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ABSTRACT

Ribosome biogenesis is a major metabolic effort for
growing cells. In Saccharomyces cerevisiae, Hmo1,
an abundant high-mobility group box protein
(HMGB) binds to the coding region of the RNA poly-
merase I transcribed ribosomal RNAs genes and the
promoters of �70% of ribosomal protein genes.
In this study, we have demonstrated the functional
conservation of eukaryotic HMGB proteins involved
in ribosomal DNA (rDNA) transcription. We have
shown that when expressed in budding yeast,
human UBF1 and a newly identified Sp-Hmo1
(Schizosaccharomyces pombe) localize to the nucle-
olus and suppress growth defect of the RNA poly-
merase I mutant rpa49-". Owing to the multiple
functions of both proteins, Hmo1 and UBF1 are not
fully interchangeable. By deletion and domains
swapping in Hmo1, we identified essential domains
that stimulate rDNA transcription but are not fully
required for stimulation of ribosomal protein genes
expression. Hmo1 is organized in four functional
domains: a dimerization module, a canonical
HMGB motif followed by a conserved domain and
a C-terminal nucleolar localization signal. We
propose that Hmo1 has acquired species-specific
functions and shares with UBF1 and Sp-Hmo1 an
ancestral function to stimulate rDNA transcription.

INTRODUCTION

Cell growth requires intense protein synthesis activity,
making ribosome production the ‘house building’
function of the cell (1). Transcription by RNA polymerase
I (Pol I) of ribosomal RNA (rRNA) genes is thought to be
the major rate-limiting step in ribosomes production (2).
Although about half of the ribosomal DNA (rDNA) is
not transcribed, transcription of the active rRNA genes
by Pol I is one to two orders of magnitude greater than
the transcription of the rest of the genome. Hmo1 in
Saccharomyces cerevisiae and UBF in human are highly
enriched on actively transcribed rRNA genes (3,4).
Furthermore, both have been linked to the regulation of
transcription by Pol I (2).
UBF exists as two splice variants, UBF1 and UBF2,

each representing �50% of UBF in the human cells (5).
Both can bind to the rDNA promoter, UBF1 being a
more potent activator (6). Numerous functions have
been ascribed to UBF1. These include recruitment of the
transcription factor SL1 (7), formation of the Pol I
preinitation complex (8) and regulation of Pol I’s
promoter escape during transcription initiation. (9).
UBF binding extends from the rDNA promoter region
to the entire transcribed region (4,10). Through direct
binding to the transcribed region, UBF can also regulate
Pol I elongation (11). Tandem arrays of a heterologous
high affinity UBF binding site, integrated into human
chromosomes, form pseudo-nucleolar organizer regions
(NORs) (12). Association of UBF with pseudo-NORs
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induces chromatin decondensation and the recruitment of
the Pol I machinery (12).
UBF1 contains five high mobility group (HMG) boxes,

the first three of which are responsible for binding and
loop formation on target DNA (13). It was unlikely that
a direct counterpart of UBF is found in yeast.
Nevertheless, we previously identified Hmo1, a budding
yeast protein bearing one canonical HMG-Box, as a
bona fide Pol I transcription factor, which has a robust
genetic interaction with the specific Pol I subunit Rpa49,
the yeast ortholog of the human PAF53 subunit (14,15).
Rpa49 has a dual function in vivo: it controls the release of
the Pol I transcription factor Rrn3 required for initiation
of transcription, and it is involved in the elongation of
rRNA by Pol I (16–18). In the absence of Rpa49, there
is less polymerases on transcribed rDNA genes indicating
a defect in initiation (16,19). Deletion of HMO1 in the
rpa49� strain is lethal, whereas overexpression of Hmo1
suppresses the growth phenotype of rpa49� (14).
Like UBF, Hmo1 is highly enriched in the nucleolus,

bound to the rDNA and implicated in Pol I transcription
(14). Unlike UBF, Hmo1 is clearly involved in other
processes. Plasmid stability is reduced in HMO1-deficient
mutants (20). Hmo1 also interacts with TFIID and local-
izes at Pol II transcription start sites (21). Hmo1 binds
ribosomal protein gene (RPG) promoters and regulates
their expression (22–24). Furthermore, Hmo1 together
with Top2 suppress chromosome fragility during the
S phase to preserve genome integrity (25).
In the present study, we directly addressed the functional

