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The Human RNA Polymerase I Transcription Terminator Complex
Acts as a Replication Fork Barrier That Coordinates the Progress of
Replication with rRNA Transcription Activity

Yufuko Akamatsu,* Takehiko Kobayashi*

Division of Cytogenetics, National Institute of Genetics, and Department of Genetics, Sokendai, Mishima, Japan

In S phase, the replication and transcription of genomic DNA need to accommodate each other, otherwise their machineries col-
lide, with chromosomal instability as a possible consequence. Here, we characterized the human replication fork barrier (RFB)
that is present downstream from the 47S pre-rRNA gene (ribosomal DNA [rDNA]). We found that the most proximal transcrip-
tion terminator, Sal box T1, acts as a polar RFB, while the other, Sal box T4/T5, arrests replication forks bidirectionally. The
fork-arresting activity at these sites depends on polymerase I (Pol I) transcription termination factor 1 (TTF-1) and a replisome
component, TIMELESS (TIM). We also found that the RFB activity was linked to rDNA copies with hypomethylated CpG and
coincided with the time that actively transcribed rRNA genes are replicated. Failed fork arrest at RFB sites led to a slowdown of
fork progression moving in the opposite direction to rRNA transcription. Chemical inhibition of transcription counteracted this
deceleration of forks, indicating that rRNA transcription impedes replication in the absence of RFB activity. Thus, our results
reveal a role of RFB for coordinating the progression of replication and transcription activity in highly transcribed rRNA genes.

he rRNA gene, ribosomal DNA (rDNA), encodes RNA com-

ponents of ribosomes. In the human genome, there are ~400
copies of rDNA encoding the 47S pre-rRNA. These copies are
distributed over five clusters of tandemly repeated rDNA on the
short arms of acrocentric chromosomes 13, 14, 15,21, and 22. To
meet the vast demand for cellular ribosomes in proliferating hu-
man cells, rDNA is heavily transcribed by RNA polymerase I (Pol
I). The transcription activity of Pol I fluctuates during the cell
cycle; in S phase, the activity is especially vigorous (1). Since both
replication and transcription can occur in the same region on the
genomic DNA, cells require mechanisms that coordinate these
processes.

The replication fork barrier (RFB) site near the 3" end of the
pre-rRNA coding region has been identified in many organisms,
including yeasts, plants, frogs, and mammals (2). In these organ-
isms, with the exception of humans, the RFB predominantly in-
hibits progression of the replication fork in the opposite direction
to pre-rRNA transcription (head-on direction), whereas replica-
tion in the same direction (codirection) is not obstructed. There-
fore, it is assumed that the RFB arrests the replication fork before
itenters the coding region from downstream and thereby prevents
the replication fork from colliding with pre-rRNA transcription.
In contrast, RFBs in humans are reported to be bidirectional (3).

The RFB is formed by a tight complex between certain DNA
sequences and proteins that bind to these elements. Fob1 in bud-
ding yeast (Saccharomyces cerevisiae) is the best characterized RFB
binding protein (4, 5). Deletion of FOBI allows the replication
fork to enter the 35S pre-rRNA coding region from the down-
stream direction (6, 7). However, when normal numbers of IDNA
copies are present, collision of replication with transcription does
not occur in the absence of Fobl because not all repeats are ac-
tively transcribed. In fact, the fobI mutation stabilizes the rDNA
cluster because fork arrests or DNA double-strand breaks at the
RFB no longer occur (7-11). In contrast, in a fobI mutant with a
low rDNA copy number, transcription of most rDNA copies is
activated and the movement of the replication fork is slowed down
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within the coding region due to collision with the Pol I transcrip-
tion machinery (12). This collision results in the production of
extrachromosomal rDNA circles (ERCs) and a change in rDNA
copy number, thus indicating an important role of the RFB for the
suppression of rDNA instability in budding yeast. In other organ-
isms, the relevant role of RFBs has not yet been unraveled, al-
though they are assumed to have a similar role by the polarity of
fork arrests.

In mice, downstream from the 47S pre-rRNA-coding region,
there are 10 repeated transcription terminator elements, called Sal
boxes T1 to T10 (13). The Pol I-specific transcription termination
factor 1 (TTF-1), the ortholog of fission yeast (Schizosaccharomy-
ces pombe) Reb1, binds to the Sal boxes and terminates pre-rRNA
transcription (14-16). An in vitro cell-free replication assay using
simian virus 40 (SV40) T antigen revealed that, of the 10 Sal boxes,
Sal box T2 causes polar arrest of the SV40 replication fork (17).
This polar arrest requires TTF-1 binding to T2, while a unique
stretch of GC sequence preceding T2, not present at the other Sal
box elements, is also essential for this element to act as an RFB.
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The KU complex, which binds to this GC stretch, is also impli-
cated in the arrest of the SV40 replication fork (18). In contrast to
these in vitro observations, in several mouse cell lines, fork arrests
were detected at multiple sites near the repeating Sal boxes (19).
This inconsistency calls for a more precise in vivo analysis to assess
the RFB model established by the SV40 replication studies.

In human cells, multiple Sal boxes are located downstream
from the 47S pre-rRNA-coding region (20). The number of Sal
boxes differs depending on the number of R repeat segments in
each rDNA copy (21, 22). As in mice, replication fork arrest in
human cells occurs within these repeated regions, but unlike other
organisms, replication is blocked in both directions (3, 23).

