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including Fob1 imposes a unidirectional block to the progress

of DNA replication forks. This region also contains a

recombination hotspot that is necessary for double-

strand break formation and subsequent recombination

between sister chromatids to occur (Kobayashi and

Horiuchi, 1996).

The repeat tracts in two sister chromatids are normally

held together by the cohesin complex, which is concentrated

over the cohesin-associated region (CAR) in IGS2 (see

Figure 1) (Laloraya et al, 2000). This ensures that even

if recombination is initiated, it occurs only with the aligned

repeat in the sister chromatid, and does not result in a

change of repeat number. Two divergent Pol II transcripts

generated from the E-pro promoter within IGS1 (see Figure 1)

(Santangelo et al, 1988) have been suggested to regulate

recombination, as replacement of E-pro with a regulated,

divergent GAL1-10 promoter resulted in cohesin displace-

ment and extensive unequal recombination (Kobayashi

and Ganley, 2005). Unequal recombination leads to a net

change in repeat number for the chromatid that initiated

recombination. However, these analyses did not address

potentially distinct roles for the two Pol II transcripts,

which we designate here as IGS1-F and IGS1-R. IGS1-F is

transcribed through the CAR, consistent with its reported role

in cohesin displacement, whereas IGS1-R is transcribed

through the RFB.

The rDNA IGS regions, along with the telomeres and

inactive mating loci, are silenced for Pol II transcription by

the histone deactylase Sir2 (Smith and Boeke, 1997). Loss of

Sir2 leads to elevated expression of the IGS1 and IGS2

transcripts (Li et al, 2006) and hyper-recombination within

the rDNA array (Gottlieb and Esposito, 1989). This was

proposed to be a consequence of cohesin displacement

(Kobayashi et al, 2004).

Here we demonstrate that one of the non-coding RNA

(ncRNA) transcripts generated from the intergenic spacer

regions, IGS1-R, is targeted for degradation mediated by

Trf4 and the exosome. Trf4 is recruited to the rDNA spacer

region that includes the RFB, via the IGS1-R transcript, and is

required for stability of the rDNA repeat copy number. These



strain, which overexpresses IGS transcripts, was used as a

positive control. A top1D strain was also analyzed, as top1

trf4 double mutants were reported to show synthetic lethality

and rDNA condensation phenotypes (Sadoff et al, 1995;

Castano et al, 1996). Strains carrying sir2D and top1D showed

elevated levels of three ncRNAs IGS1-R, IGS1-F and IGS2-R

(Figure 3B, lanes 6 and 7).

The levels of IGS1-F and IGS2-R were unaltered in TRAMP

or exosome mutants, whereas the level of IGS1-R was sub-

stantially increased in trf4D and to a lesser extent in air1D
air2D and rrp6D strains. No stabilization of IGS1-R was seen

in trf5D strains, and overexpression of Trf5 under GAL

regulation did not suppress the trf4D phenotype (Figure 3C,

lanes 3 and 4). This suggests that Trf5 does not efficiently

target IGS1-R, even in the absence of Trf4. IGS1-R stabiliza-

tion in the rrp6D exosome mutant strain was weaker than

that in trf4D (Figures 3B (lane 5) and D (lane 3)) and we

therefore also examined the core exosome mutant mtr3-1

(Figure 3D). Even at permissive temperature (251C), accu-

mulation of IGS1-R was visible in the



to the wild type (Figure 3F), suggesting that termination is not

strongly impaired.

From the ChIP and northern data, we conclude that

transcription of IGS2-R and IGS1-F is strongly repressed by

a chromatin structure that requires Sir2 and Top1 for its

maintenance. IGS1-R is more actively transcribed than

IGS2-R or IGS1-F, but the resulting transcripts are rapidly

degraded by a mechanism that requires the Nrd1/Nab3

complex, TRAMP4 and both the core exosome and Rrp6.