conservation of these nucleolar high-mobility group box
(HMGB) proteins in stimulating Pol I transcription. We
show that when expressed in budding yeast, UBF1 and a
newly identified Sp-Hmo1 localize to the nucleolus and
suppress lethality of the rpa49-� hmo1� double mutant.
The three proteins Hmo1, Sp-Hmo1 and UBF1 share a
similar domains organization. By assessing the ability of
truncated or chimeric Hmo1 derivatives to localize to the
nucleolus and to restore Hmo1’s functions, we have
identified a domain in Hmo1, which, when deleted, can
uncouple its various functions. Hmo1 is organized into
four functional domains; a dimerization module, a canon-
ical HMGB motif followed by a conserved domain and a
C-terminal nucleolar targeting signal. If the C-terminal is
dispensable for Hmo1 functions, the other motifs are
strictly required for Pol I stimulation; importantly, RPG
stimulation requires neither the dimerization motif nor the
conserved domain.

MATERIALS AND METHODS

Yeast strains, plasmids construction, tetrad analysis and
plasmid-shuffling assays

Yeast media and genetic techniques were described previ-
ously (26,27). The yeast strains used in this study are listed
in Supplementary Table S1, plasmids are listed in
Supplementary Table S2 and oligonucleotides are listed
in Supplementary Table S3. Yeast strains were constructed
by meiotic crossing and transformation with DNA.
Complementation was tested using plasmid-shuffling

assays. Null alleles of the haploid strains were comple-
mented by the corresponding wild-type (WT) genes borne
on URA3-containing plasmids. Fluoroorotate (FOA) is
toxic for URA3+ strains (28). FOA was used to apply a
strong positive selection on cells that have lost URA3-
containing plasmid bearing WT genes. Ten-fold serial dilu-
tions of each tested strains were spotted on plates with
(FOA) or without FOA (�). Growth of strains containing
complementing plasmid (without FOA—right panel of
each serial dilution) is used as control.

Western blot analyses

Proteins from total cell extracts were separated on 4–20%
Tris–glycine polyacrylamide/SDS gels (BioRad) and
transferred to hybond-ECL membranes (GE
Healthcare). Hmo1 and truncated versions were detected
using a polyclonal antibody raised against Hmo1 full-
length (kindly provided by Dr Brill) as described in (20)
and revealed using Anti-Rabbit IgG horseradish peroxid-
ase (HRP) conjugate (Promega). UBF2, UBF1 and de-
rivatives were detected using 1/3000 dilution of sheep
serum raised against UBF1 full-length (12) and revealed
using anti-sheep IgG HRP conjugate (abcam).
Phosphoglycerate Kinase (PGK) protein level was used
as loading control. After detection of the protein of
interest, the membrane was washed using antibody
striping buffer (GeBA Ltd), incubated with 1/20 000
dilution of mouse PGK antibody (Invitrogen) and
revealed using Anti-Mouse IgG HRP conjugate
(Promega). All membranes were imaged using LAAS
4000 system (Fujifilm) and processed using MultiGauge
V3.0 software.

In vivo labeling, RNA extractions and analysis

Metabolic labeling of pre-rRNAs was performed as pre-
viously described (29) with the following modifications.
Strains were pre-grown in synthetic glucose containing
medium lacking adenine to an optical density at 600 nm
of 0.8 at 30�C. One mililiter of cultures were labeled with
50 mCi of [8-3H] adenine (NET06300 PerkinElmer) for
12min. Cells were collected by centrifugation, and
pellets were frozen in liquid nitrogen. RNAs were then
extracted as previously described (30) and precipitated
with ethanol. For high molecular weight RNAs analysis,
1/5th of the total RNAs were glyoxal denatured and
resolved on a 1.2% agarose gel. Low molecular weight
RNAs were resolved on 8% polyacrylamide/8.3M urea
gels.

Northern blot analysis

RNA extraction and northern hybridization were per-
formed as previously described (30). The oligonucleotides
used to detect these RNAs are shown in Supplementary
Table S3.