Apart from proteins that specifically bind to the RFB, two rep-
lication factors also contribute to replication fork arrest. These
form a complex, Tofl-Csm3 in budding yeast and Swil-Swi3 in
fission yeast (24-27). In budding yeast, the Tof1-Csm3 complex
counteracts the removal of nonhistone proteins that are bound to
DNA by the Rrm3 helicase, thereby facilitating replication fork
arrest at RFBs associated with Fob1 (27). Both orthologous pro-
tein complexes are also implicated in the stabilization of replica-
tion forks and the intra-S-phase-checkpoint pathway, which is
activated by DNA damage or nucleotide depletion (28-30). Their
mammalian counterpart, the TIMELESS (TIM)-TIPIN complex,
has been shown to play similar roles during S phase (31-33). How-
ever, it was unclear whether the TIM-TIPIN complex is required
for replication fork-blocking activity at RFB sites.

In this study, we performed detailed characterization of RFBs
in mammalian rDNA using two-dimensional gel electrophoresis.
We found that the Pol I transcription terminator complex, Sal
box/TTE-1, acts as an RFB whose activity is linked to the epige-
netic status of the rDNA. Our results revealed that RFBs play a role
in coordinating replication progress and pre-rRNA transcription
activity in human cells.

MATERIALS AND METHODS

Celllines. HeLa and 293E cells were grown in Dulbecco’s modified Eagle’s
medium with high glucose (DMEM-HG) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin (Pen-Strep). Mouse
embryonic stem (ES) cells were cultured as previously described (34).
2-D gel analysis of replication intermediates. To preserve the struc-
ture of replication intermediates, agarose plugs were used for DNA puri-
fication and restriction enzyme digestions. Cultured cells were embedded
in 0.6% low-melting-point agarose and then treated with 1 mg/ml protei-
nase K, 1% sarcosyl, 0.5 M EDTA (pH 9.5) for 24 to 48 h at 50°C. Before
restriction enzyme digestion, the agarose plugs were treated with 10 uM
phenylmethylsulfonyl fluoride for 1 h and washed with Tris-EDTA (TE)
buffer. DNA was then digested with the appropriate restriction enzyme
for 16 to 20 h at 37°C. Neutral/neutral two-dimensional (2-D) gel electro-
phoresis was carried out as described previously (35, 36). In neutral/alka-
line 2-D gel electrophoresis (37), the second dimension was run under
alkaline conditions (40 mM NaOH, 1 mM EDTA) over 1% agarose at 0.5
V/cm for 36 h. The separated DNA was transferred to a nylon membrane
by Southern blotting and hybridized to PCR-amplified fragments labeled
with [**P]dCTP using the Random Primer DNA labeling kit (TaKaRa
Bio). The probes used annealed to 28S (amplified with primer set YA650/
YA651 [YA650/-1]) (see Table S1 in the supplemental material), Sal boxes
(YA847/-51), oriP-1 (YA780/-1), oriP-2 (YA872/-3), oriP-3 (YA914/-5),
3’ external transcribed spacer (3'ETS) (YA592/-3), or mouse 28S
(YA646/-7). Radioactive signals were detected with a Typhoon FLA9000
(GE) phosphorimager, and the images obtained were analyzed with Im-
age]J software (NIH). The hybridization signals of replication intermedi-
ates indicated in the figures were normalized to a common not-saturated
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linear signal. Upon TIM depletion, the signals were further normalized
with respect to the area around the descending Y arc (signal of Y forks)
without the RFB signals. The ratios between the results for targeted and
corresponding control knockdowns are shown.

Plasmids. The HindIII fragment containing the SV40 promoter and
origin was removed from the pSOP plasmid, which was kindly provided
by Kenji Moriyama and Hisao Masai (Rinshoken, Tokyo, Japan) (38),
to obtain the OriP vector used in this study. Fragments of human class I
rDNA were PCR amplified from genomic DNA using primer set
YA794/-5 or YA879/-51 (see Table S1 in the supplemental material), se-
quenced to confirm the absence of PCR-induced mutations, and cloned
into the OriP vector as indicated below. Mutagenesis of AG to GA in the
Sal box consensus sequence was done with the QuikChange multisite-
directed mutagenesis kit (Agilent Technologies). Individual Sal boxes,
formed by annealing complementary oligonucleotides encompassing the
sequences given in Fig. 2C, were cloned in the BstZ17I site of the OriP
vector. The mouse terminator DNA fragment (mR1+mR2 [see Fig. 4C]),
isolated as a NarI-Dpnl fragment from pMr3'Eco (a kind gift from Ingrid
Grummt, DKFZ-ZMBH Alliance, Germany), was digested with AfIIII to
obtain mR1 and mR2 fragments. These fragments were inserted into the
HindIII site of the OriP vector. The orientation of all DNA fragments in
the OriP vector was determined by sequencing analysis. To express small
hairpin RNAs (shRNAs) in mouse ES cells, with the target sequences being
shTTF1-1 (5'-GGATATGGAAACTGGGATCAT), shTTF1-2 (5'-GCCC
TGGAAGCTCGTGTACTA), and shCTRL (5'-CGTACGCGGAATACT
TCGA) (39), the pSuper vector (Oligoengine) was used according to the
manufacturer’s instructions.

Nucleotide sequence accession number. The sequence of class 1
rDNA determined in this study was deposited in the DDBJ under acces-
sion number AB972464.

RESULTS

Identification of RFB sites in human rDNA. In human rDNA, the
intergenic spacer (IGS) region around the transcription termina-
tor shows heterogeneity in length due to variation in the number
of R repeats (21, 22). In HeLa cells, we detected two restriction
fragments encompassing this region after digestion of genomic
DNA with AfIII. These two restriction length variations, which we
call class I and class II, contained three and two R repeats, respec-
tively (Fig. 1A and B).