IGS1-R is polyadenylated and shows extensive 3 0

heterogeneity
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Depletion of Trf5 from the trf4D strain had little effect on

transcript length (Figure 3C, lane 5), whereas transfer of a

ts-lethal pap1-2 trf4D strain to 371C resulted in shorter IGS1-R

transcripts (Figure 4D, compare lanes 4 and 8). At permissive



(Figure 5B, lanes 10–12 and 15–17), and this phenotype was

observed in all clones tested (at least four of each combina-

tion). In contrast, the combination of trf5D with either sir2D
or top1D had no apparent effect on rDNA repeat number

(Supplementary Figure 2A). We also tested the exosome

mutant rrp6D (Supplementary Figure 2B). Loss of Rrp6

alone had no clear effect on repeat number (lane 2), but an

rrp6D top1D double mutant showed reduced heterogeneity

relative to top1D single mutant strains (lanes 3–7).

To assess potential links between stability of the rDNA and

transcription of IGS1-R, IGS1-F and IGS2-R, the trf4D sir2D
and trf4D top1D double and single mutant strains were

analyzed by northern hybridization (Figures 5C and D) and

Pol II ChIP (Figure 5E).

Levels of IGS1-R appeared to correlate with rDNA copy

number instability, being higher in sir2D trf4D and top1D
trf4D



appeared to reduce the heterogeneity in rDNA repeat number

without clearly decreasing average repeat length.

Trf4 catalytic activity is not required for repeat

regulation

One explanation for the loss of rDNA repeats in trf4D mutants

would be that Trf4 is a DNA polymerase involved in rDNA

replication, as previously proposed (Wang et al, 2000).

Were this the case, the polymerase activity of Trf4 would

be required to allow the hyper-recombination observed in

top1D strains.

To test this, we made use of the suppression of the

rDNA repeat heterogeneity seen in top1D strains by loss of

Trf4 (Figure 6A). We compared trf4D TOP1 (lanes 1, 4 and 7)

and trf4D top1D (lanes 2–3, 5–6 and 8–9). These strains also

carried plasmids lacking an insert (lanes 1–3), expressing

intact Trf4 (lanes 4–6) or expressing the catalytically inactive

Trf4-DADA (lanes 7–9). The top1D strains expressing wild-

type Trf4 showed a hyper-recombination phenotype (lanes 5

and 6). Hyper-recombination was suppressed in the absence

of Trf4 (lanes 2 and 3), but was clearly present when only

Trf4-DADA was expressed (lanes 8 and 9). Western blotting

confirmed that the mutant and wild-type Trf4 were expressed

at similar levels (data not shown). In this experiment, strains

were grown on minimal media to select for plasmid main-

tenance and recombination was less active than on complete

YPD media used in the experiments shown in Figure 5. Thus,

the poly(A) polymerase activity of Trf4 is not required

for IGS1-R degradation and is also not required for hyper-

recombination.

rDNA recombination frequency is unaffected by loss

of TRF4

These analyses do not resolve differences in recombination

frequency and stability of the rDNA repeat tract.

Recombination rates within the rDNA tract can be assessed

by integrating a single-copy marker gene and scoring for its

loss. The presence or absence of a functional MET25 gene can

be scored by a colony color test on medium containing Pb2þ ,

on which met25D colony sectors turn dark brown (Figure 6B)

(Smith and Boeke, 1997). A MET25-GFP construct was inte-

grated into the IGS2 region of a single rDNA repeat in one

strain of each genotype used in Figure 5. Three independent

MET25 insertion clones from each strain were then scored for

colony sectoring phenotypes (Figure 6C). Comparison

of sectoring levels in



Alterations in rDNA copy number in trf4D strains do not

reflect differences in cohesin recruitment

In order to address whether cohesin is displaced by IGS1-R

accumulation in the trf4D strains, we performed ChIP

analysis using a 13-Myc-tagged cohesin subunit Smc1. The



The catalytic activity of Trf4 was also dispensable for degrada-

tion of HSP104 mRNA in THO complex mutants (Rougemaille

et al, 2007), but was required for degradation of hypomethy-

lated tRNAi
Met (Vanacova et al, 2005). This suggests that

polyadenylation aids degradation of structured substrates, but

is dispensable on less structured RNAs. The 30 ends of the

IGS1-R transcripts are polyadenylated by the canonical poly(A)

polymerase Pap1, and are very heterogeneous. We speculate

that this heterogeneity may result in part from termination by

collision with oncoming RNA polymerase I molecules.