Culture and analysis of human cells

HT1080 were grown in Dulbeco’s MEM+GlutaMAX-1
(+4.5 g/l glucose; GIBCO) supplemented with 10% fetal
bovine serum (v/v) (BioSera) and 5U/ml (100mg/ml) of
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penicillin/streptomycin (Sigma). To maintain the 3D-1 cell
line (12), the medium was supplemented with 5 mg/ml
blasticidinS (Melford). The UBF KD cell line was main-
tained in medium supplemented with 5 mg/ml blasticidinS
and 200 mg/ml Zeocin (Melford). The UBF KD Hmo1 cell
line was maintained in medium supplemented with 5 mg/ml
blasticidinS, 200 mg/ml Zeocin and 300mg/ml G418 sulfate
(Melford). A full description of the UBF KD cell line can
be obtained from B. McStay on request.

Before immuno-fluorescent imaging, cells were
grown on Superfrost� Plus microscope slides (Scientific
Laboratory Supplies) for at least 24 h. Media was
removed, cells were fixed with 4% paraformaldehyde
PBS for 10min at RT, rinsed with PBS and permeabilized
with 0.5% saponin and 0.5% Triton X-100 in PBS for
10min at RT. Antibody incubations were performed for
45–60min in a humidity chamber at 37�C, followed by
washes in PBS. Slides were mounted in Vectashield plus
DAPI (Vector Laboratories). Z-stacks of fluorescent
images were captured and merged using a Photometric
Coolsnap HQ camera and Volocity 5 imaging software
(Improvision) with a 63x Plan Apochromat Zeiss objective
mounted on a Zeiss Axioplan2 imaging microscope.

Electron microscopy

For morphological analysis of nucleoli, yeast were
cryofixed by high-pressure freezing (EMPACT, Leica)
and cryosubstituted with OsO4 0.02%, Uranyl Acetate
0.1%, glutaraldehyde 1% in acetone, for 72 h. Cells are
then embedded in a Lowicryl resin (HM-20) polymerised
at �50�C. Sections of 100 nm were analysed with a Jeol
1200X electron microscope. Manual segmentation of nu-
cleus, nucleolus and dense fibrillar component and meas-
urement of their size were performed using ImageJ on 20
nuclei for each background (http://rsb.info.nih.gov/ij/).

Immunofluorescence

Immunofluorescence was performed according to (31).
Schizosaccharomyces pombe cells were then incubated at
room temperature with a polyclonal primary antibody
(67 724) against Gar2 at ¼ dilution in buffer B (31) for
2 h followed by 1 h of incubation with a primary mono-
clonal antibody anti-HA. Fluorescent detection was
achieved with an incubation of both the secondary
antibodies, Alexa Fluor 594-conjugated goat anti-rabbit
IgG and the Alexa Fluor� 488 goat anti-mouse. For
Hmo1 detection, S. cerevisiae cells were incubated over-
night at 4�C with rabbit antiserum against Hmo1 at 1/300
dilution (20). Fluorescence detection was performed using
Texas Red conjugated goat anti-rabbit IgG (Santa Cruz
biotechnology Inc.).

Fluorescence microscopy and image analysis

Wide-field fluorescent images were captured with an
Olympus IX-81 microscope equipped with Polychrome V
monochromator, Coolsnap HQ camera (Rooper)
controlled with Metamorph acquisition software V6
(Universal Imaging). Confocal Microscopy was per-
formed with an Andor Revolution Nipkow-disk
confocal system installed on an Olympus IX-81, featuring

a CSU22 confocal spinning disk unit (Yokogawa) and
an EMCCD camera (DU 888, Andor). Pixel size was
65 nm. For 3D analysis, Z-stacks of 41 images with a
250 nm Z-step were used. Exposure time was 200ms.
Confocal images were processed and analyzed with a
Matlab script nucloc, available at http://www.nucloc.
org/ (MathWorks) (32).

Chromatin immunoprecipitation

Exponentially growing cells were treated with formalde-
hyde 1% final concentration during 15min. Cells were
lysed using glass beads in Precellys24 (Precellys). To keep
rDNA in the soluble fraction, samples were rotated for
5min at low speed (1000g at 4�C) (33). Antibodies used
were anti-HA (12CA5; Babco.) Immunoprecipitated
DNA was quantified by PCR monitored in real time.
Each immunoprecipitation sample is normalized to an
input sample to control for experimental variations.