To investigate RFB activity in human rDNA, replication inter-
mediates of class I and class II fragments were analyzed by neutral/
neutral two-dimensional (2-D) gel electrophoresis followed by
Southern blotting (Fig. 1C). Among the typical patterns of repli-
cation molecules observed (Fig. 1D) in class I rDNA but not
in class II rDNA, several spots corresponding to accumulated Y-
shaped replication fork molecules (Y forks) were detected. Thus,
class I rDNA contains a number of specific sites where the repli-
cation fork is arrested that represent RFB activity. We also de-
tected signals of double-Y- and X-shaped molecules (Fig. 1D,
green arrowheads), suggesting that fork arrest at the RFB sites
frequently leads to replication termination by the convergence of
replication forks. Comparison between the patterns obtained for
AfIIT- and Ncol/AflII-digested fragments revealed the direction of
fork arrest at the RFB sites (see Fig. S1 in the supplemental mate-
rial for the strategy). The accumulation of Y forks in the AfIII
digests shifted in a counterclockwise direction on the Y arc after
the length of the fragment was reduced by double digestion with
Ncol (Fig. 1D, red arrowheads). Thus, in class I rDNA, four RFBs
arrest the replication fork, moving in the head-on direction, i.e.,
opposite to pre-rRNA transcription. The locations of RFB sites
can be estimated from the position of arrested intermediates in the
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FIG 1 Human cells contain multiple RFB sites near Sal boxes downstream from the 47S pre-rRNA-coding region. (A) Structure of human rDNA. AflII fragments
containing the transcription terminator region with its upstream coding region are magnified, showing Sal boxes (red bars), R repeats (gray rectangles), the
positions of 28S or Sal box probes (black lines), and the directions of replication (arrows). Class I and class II rDNAsw differ in the number of R repeats. (B)
Digestion of genomic DNA from HeLa cells with AfIII reveals two restriction length variations, class I and class I, that, after Southern blotting, were visualized
by hybridization with the 28S probe. (C) 2-D gel analysis of replication intermediates on AflIT and AfllI/Ncol fragments visualized with the Sal box probe. Note
that multiple Y forks accumulate on the Y arc of class I but not on that of class II. (D) Schematic diagram of results shown in panel C. Shapes of replication
intermediates and Y-, double-Y-, and X-shaped molecules are represented. Nonreplicating molecules appear on the dashed line. Red arrowheads indicate RFB
signals of accumulated Y forks formed by head-on directional replication, whereas gray arrowheads indicate Y fork accumulation during codirectional replica-
tion. Green arrowheads indicate termination of replication by the convergence of forks. The solid line indicates replication intermediate signals from class I
rDNA. The Y arc from class II rDNA is depicted with a dotted line. The positions of duplicated DNA are indicated by X2. (E) 2-D gel analysis of AfIIl and
AflII/Ncol fragments hybridized to the 28S probe. Arrowheads point to enhanced signals of accumulating Y forks moving in the codirection. (F) Left, neutral/
alkaline 2-D gel analysis of AflII fragments, visualized with the 28S probe; right, the results are diagrammed. Arrowheads indicate the accumulation of nascent
strands from Y forks moving in the codirection. (G) Inferred positions of replication fork arrests in class I rDNA.

2-D gel analysis (Fig. 1G) and were mapped near the clustered Sal
boxes, which therefore might be linked to the RFB activities.
Consistent with previous findings (3), arrest of replication
forks moving in the codirection, i.e., the same direction as pre-
rRNA transcription, was also detected for class I rDNA, although
the related signals were weak (Fig. 1C and D, gray arrowheads). In
this case, the spots with accumulated Y forks in the AfIIT digests
shifted in the clockwise direction on the Y arc after double diges-
tion with Ncol. Hybridization to a probe recognizing the 28S
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rRNA-coding region (28S probe) enhanced the intensity of these
signals, as this probe will anneal to the already-duplicated
branches of the Y forks (Fig. 1E, arrowheads). Nascent strands
from codirectional replication forks were resolved by neutral/al-
kaline 2-D gel analysis and visualized by hybridization with the
28S probe. In the second dimension, consisting of alkaline condi-
tions, single-stranded nascent DNA migrates faster than its tem-
plate strands. Three spots corresponding to the accumulation of
nascent strands were detected (Fig. 1F, arrowheads), indicating
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FIG 2 The canonical Sal box functions as an RFB. (A) The intergenic spacer sequence corresponding to nucleotide positions 13315 to 15560 in the
sequence with GenBank accession number U13369 was inserted into the OriP vector either at the HindIII or the BstZ17I site. Red bars represent the
locations of Sal boxes. In the OriP vector, FR and DS regions in the OriP element are indicated. (B) 2-D gel analyses of ApaLI-Ndel fragments derived from
the OriP vector bearing the class I sequence in the head-on direction at the HindIII or BstZ171 site. The oriP-1 probe, indicated in panel A, was used for
hybridization. Arrowheads indicate accumulation of Y forks due to RFB activity. (C) Alignment of Sal box sequences. The conserved 11-bp sequence is
within the red box. Each of these Sal box sequences was inserted into the OriP vector at the BstZ171 site in either head-on or codirectional orientation. (D)
2-D gel analyses of Ncol fragments from OriP vectors with Sal boxes shown in panel C. Replication in the head-on direction, as well as the codirection,
was examined, with accumulated Y forks (arrowheads) visualized by hybridization to the oriP-2 probe. (E and F) The Sal box T1-to-T5 region (nt 13019
to 13843 in the sequence with accession number U13369), cloned in the HindIIT site of the OriP vector, was mutagenized as indicated (E), and NcoIl-Ndel
fragments were analyzed by 2-D gel analysis (F). Y fork accumulations due to RFB activity of T1 or T4/T5 (arrowheads), visualized by hybridization to the

oriP-3 probe, are indicated (F) and illustrated (E). (G) Summary of RFB locations of in human class I rDNA.