ChIP analyses showed that Trf4 could be crosslinked to the

rDNA over the IGS1-R region, but not over IGS1-F. This

association is largely dependent on functional RNA Pol II,

since it was substantially reduced in an rpb1-1 mutant strain

at non-permissive temperature. We therefore propose that

Trf4 is recruited co-transcriptionally to the nascent IGS1-R

transcripts. The IGS1-R region contains multiple predicted

binding sites for the RNA-binding proteins Nab3 and Nrd1,

which were previously reported to act as cofactors for the

exosome in RNA degradation (Vasiljeva and Buratowski,

2006). Consistent with this, degradation of IGS1-R was

strongly inhibited by a mutation in Nrd1, indicating the

involvement of the Nrd1/Nab3 heterodimer in recruiting

the TRAMP and/or exosome complexes. Since Nrd1/Nab3

also function in transcription termination by RNA Pol II

(Arigo et al, 2006b; Thiebaut et al, 2006), they clearly have

the potential to bind co-transcriptionally to nascent tran-

scripts. We saw no evidence for effects of mutations in

Nrd1 or Nab3 on termination of the IGS1-R transcript, but

we predict that they act to recruit the TRAMP complex to

nascent IGS1-R transcripts.

Co-transcriptional binding of Nrd1–Nab3 and Trf4 may be

an important factor in the very rapid degradation that makes

many transcripts from yeast and other eukaryotes ‘cryptic’.

The exosome cannot degrade co-transcriptionally, since it

requires a free 30 end, but it appears that the IGS1-R

transcripts are already targeted during transcription, poten-

tially allowing their immediate degradation when the

transcript is released from the polymerase.

Links between Trf4 and rDNA copy number regulation

Strains carrying trf4D displayed sporadic alterations in copy

number. In contrast, strains carrying either top1D or sir2D
showed hyper-recombination, manifested as extensive rDNA

repeat length heterogeneity. The combination of trf4D with

either top1D or sir2D resulted in a synergistic phenotype with

drastic loss of rDNA repeats. Analysis of an integrated MET25

marker indicated that this does not reflect altered recombina-

tion rates, indicating that rDNA instability is responsible for

repeat loss. Deletion of exosome component Rrp6 in top1D



yeast. Strains lacking Trf4 are hypersensitive to DNA cleavage

induced by the Top I inhibitor camptothecin (Walowsky et al,

1999). This was also the case for air1D air2D double-mutant

strains (our unpublished observations), showing this pheno-

type to be TRAMP-related. Strains lacking Trf4 were also

reported to be hypersensitive to DNA damage caused by

treatment with the alkylating agent MMS (Walowsky et al,

1999). In addition, the nuclear exosome components Rrp6

and cofactor Rrp47/Lrp1/C1D are implicated in the repair of

UV-induced DNA damage (Hieronymus et al, 2004), and

rrp47D strains are defective in both non-homologous end

joining and homologous recombination (Erdemir et al, 2002).

We speculate that the TRAMP and exosome complexes also

play a role in the repair of DNA damage at the RFB. Increased

histone mRNA levels leading to defects in DNA metabolism

have recently been reported (Reis and Campbell, 2006);

however, this was not found to be the case for a trf4D single

mutant, and we have also not observed this in our strains

(data not shown).

Recombination events are frequent in top1D mutants but

rare in trf4D. We predict that recombination-based repair is

infrequent in trf4D strains due to the action of Top1 in

removing supercoils and preventing DNA damage.

This may explain the low penetrance of the repeat number

change phenotype in trf4D, with events altering repeat num-

ber occurring only once in many generations. Notably,

however, some trf4D and air1D air2D
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