RESULTS

UBF1 is nucleolar when expressed in yeast

To determine whether Hmo1 and human UBF have
conserved functions in vivo, we individually expressed
UBF isoforms, UBF1 and UBF2, in a WT yeast strain.
In S. cerevisiae, YFP tagged UBF1 and UBF2 were
localized predominantly in a crescent shaped structure
flanking the nuclear envelope and occupying about one-
third of the nuclear volume, reminiscent of the yeast
nucleolar structure (Figure 1A and B). Co-expression of
YFP-UBF1 with fluorescently tagged Hmo1 and Nop1
(the yeast paralog of human fibrillarin) confirmed its
nucleolar targeting. (Figure 1B, upper panel) (14).
Surprisingly, in contrast to a WT strain, on expression
of YFP-UBF1, Hmo1-CFP and mRFP-Nop1 appeared
to be fully co-localized in vivo (14). Moreover, the nucle-
olar region appeared larger (Figure 1B, lower panel;
YFP-UBF2, not shown). This effect is reversed when
YFP-UBF1 expressing construct is omitted (data not
shown), indicating that the presence of YFP-UBF1 is
solely responsible of the modified nucleolar morphology.
To relate nucleolar enlargement to function, we

investigated nucleolar size in WT cells overexpressing
Hmo1, UBF1 or UBF2. Nuclear and nucleolar volumes
were measured using signals for the nuclear pore protein
GFP-Nup49 and the nucleolar mRFP-Nop1, respectively
(32). Visual inspection of nucleolar morphology suggests
that UBF2, like UBF1, but not Hmo1 overexpression,
results in enlarged nucleolus (Figure 1C). When measuring
nuclear to nucleolar volumes ratio in a large number of
cells, we could confirm a significant increase of nucleolar
volume in both UBF1 and UBF2 expressing strains and a
reduced nucleolar volume on Hmo1 overexpression (see
‘Materials and Methods’ section; Figure 1D). Nucleolar
expansion caused by UBF1 expression appears to be
largely a consequence of dense fibrillar component
enlargement as estimated by electron microscopy (see
Supplementary Figure S1).
In conclusion, the nucleolar localization of UBF1 and

UBF2 suggests that they could have a function in the yeast
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nucleolus. However, in contrast to Hmo1 overexpression,
expression of UBF1 and UBF2 led to nucleolar enlarge-
ment, which can be an indirect consequence of heterol-
ogous expression of human proteins.

UBF1 functionally substitutes for Hmo1 in rDNA but not
in RPGs transcription

UBF1, but not UBF2, can stimulate rDNA transcription in
mammalian cells and in vitro (34,35). We tested if human
UBF1 and UBF2 are toxic in WT budding yeast and if
UBF1 or UBF2 can substitute for Hmo1. We expressed
untagged human UBF1 or UBF2 in WT yeasts and in an
hmo1� mutant background (Figure 2A). Despite the
apparent nucleolar enlargement on UBF expression in
WT cells, no growth defect is observed on UBF1 or
UBF2 expression (Figure 2B, left panel). No significant
rescue of the growth defect of hmo1� could be detected,