that codirectional replication halted at three specific sites in class I
rDNA. Intermediates related to an arrest at one of these sites could
only be detected using neutral/alkaline separation. Due to insuf-
ficient resolution in neutral/neutral 2-D gel analysis, the corre-
sponding spot was overshadowed by intense signals of nearby mi-
grating forks arrested during head-on replication. Codirectional
replication was arrested at positions that were mapped around the
clustered Sal boxes (Fig. 1G). Thus, the Sal boxes might be in-
volved in the arrest of both codirectional and head-on replication,
yet, as described below, not in the same manner.

In summary, around the Sal boxes in class I rDNA, we identi-
fied four sites with pronounced RFB activity toward head-on di-
rectional replication and three sites that affected codirectional
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replication. While the bidirectional fork arrest occurs in class I
rDNA, arrest in the head-on direction is predominant.

Sal box T1 acts as a polar RFB, while Sal box T4/T5 arrests
replication forks moving in both directions. To determine more
precisely the roles of the Sal boxes in the arrest of replication forks,
we set up an in vivo system in which class [ TDNA sequences could
be analyzed for their effect on replication. For this, the replication
system from the Epstein-Barr virus (40) was employed to create a
vector (OriP) that was able to replicate extrachromosomally and
in a unidirectional manner in human 293E cells. These cells stably
expressed the viral EBNA-1 protein that initiates replication from
OriP by recruiting cellular replication factors. After transfection of
293E cells with recombinant OriP plasmids, the RFB activity of
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particular DNA segments could be analyzed using plasmid-spe-
cific probes (see Fig. S2A to D in the supplemental material).

When the class I fragment was cloned into the OriP vector in
the head-on direction, accumulation of arrested replication forks
was observed near the Sal boxes (Fig. 2A and B), showing that their
RFB activities were recapitulated on the plasmid. This result also
indicated that replication fork arrests at the RFB sites occur inde-
pendently of pre-rRNA transcription, as suggested previously
(17). To localize more precisely the elements responsible for the
fork arrests, we dissected the class I rDNA sequence by testing
the RFB activity of distinct fragments in the OriP context (see
Fig. S2E and F in the supplemental material). We observed fork
arrest only in head-on replication with Sal box-containing
fragments and found that two independent RFB activities in
the transcription terminator region of the pre-rRNA were
linked to the Sal boxes of the first termination sequences (T1 to
T2) and the R repeat (T3 to T5).

To directly determine which of the Sal boxes T1 to T5 was
required for the arrest of replication forks, 18 to 21 bp of each
sequence was cloned into the OriP vector and tested for RFB ac-
tivity in head-on replication (Fig. 2C and D). The presence of T1,
T4, and T5 but not T2 and T3 led to the accumulation of Y forks.
T2 and T3 contain natural point mutations in the consensus se-
quence at positions 10 and 11 (AG to GC in T2 and A to G in T3)
(Fig. 2C) that likely account for their lack of RFB activity (Fig. 2D).
Previously, it was demonstrated that T2 and T3 had no affinity for
their binding protein and failed to terminate Pol I transcription
(41). When we replaced the AG duplets in the active Sal boxes T1,
T4, and T5 with GA in a fragment encompassing the Sal box T1-
to-T5 region, arrested replication forks corresponding to RFB ac-
tivity at these elements were no longer observed (Fig. 2E and F).
Similarly to T2 and T3, mutation of the consensus sequence inac-
tivated these Sal boxes. Taken together, these results indicate that,
in addition to their role in transcription termination, canonical
Sal boxes, together with their binding factor TTF-1, act as RFB
sites in head-on replication. Importantly, when individual Sal
boxes were replicated in the codirection, no RFB activity was de-
tected (Fig. 2D). This result revealed an intrinsic polarity of Sal
boxes in arresting a replication fork; head-on but not codirec-
tional replication progress is inhibited by a Sal box.

Although a Sal box is ineffective by itself in blocking codirec-
tional replication, in the natural context of the class I fragment,
such activity was observed on chromosomal DNA (3) (Fig. 1) and
episomal DNA (see Fig. S2G in the supplemental material). Dis-
section demonstrated that the RFB activity resided in a region
shared by all three repeats, which contained T3 to T5 (see Fig.
S2G). To determine their contribution to codirectional RFB activ-
ity, the mutant forms of T4 and T5 were tested in the context of the
Sal box T1-to-T5 region. As shown by the data in Fig. 2E and F, the
wild-type fragment accumulated one arrested replication fork,
which, as expected, was not affected upon mutation of T1. How-
ever, mutations in T4 and T5 eliminated codirectional replication
fork arrest.

