses a longer U-A hetero-
duplex, and might therefore not require the action of
accessory factors to disrupt the EC. In contrast, the
shorter mammalian terminators might require the addi-
tion of accessory factors to terminate transcription effi-
ciently. More work will be needed to elucidate the
requirement and role of accessory factors in RNAPIII
termination.

Conclusions

Transcription termination is a complex mechanism that
appears to cooperate with essentially every other step in
transcription. Termination, in particular, RNAPII termi-
nation, involves a large number of factors and a variety of
cis-acting elements to coordinate the process. Yeast
RNAP termination, and again, RNAPII termination, in
particular, is better understood than is termination in
mammals. It will be important to determine what fea-
tures of termination now only observed in yeast can be
transposed to mammalian systems. Even in yeast, there
are significant questions, some concerning apparent dif-
ferences in RNAPII termination even in similar classes of
genes. For instance, why do some snoRNAs require only
the Nrd1l complex, while others also require components
of the cleavage/polyadenylation machinery? Why do
some mRNAs require the Nrd1l complex for termination,
but most do not? And what precisely is the role of Ratl/
Xrn2, and what fraction of genes require it? Currently,
transcription termination appears to involve multiple
mechanisms and pathways. More work will be needed
to elucidate not only the details of these mechanisms, but
also what distinguishes one gene from another.

Even though the three RNAPs terminate transcription
differently, some similarities exist. Significantly, these
might in part be explained by RNAP subunits. Apart from
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the shared subunits, similarities exist between Rpal2
(RNAPI), Rpb9 (RNAPII), and C11 (RNAPII), and all have
a direct or indirect role in termination. Rpal2 has been
implicated directly in termination, while C11 has a role
in nascent RNA cleavage and RNAPII reinitiation, and
Rpb9 in RNAPII pausing. Pausing at the 3’-end of genes
is, indeed, a feature of termination shared by all three
RNAPs. Two other RNAP subunits, Rbp3 and Rbp11, also
function in RNAPII termination. RNAPs themselves
therefore seem to have intrinsic functions in termination,
which is, of course, most evident with RNAPIIL.

Even though considerable progress has recently been
made in understanding RNAP termination, many ques-
tions remain to be answered. Studies in mammalian
systems should now be a central focus for new inves-
tigations.
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