showing that neither UBF1 nor UBF2 can fully substitute
for Hmo1 in vivo (Figure 2B, middle panel). We next tested
whether UBF could substitute for one of the functions of
Hmo1. Functions of Hmo1 can be uncoupled by genetic
means, using three different double mutant backgrounds:
hmo1�-rpa34�, hmo1�-rpa49�, hmo1�-rps23b�. Rpa34
is a fully dispensable subunit of Pol I, ortholog to human
PAF49/CAST subunit (36,37). The double mutant hmo1�-
rpa34� has a synthetic slow growth phenotype,
exacerbating the Pol I defect of hmo1� single mutant
(24). We expressed UBF1 or UBF2 in hmo1�-rpa34�
double mutant. In this mutant background, UBF1, but
not UBF2 could alleviate the growth defect of the double
mutant (Figure 2B, right panel). To confirm that UBF1
actually stimulates yeast Pol I activity, we expressed
UBF1 in an hmo1� rpa49� double mutant. Viability in
the hmo1� rpa49� double mutant is maintained by a
plasmid bearing RPA49, which can be counter selected
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Figure 1. When expressed in S. cerevisae, UBF1 and UBF2 are nucleolar and increase nucleolar volume. (A) UBF1 and UBF2 fused to YFP and
produced in yeast concentrate in a nuclear crescent shape structure. (B) The construct encoding the YFP-UBF1 fusion protein (green) was used to
transform a strain producing a Hmo1-CFP fusion protein (blue) and an mRFP-Nop1 fusion protein (red), which define different subdomains of the
nucleolus. UBF1, Hmo1and Nop1 fully co-localize. (C) A strain producing mRFP-Nop1 fusion protein (red) and GFP-Nup49, which reveals the
nucleolus and nuclear, respectively, periphery was transformed with empty plasmid (Control), a plasmid over-expressing Hmo1 or UBF1 (not shown)
or UBF2. (D) Nuclear and nucleolar volumes were imaged by confocal microscopy and quantified using automated detection software (32).
Cumulative frequency plots of the nucleolar to nuclear volumes ratio show a decrease on Hmo1 overexpression [Two-sample Kolmogorov–
Smirnov test (KS), P=2.7e�06] and a significant increase on UBF1 (KS test, P=1.6e�08) or UBF2 (KS test, P=4.3e�07) expression relative to
control. Scale bar is 5 mm.
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on FOA containing medium (see ‘Materials and Methods’
section). Importantly, lethality of hmo1-� rpa49-� double
mutant is circumvented when 35S pre-rRNA is produced
by RNA polymerase II, showing that lethality in this
double mutant is due to defective Pol I transcription (14).
Our results show that UBF1 but not UBF2 expression
restored growth of the hmo1� rpa49� double mutant
(Figure 2C).

Hmo1 is bound to 70% of RPG promoters, but a hmo1
deleted mutant has only mild effect on most RPG

expression (22–24). On a few RPGs, Hmo1 deletion has
a marked effect on the expression of one of the two copies
(e.g. RPS16A or RPS23A). Therefore, hmo1 deletion
becomes lethal when combined with deletion of the
other copie of the genes (e.g. RPS16B or RPS23B).
Using such a double mutant (hmo1�-rps23b�), we could
show that UBF1 expression could not rescue RPG stimu-
lation in absence of Hmo1 (Figure 2D).

UBF1 and Hmo1 both stimulate rDNA transcription in
budding yeast

In mammals, UBF1 stimulates both initiation and elong-
ation step of the Pol I transcription cycle (38). In yeast,
deletion of Rpa49 is associated with defects in Pol I initi-
ation and elongation (16–18). Overexpression of Hmo1 in
rpa49-� single mutant increases growth rate and stimu-
lates rRNA synthesis (14). Similarly, UBF1 expression
could stimulate growth in rpa49� strain, even in the
presence of endogenous Hmo1 (Figure 3A).
To relate the growth stimulation upon UBF1 expression

with rRNA synthesis, we performed metabolic labeling of
newly synthesized RNA (Figure 3B). To discriminate
between preferential stimulation of initiation or of elong-
ation, we performed Pol I’s chromatin immunoprecipita-
tion (ChIP) (Figure 3C). We achieved both experiments in
the rpa49� mutant containing only 25 rDNA genes, all
active in transcription, allowing an easier interpretation of
our observations (16,39). We checked that in such a back-
ground, both overexpression of Hmo1 and heterologous
expression of UBF1 could also suppress rpa49� growth
defect (data not shown). In our metabolic labeling
of RNA, 5S rRNA and tRNA both transcribed by
RNA polymerase III, were used as labeling controls
(Figure 3B). Our results show that rRNA production is
drastically reduced in rpa49� mutant compared with WT
and partially restored on UBF1 expression. Therefore, just
like Hmo1 overexpression (14), UBF1 expression in
budding yeast stimulates rRNA production in rpa49�
mutant (Figure 3B).
The results of ChIP experiments showed that compared

with WT, rpa49 deletion reduced Pol I occupancy by
�3-fold (18) (Figure 3C). Pol I global loading rate and
50 relative to 30 Pol I density over rDNA genes should
be differentially affected depending on whether initiation
or elongation is restored when expressing Hmo1 or UBF1
in an rpa49� mutant (11,40). Overexpression of Hmo1
and UBF1 in rpa49� background did not change signifi-
cantly Pol I loading rate per active gene or the 50 to 30 Pol
I loading ratio (Figure 3C). These results suggest that
Hmo1 or UBF1 are probably able to alleviate the
rpa49� defect in rRNA synthesis without preferential
stimulation of initiation relative to elongation.