Taken together, our results demonstrate that Sal boxes T4 and
T5 are required for the arrest of both head-on and codirectional
replication, whereas T1 only acts in the head-on direction (Fig.
2E). Since individual Sal boxes do not arrest codirectional repli-
cation (Fig. 2D) and T4 and T5 are only 39 bp apart in class I
rDNA, we speculate that they act cooperatively. These two ele-
ments are present in all three R repeats (R1 to R3) in which, be-
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FIG 3 TTEF-1 functions in replication fork arrest at RFBs in human rDNA. (A)
Levels of cellular TTF-1 as examined by Western blotting 96 h after transfection of
HeLa cells with siTTF1-1, siTTF1-2, and siCTRL. (B) TTF-1 mRNA expression as
examined by reverse transcription (RT)-PCR 72 h after siRNA transfection. Values
were normalized to the expression level of ACTB. (C) Replication intermediates in
TTE-1-depleted cells were analyzed by 2-D gel analyses 96 h after siRNA transfec-
tion. Southern blots of AfllI-digested DNA were hybridized to the 28S probe. Top
right, diagram showing the typical pattern of replication intermediates generated
at various RFB positions (RFB""/®!, RFB®?, and RFB®?) during head-on direc-
tional replication. RFB*!! and RFB“*? represent Y fork accumulation during codi-
rectional replication at REB®' and RFB®?, respectively. (D) Quantification of Y
forks arrested at indicated RFBs and of replication termination (Ter) detected as
shown in panel C relative to the results for corresponding replication intermedi-
ates from siCTRL cells. The mean results and standard deviations (SD) from =6
independent experiments are shown. The P values were calculated using a one-
sample ¢ test with a hypothetical mean of 1.

cause of their sequence similarity, replication fork arrests can be
expected to occur via the same mechanism. Here, we refer to the
RFB sites at T4 and T5 in the three R repeats, at which replication
forks are arrested bidirectionally, as REB®!, RFB®?, and RFB®?
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in 293E cells. The indicated sequences were cloned into the OriP vector at the HindIII site in either orientation. Replication intermediates of ApaLI-Ndel
fragments from these plasmids were visualized by Southern blotting with the oriP-1 probe (Fig. 2A). Arrowheads indicate accumulated Y forks representing RFB
activity. Asterisks mark cross-hybridization with nonreplicating linear DNA molecules. (D) Knockdown of Ttf-1 mRNA levels as verified by RT-PCR in mouse
ES cells transfected with shRNA-expressing plasmids. Values are normalized with respect to the level of Actb expression. (E) 2-D gel analyses of EcoRI-Asel
fragments in TTF-1 knockdown cells. Top right, diagram showing the typical pattern of replication intermediates, with RFB positions indicated. RFB™*! and
RFB™®? represent Y fork accumulation at the respective RFB sites during head-on directional replication. (F) Quantification of replication intermediates detected
as shown in panel E was as described for Fig. 3. The mean results and SD from four independent experiments are shown.

(Fig. 2G). The unique RFB site at T1 is the polar barrier, only
blocking replication in one direction, and is called RFB™".
Knockdown of TTF-1 attenuated RFB activity in human
rDNA. The Sal box binding protein TTF1 associates only with
canonical Sal boxes (41) that mediate RFB activity, which strongly
suggests that binding of TTF-1 is needed to arrest replication forks
at RFB sites. To determine a role of TTF-1 for RFB activity,
we treated cells with two independent small interfering RNAs
(siRNAs) against TTF-1 (siTTF1-1 and siTTF1-2). Cellular deple-
tion of TTF-1 by these siRNAs was successful, as the protein could
no longer be detected by Western blotting (Fig. 3A), although ~20
to 30% of mRNA expression remained (Fig. 3B). 2-D gel analysis
revealed a significant (P < 0.05) decrease in the accumulation of Y
forks at all RFB sites except REB™/®' in siTTF1-treated cells
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(Fig. 3C and D), indicating that TTF-1 is required for replication
fork arrest at these sites. The signals representing converging rep-
lication forks also decreased upon knockdown of TTF-1, suggest-
ing that replication termination is associated with RFB activity. In
contrast, the accumulations of Y forks at REBTR! in control cells
and those treated with siTTF1 were similar. We consider that this
result is, on one hand, due to the difficulty of completely depleting
TTE-1, while on the other hand, we might be witnessing a coun-
terbalancing effect. Although all RFB sites could be affected
equally by depletion of TTF-1, head-on directional replication
forks more frequently reached the distal RFB™/*" due to reduced
fork arrests at REB®? or RFB®®. This, however, was not observed as
an increased accumulation of Y forks since the decreased level of
TTEF-1 allowed more replication forks to pass through REB™"/R!,
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FIG 5 RFB activity is epigenetically regulated in human rDNA. (A) HeLa cells
released from a double thymidine block were collected at early, mid-, and late
S phase and analyzed by 2-D gel electrophoresis. Replication intermediates of
AfIII fragments were hybridized to the 28S probe. The progression of S phase is
shown below the gels. Cells were stained with propidium iodide and analyzed
by flow cytometry. Arrowheads indicate replication intermediates of class II
rDNA. (B) Significant fractions of class I and class II rDNA are resistant to
cleavage by Sacll. Left, Aflll rDNA fragments contain multiple SacII sites (ar-
rows); right, HeLa genomic DNA, digested by AfIII with or without Sacll, was
hybridized to the 28S probe. Percentages given for SaclI-resistant fractions are
the average results for two independent samples. (C) RFB activity is linked to
Sacll-cleavable rDNA. 2-D gel analyses of samples digested as described for
panel B are shown.

This explanation is consistent with the fact that in siTTF-1-treated
cells, the arrest of replication forks was relatively less affected at
RFB®* than at RFB®’. Furthermore, it cannot be excluded that
TTE-1binds REB"/®" with a higher affinity than the other sites for
as-yet-unknown reasons. Alternatively, a mechanism not depen-
dent on the binding of TTF-1 might cause a specific arrest of the
replication fork at REB"/R',

The mouse mR1 and mR2 repeats act as RFB sites. To estab-
lish whether the arrest of replication forks by TTF-1 and Sal boxes
is governed by a conserved mechanism, we did similar experi-
ments to analyze the RFB activity in mouse cells. By sequence
comparison, we found that in mouse cells, the Sal box-containing
IGS region contains two repeats, one consisting of mouse Sal box
T1 (mT1) tomT5 and the other of mT6 to mT10 (see Fig. S3A and
B in the supplemental material), which are herein called mR1 and
mR2, respectively.