N-terminal part of UBF1 is sufficient to stimulate rDNA
transcription in budding yeast

UBF1 is a much larger protein than Hmo1 and has a well-
established domain structure that includes: an N-terminal
dimerization domain (UBF-D), five conserved HMG
boxes (with the first being the most canonical) followed
by a negatively charged C-terminal motif (41) (Figure 4A).

A

B

-

UBF1

UBF2

WT hmo1∆
hmo1∆
rpa34∆

C

Hmo1

UBF1

UBF2

-

-FOA

rpa49∆ -hmo1∆

UBF1

-

Hmo1

-FOA

hmo1∆-rps23b∆

KDa

35

55

130

100
70
55

- UBF1
UBF2KDa

anti-UBF

anti-PGK

D

Figure 2. UBF1 can stimulate growth of the rpa49�-hmo1� mutant.
(A) UBF1 and UBF2 are expressed at similar level in budding yeast
as estimated by western blot. Total proteins were extracted from WT
strain bearing an empty plasmid (�), expressing UBF1 or UBF2.
PGK1 was used as loading control. (B) UBF1, but not UBF2, partially
complements the growth defect of rpa34�-hmo1� strain. WT, hmo1�
and hmo1�-rpa34� double mutant expressing UBF1 or UBF2 were
spotted on minimum media, and growth was scored after 3 days at
25�C. (C) UBF1 complements the essential functions of Hmo1 in
rpa49�-hmo1�. Ten-fold serial dilutions of the double rpa49-hmo1
deleted strain expressing Hmo1, UBF1, UBF2 or bearing an empty
vector (�) were spotted on plates containing 5-FOA to test for com-
plementation (see ‘Materials and Methods’ section). (D) Double
hmo1�-rps23b� deleted strain expressing Hmo1, UBF1 or an empty
vector (�) were spotted on plates containing 5-FOA to test for com-
plementation. Plates without FOA (�) were used as controls to confirm
that similar numbers of cells were spotted.
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Importantly, the C-terminal domain of UBF is thought to
be required for stimulation of initiation via an interaction
with the human initiation factor SL1 (42). We therefore
sought to identify the minimum domains within UBF1

required for nucleolar localization and Pol I stimulation
in yeast. Interestingly, UBF1 and UBF2 are both nucle-
olar. However, only UBF1 was able to substitute Hmo1’s
function in Pol I mutant. UBF2 is a shorter spliced variant
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Figure 3. UBF1 and Hmo1 stimulate rDNA transcription in budding yeast. (A) Ten-fold serial dilutions of the rpa49 deleted strain expressing
Hmo1, UBF1, RPA49 or an empty vector (�) were spotted on plates containing 5-FOA and incubated at 25�C for 5 days to test for complemen-
tation of rpa49� growth defect. (B) In vivo labeling of newly synthesized RNAs. Two different clones of WT (lanes 1–2 and 7–8), rpa49� (lanes 3–4
and 9–10) and rpa49� strains expressing UBF1 (lanes 5–6 and 11–12) were grown to an OD600 of 0.8. Cells were then pulse-labeled with [8-3H]
adenine for 12 min. Samples were collected and total RNAs were extracted, separated by gel electrophoresis. High molecular weight RNAs were
resolved on an agarose gel (left panel, lanes 1–6), low molecular weight RNAs were resolved on a polyacrylamide gel (right panel, lanes 7–12).
(C) Effect of Hmo1 and UBF1 overexpression on rDNA occupancy by Pol I. ChIP assays were performed on a strain with 25 rDNA copies
expressing a HA-tagged version of the largest subunit of Pol I, Rpa190 and deleted for RPA49 (rpa49�, gray line). This strain is transformed with
the appropriate plasmids allowing expression of Rpa49 (complemented WT, black line), overexpression of Hmo1 (rpa49�+Hmo1; red line) or
overexpression of UBF1 (rpa49�+UBF1; green line). Pol I was pull-down by anti-HA antibodies. ChIP from untagged strains is used as back-
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shows the positions of the primers used for qPCR amplification on rDNA. The arrow denotes the start site and transcription orientation of the
35S rRNA gene.
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of UBF1, in which the functional HMG Box2 is missing
(5). The N-terminal dimerization module and the two first
HMG boxes of UBF1 are sufficient for binding and
bending the rDNA (13,42). We hypothesized that
N-terminal part of UBF1 (UBF-Box1-2) could be suffi-
cient in yeast to substitute Hmo1 function in Pol I tran-
scription. To test this hypothesis, we expressed truncated
forms of UBF1: UBF-Box1 and UBF-Box1-2 in a
S. cerevisiae WT strain expressing CFP-Nup49 to delin-
eate the nuclear envelope and mCherry-Nop1 to label the
nucleolus (Figure 4B). Both proteins localized in the yeast
nucleolus (Figure 4B). To test the ability to stimulate Pol I
activity, we expressed both untagged UBF-Box1 and
UBF-Box1-2 in the hmo1� rpa49� background
(Supplementary Figure S2A). Only UBF-Box1-2 rescued
growth albeit not as efficiently as UBF1 full length
(Figure 4C). Therefore, N-terminal region of UBF1
(including the functional Box 2 absent in UBF2) is suffi-
cient to stimulate Pol I activity in absence of Hmo1 in
rpa49 null mutant.

A nucleolar HMGB protein stimulates Pol I
transcription in S. pombe

In budding yeast and human, Pol I activity requires an
HMGB factor. To test for the existence of an ancestral
HMGB factor stimulating Pol I activity in all eukaryotes,
we next tried to identify by sequence similarity a putative
counterpart in a distantly related eukaryote, S. pombe.
Owing to an overall low sequences similarity between
Hmo1 and UBF1, the conserved region (CR) between
Hmo1 and UBF1 is limited to a consensus HMGB
motif followed by 40 amino acids (Figure 5A). In the
S. pombe proteome, we tested four HMGB proteins,
each containing HMGB motifs (Figure 5B). We
produced each of those four HMGB proteins fused to
YFP in a WT S. cerevisiae strain expressing CFP-Nup49
and mCherry-Nop1:only Spbc28F2.11 accumulated in the
nucleolus (Figure 5C). We next produced the four
untagged proteins in the S. cerevisiae hmo1� rpa49�
double mutant (Figure 5D): Spbc28F2.11 restored
growth of the double mutant in contrast to the other
HMGB proteins. Moreover, like UBF1, Spbc28f2.11
cannot substitute for Hmo1 in hmo1� rps23b� double
mutant (Figure 5E). This heterospecific complementation
assay suggests that Spbc28f2.11, hereafter called Sp-
Hmo1, could act as a Pol I transcription factor.
We then tested whether Sp-Hmo1 is nucleolar and does

influence Pol I activity in S. pombe. HA-tagged Sp-Hmo1
was detected by immunofluorescence in WT S. pombe; the
fluorescent signal was concentrated in the nucleolus as
indicated by co-localization with Gar2 an abundant nu-
cleolar protein (Figure 6A). Next, we generated a
Sp-Hmo1 gene deletion in S. pombe. In S. cerevisiae,
Hmo1 is required for growth at 25�C and a hmo1�
mutant strain accumulates unprocessed 35S rRNA, sug-
gesting a direct or indirect rRNA processing defect (23). In
contrast to HMO1 deletion in S. cerevisiae, deletion of
Sp-HMO1 in S. pombe did not affect growth (data not
shown). We analyzed the effect of Sp-HMO1 deletion on
ribosome biogenesis by northern blot analysis to assess the
steady-state content of rRNA precursors. The deletion
resulted in a mild depletion of the two earliest precursors,
35S and 32S rRNA, but little or no effect on the accumu-
lation of other downstream precursors (27SA, 27SBL 27BS

and 20S rRNA) when compared with WT cells (Figure
6B). Therefore, deletion of Sp-HMO1 impacts accumula-
tion of early rRNA precursors.
In S. cerevisiae, stimulation of rRNA production by