To investigate in detail the mouse RFB sites in vivo, we exam-
ined replication intermediates of this IGS region by 2-D gel anal-
ysis followed by Southern blotting (Fig. 4A and B). The typical
patterns of replication intermediates on the descending part of the
Y arc as observed after EcoRI digestion (Fig. 4B, bottom) were as
previously reported (19). Upon further digestion with Asel, we
found that the signals of accumulated Y forks separated into two
spots (Fig. 4B, red arrowheads) and shifted clockwise on the Y arc,
showing that replication forks moving in the head-on direction
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had been arrested at two RFB sites, which were mapped near the
mR1 and mR2 repeats. Since the hybridization signals at both RFB
sites had an elongated shape, it appears that replication was ar-
rested at multiple sites within the mR1 and mR2 repeats, consis-
tent with the clustering of Sal boxes in each repeat (see Fig. S3B in
the supplemental material). Double-Y- and X-shaped molecules
that represent converging replication forks were also observed in
the 2-D gel analysis (Fig. 4B, green arrowheads), indicating that
replication fork arrest at these RFBs frequently resulted in repli-
cation termination.

In contrast to the previous in vivo and in vitro studies (17, 19),
we detected Y forks that had been arrested during codirectional
replication, although the hybridization signals were fairly weak
(Fig. 4B, gray arrowheads). In the EcoRI digest, these intermedi-
ates formed an elongated signal on the ascending Y arc, which was
separated into two spots that had shifted in the counterclockwise
direction after the fragment was shortened by digestion with
EcoRI/Asel or Pacl. Again, the positions where the replication
forks arrested were mapped near mR1 and mR2. These results
suggest that the progress of codirectional replication is also im-
peded by the mR1 and mR2 repeats.

To determine whether the mR1 and mR2 repeats were each
able to block replication, we cloned these sequences into the OriP
vector and let them replicate in 293E cells. Accumulation of Y
forks was detected in either direction of replication in the case of
each repeat, although the signals were much fainter for codirec-
tional pauses than for forks moving in the head-on direction (Fig.
4C). Thus, natural events that occur during mouse DNA replica-
tion could be reproduced in human cells and on the plasmids,
strongly suggesting that comparable mechanisms involving Sal
boxes regulate RFB activity.

To confirm that mouse TTF-1 is required for blocking replica-
tion forks, TTF-1 was knocked down in ES cells by using two small
hairpin RNAs, shTTF1-1 and shTTF1-2. Ttf-1 mRNA expression
levels were reduced by 60 to 70%, with the former shRNA being
slightly more effective than the latter (Fig. 4D). 2-D gel analysis of
DNA isolated from shTTF1-1 and shTTF1-2 cells showed that the
accumulations of Y forks at mR2 and of converging replication
forks were significantly reduced (Fig. 4E and F). TTF-1 depletion
by shTTF1-1 also reduced Y fork accumulation at mR1, although
to a lesser extent than at mR2. The finding that RFB activity in the
head-on direction was stronger nearer the 3" end of the pre-rRNA
coding region was also seen in human cells after TTF-1 depletion
(Fig. 3C and D). These results suggest that TTF-1, as in human
cells, is required for arresting replication forks at RFB sites in
mouse cells.

The KU complex has been found to be important for RFB
activity at mT2 during SV40 replication in vitro (18). However,
when we examined the levels and positions of Y forks in the ab-
sence of KU70, we did not see a significant difference between
Ku70 knockout and wild-type cells (see Fig. S3C in the supple-
mental material), showing that the KU complex is dispensable for
arresting replication forks at mR1 and mR2 in vivo.

In human cells, RFB activity relates to epigenetic status. The
timing of DNA replication is linked to the epigenetic status of the
genomic locus, and we wondered how REB activity near the 3" end
of the pre-rRNA coding region was regulated during S phase. We
therefore analyzed replication intermediates of class I and II frag-
ments in synchronized human cells (Fig. 5A). In the case of class I
rDNA, the accumulation of Y forks at the RFB sites and of dou-
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FIG 6 TIM is required for replication fork arrest at RFBs to coordinate the progression of replication with transcription activity. (A) Cellular depletion of TIM
in HeLa cells was verified by Western blotting. (B) 2-D gel analysis of AflIl fragments from TIM-depleted cells 96 h after transfection. (C) Quantification of
replication intermediates detected as shown in panel B was as described in the legend to Fig. 3. The mean results and SD from independent experiments (n = 3
for siTIM-3 and n = 7 for siTIM-6 and siCTRL) are presented. (D) Diagram of class I rDNA fragments with restriction sites for AflII, Mbol, and EcoRI and the
positions of probes indicated. (E) 2-D gel analysis of EcoRI-AflIl and Mbol fragments, which were hybridized to the 28S probe and the 3'ETS probe, respectively.
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ble-Y- and X-shaped molecules was highest early in S phase. These
signals gradually decreased as S phase progressed, and only very
weak RFB activity was seen in the mid- to late S phase, though the
continuous Y arc signal indicated ongoing replication of class I
rDNA. In contrast, Y forks of class I rDNA, as indicated by a faint
spot, only accumulated early in S phase and not later on (Fig. 5A,
early-S, arrowhead). Thus, the early-replicating rDNA copies,
which mainly consisted of class IrDNA, were proficient for arrest-
ing replication forks at specific RFB sites. In late-replicating
rDNA, however, replication forks were not blocked. For class II
rDNA, the Y arc signal became continuous in the mid- and late S
phase. Notably, late in S phase, the Y arc signal of class II rDNA
was more intense than that of class I rDNA (Fig. 5A, late-S, arrow-
head). These results suggest that a significant fraction of class II
rDNA replicates mainly in the mid- to late S phase and is devoid of
RFB activity. By sequencing analysis, we confirmed that the ca-
nonical Sal box sequence is present at T1, T4, and T5 in class II
rDNA (Y. Akamatsu and T. Kobayashi, unpublished results),
which implies that the RFB sites are epigenetically inactivated.

In mammalian rDNA, two kinds of epigenetically distinct
rDNA copies can be discerned, of which one set is actively tran-
scribed (active rDNA) and the other is transcriptionally silent (si-
lent rDNA) (42). It has been shown that these also differ in their
timing of replication during S phase; active rDNA replicates early
in S phase, whereas silent rDNA replicates late in S phase (43).
Therefore, our results suggest a close link between active rDNA
and the blocking of replication forks at REB sites, which mostly
occurs in class I rDNA, whereas silent rDNA is devoid of RFB
activity. To address this hypothesis, the CpG methylation status of
class I and II rDNA was examined by restriction digestion with
Sacll. Cleavage by this enzyme is inhibited not only by methyl-
ation but also by hemimethylation of the CpG dinucleotide in the
CCGC/GG recognition sequence (44). As shown by the results in
Fig. 5B, 66.9% of class I and 97.6% of class II rDNA fragments
generated by AflIl digestion remained intact after cleavage with
Sacll despite the presence of multiple Sacll sites within the AfIII
fragments. Thus, most of the class II and a fraction of class I
rDNAs were methylated. 2-D gel analysis of AflIl fragments (Fig.
5C) revealed that after Sacll digestion, none of the replication
forks arrested at the RFB sites could be detected and only a con-
tinuous Y arc indicative of uninterrupted replication was ob-
served. This result showed that RFB sites are only active in non-
methylated rDNA copies, which, apart from HeLa cells, was also
found when the relation between methylation status and replica-
tion was analyzed for HEK293 and VA13/W1I38 cells (see Fig. S4 in
the supplemental material). These results are consistent with our
hypothesis that replication forks are arrested at the RFB sites in
active rDNA but not in silent rDNA.

In TIM-depleted cells, replication collides with transcription
due to failed fork arrests. It has been shown in yeast that stable
arrest of the replication fork at the RFB site depends on Tof1/Swil,
an accessory factor of the replication machinery (24-27). We in-
vestigated whether the human homologue TIM is required for

Role of Human RFB in rDNA Replication

replication fork arrests at RFB sites. We analyzed replication in-
termediates by 2-D gel electrophoresis in cells in which TIM had
been significantly knocked down with siRNAs siTIM-3 and
siTIM-6, with the latter being the most effective (Fig. 6A). In siTIM-
3-treated cells, a significant reduction in fork arrests was seen at
RFB® and RFB®’, whereas siTIM-6 treatment decreased fork ar-
rests at all RFB sites (Fig. 6B and C). Thus, the role of TIM in
arresting replication forks at RFB sites is evolutionarily conserved
from yeasts to human. It seemed that, after depletion of TIM, fork
arrest at REB™R" was less affected than that at REB®* or RFB®
(Fig. 6B and C), as was observed in the case of TTF-1 depletion
(Fig. 3). To examine this in detail, we reduced the fragment length
by digestion with EcoRI/AfIII or Mbol, which gave sufficient res-
olution to separate the Y forks accumulating at RFB™' and RFB®'!
in the case of the control cells (Fig. 6D and E). In siTIM-6-treated
cells, however, these Y forks were merged, as revealed by an un-
precedented broad signal (Fig. 6E, insets), indicating that the
progress of the replication fork was slowed down around these
sites. This pattern was not seen after the knockdown of TTF-1 (see
Fig. S5 in the supplemental material). Since the forks in these
novel signals were moved anticlockwise on the Y arc, consistent
with arrest in the head-on direction, and Sal box T1 is only 19 bp
downstream from the 3" end of the 47S pre-rRNA-coding region,
we hypothesized that pre-rRNA transcription becomes an obsta-
cle for replication fork movement when the fork fails to arrest at
the RFB sites. To test this, we treated cells with transcription in-
hibitors cordycepin and actinomycin D and analyzed the fork ar-
rests near RFBTV/R! (Fig. 6F and G). Consistent with the observa-
tion that RFB sites are functional on plasmids, the accumulation
of Y forks at the RFB sites was not affected by inhibition of pre-
rRNA transcription in the control cells. In contrast, after depletion
of TIM, the signal of Y forks arrested near RFB™"/*! was dimin-
ished upon treatment with cordycepin or actinomycin D, indicat-
ing that the replication was proceeding into the 47S pre-rRNA-
coding region when rRNA synthesis was shut off. These results
support our hypothesis that active pre-rRNA transcription im-
pairs replication progress, thus revealing the importance of RFBs
for the coordination of DNA replication with pre-rRNA tran-
scription.

DISCUSSION

Our analyses were able to determine the exact positions and direc-
tions of RFBs, both in human cells and in mouse cells. The finding
that canonical Sal boxes and their binding factor TTF-1 are re-
quired for replication fork arrests strongly suggests that a Sal box/
TTEF-1 complex acts as an RFB in mammalian rDNA. We also
demonstrated that Sal box T1 causes a polar replication fork ar-
rest, while the Sal box T4/T5 region arrests replication forks bidi-
rectionally. The polarity of T1 fits the putative biological role of
this RFB site in preventing collision of the replication fork with
pre-rRNA transcription. Indeed, when RFB activity is reduced by
depletion of TIM, pre-rRNA transcription impedes the progress
of replication. Moreover, the RFB sites are only seen on transcrip-

Insets show magnifications of the Y forks accumulating around RFB®! and RFB™". (F) Effect of transcription inhibition on replication. 2-D gel analyses of AfIIl
fragments from cells that were treated with cordycepin (50 wM) or actinomycin D (50 ng/ml) for the indicated periods. Replication intermediates were visualized
with the 28S probe. Arrowheads indicate transcription-dependent Y fork accumulation. (G) Quantification of replication intermediates at or near RFB®"/**
detected as shown in panel F. Values relative to that of the signal in cells without (w/0) treatment are shown. For siTIM-6-treated cells, all values from
inhibitor-treated cells were combined to calculate the P values using a one-sample ¢ test with hypothetical mean of 1.
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tionally active rDNA and not on rDNA that is silenced, indicating
that RFBs are active on actively transcribed rDNA repeats. Thus,
our results show the importance of RFB sites in coordinating the
progression of replication with pre-rRNA transcription by pre-
venting a replication fork from entering a highly transcribed re-
gion.

Some of our results seem contradictory to those of a previous
report describing the identification of a mouse RFB site using an in
vitro SV40 replication system (17). We demonstrated that two
repeats of Sal boxes, mR1 and mR2, inhibited replication fork
progress in vivo, which was not dependent on KU70 (or the con-
tinuous GC stretch it binds to) as reported for inhibition of SV40
replication (18). Moreover, in several mouse cell lines, fork arrests
were detected at multiple sites near the repeating Sal boxes (19).
These contradictions are likely due to differences between the
SV40 and the cellular replication systems. In SV40 replication, T
antigen acts as the replicative helicase, whereas in normal cellular
replication, the replicative helicase consists of CMG (a complex
formed by Cdc45, MCM2-7, and GINS) and this is restrained by
the TIM/TIPIN fork protection complex (45, 46). We show that
TIM contributes to fork arrest at RFBs similarly to Tof1/Mrcl and
Swil/3 in yeasts. This role may be independent of the role in fork
protection or it may contribute to the fork arrest at the rDNA
RFBs.

In humans and mice, multiple Sal boxes are clustered together
within larger, repeated (m)R segments. Recently, it was reported
that clustering of Sal boxes in chromatin-coated DNA increased
their binding affinity to TTF-1 protein and that they cooperatively
terminated Pol I transcription (47). Their RFB activity might op-
erate in a similar manner. Indeed, we found that two closely lo-
cated functional Sal boxes, T4 and T5, become an obstacle for the
codirectional replication fork that is able to pass through a single
Sal box. Thus, the closely located Sal boxes within (m)R-repeats
might form one functional unit that serves as an RFB site. Cur-
rently, we do not know whether the blocking of codirectional rep-
lication has a physiological function.

Our observations also suggest that RFB activity is closely re-
lated to the epigenetic status of the rDNA; the fork efficiently
arrests at RFB on hypomethylated rDNA copies but not on meth-
ylated silent copies. We registered the highest RFB activity in early
S phase, when actively transcribed rDNA is replicated (43). Thus,
REFB sites are activated predominantly on transcriptionally active
rDNA copies. This agrees with the idea that RFB sites are impor-
tant for the coordination of replication fork progress with pre-
rRNA transcription. Since the RFB activity is reconstituted on the
plasmids and chemical inhibition of transcription did not affect
the fork arrests on RFB sites, transcription activity itself is dispens-
able for RFB function (17; this study). It is known that, at the
transcription terminator region, TTF-1 localizes selectively to
nonmethylated DNA and not to methylated DNA (48). Therefore,
recognition of the Sal boxes by TTF-1 might be affected by epige-
netic marking of the terminator region and RFB activity on silent
rDNA copies is missing.

Failure of replication fork arrest at RFB sites upon depletion of
TIM leads to unprecedented accumulation of replication interme-
diates near the 3" end of the 47S rRNA-coding region. A similar
observation was reported for fission yeast (24). Fork arrest at RFP4
in fission yeast rDNA does not depend on the TIM homologue
Swil. As RFP4 does not block replication on a plasmid, pre-rRNA
transcription has been speculated to be responsible for the fork
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arrest at this site. In this study, we demonstrated that, in human
TIM-depleted cells, the unprecedented fork accumulation was de-
pendent on active transcription. Thus, in the absence of TIM,
pre-rRNA transcription impedes replication fork movement by
head-on collision. Although the molecular mechanism of tran-
scription-dependent replication fork arrest remains to be eluci-
dated, it has been suggested that topological stress generated
ahead of transcription and replication, DNA-RNA hybrids at the
3’ terminus of the coding region, or Pol I transcription machinery
still bound to the rDNA might be responsible. These events also
lead to genome instability (49).

The rDNA clusters in cancer cells are quite unstable (50, 51).
Cancer cell survival is essentially supported through hyperacti-
vated rRNA transcription, which might cause the collision of rep-
lication forks with rRNA transcription and, thereby, rDNA insta-
bility. We consider that RFB activity, by coordinating the progress
of replication with elevated transcription, is important for faithful
replication of rDNA clusters containing actively transcribed units
and, possibly, for the structural integrity of rDNA.
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