Hmo1 was uncovered in one Pol I mutant: in the
absence of specific Pol I subunit Rpa49, Hmo1 becomes
essential and its overexpression suppresses the rpa49�
growth defect at 25�C (14). We tested whether this
genetic link is conserved in S. pombe. The S. pombe
ortholog of the budding yeast Rpa49 is Rpa51, hereafter
termed Sp-Rpa49 (43). We crossed the S. pombe haploid
single mutants Sp-hmo1� and Sp-rpa49� and tried to
isolate double-deletion mutants after meiosis. None of
the 64 offsprings were double mutants, suggesting that
Sp-HMO1 and Sp-RPA49 deletions are synthetically
lethal in S. pombe (Figure 6C). Sp-RPA49 deletion strain
was unable to grow at 25�C and overexpression of
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Sp-Hmo1 from the strong NMT1 promoter effectively
suppressed this growth defect (Figure 6D). We used
northern blotting to analyze the steady-state content
of rRNA precursors in S. pombe WT and Sp-rpa49�
to confirm that Sp-Hmo1 suppression results in a

modification of rRNA production. Accumulation of the
unprocessed Pol I transcript 35S rRNA is strongly
impaired in Sp-rpa49� compared with WT. The 35S
accumulation is partially recovered on Sp-Hmo1
overexpression with no observable effect on other down-
stream precursors. Thus, growth-phenotype suppression
of the Sp-rpa49� by Sp-Hmo1 overexpression correlates
with recovery of WT accumulation level of the pol I
primary transcript (35S rRNA) (Figure 6E).
We conclude that Sp-Hmo1, although fully dispensable

for growth, can stimulate Pol I activity and our genetic
analysis suggests that it is a functional equivalent of Hmo1
for rDNA transcription in S. pombe.

Consequences of Hmo1 expression in human cells

We have shown that UBF1 expression in yeast can
partially substitute for Hmo1. To study the functional
conservation of Hmo1 and UBF1 in more detail, we
introduced a Hmo1 expression plasmid into the human
cell line HT1080. We observed that Hmo1 co-localized
with UBF in nucleoli with a low nucleoplasmic signal
(Figure 7A). Like UBF, Hmo1 was concentrated on
NORs on metaphase chromosomes (Figure 7A) (44). As
rDNA transcription is reduced or even stopped during
mitosis of mammalian cells, this observation supports
the observation that, like UBF, Hmo1 associates with
ribosomal gene chromatin even in the absence of Pol I
transcription (44,45). We next produced Hmo1 in a cell
line (3D-1) bearing a pseudo-NOR (12). Pseudo-NORs
detected by immunofluorescence appear as novel sub-
nuclear bodies, distinct from nucleoli. They sequester a
significant fraction of many components of the Pol I tran-
scription machinery, including UBF. Pseudo NORs lack
Pol I promoter sequences and are therefore transcription-
ally silent and do not recruit RNA-binding factors such as
nucleolin or fibrillarin. When produced in small amounts
in 3D-1 cells, Hmo1 was sequestered by pseudo-NORs
(Figure 7A), providing further evidence that Hmo1 can
be recruited directly to ribosomal genes chromatin in
human cells.
UBF is essential for cell growth and proliferation, as

shown by shRNA-mediated depletion (Figure 7B and
C). A growth arrest phenotype is observed on activation
of a tetracycline inducible shRNA targeting both UBF1
and UBF2 in the human cell line HT1080. By introduction
of a tetracycline-inducible Hmo1 expression vector, we
could simultaneously abolish UBF production and
induce Hmo1 production (Figure 7B). In this system, we
could test whether Hmo1 can replace UBF1 function in
human cells. UBF has multiple roles in the Pol I transcrip-
tion cycle, including at the initiation step of rDNA tran-
scription and during elongation (9,11). In this work, we
have shown that the common function between Hmo1 and
UBF1 does not preferentially stimulate initiation rather
than elongation (Figure 3), and we have proposed that
N-terminal part of UBF1 could be equivalent to Hmo1
(Figure 4). In our system of complementation, Hmo1 did
not overcome the growth arrest associated with UBF de-
pletion (Figure 7C). This result shows that UBF fulfills
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Figure 6. Characterization of the Hmo1 counterpart in S. pombe.
(A) Localization of Sp-Hmo1 in S. pombe. Sp-Hmo1 was produced
as a C-terminal HA-tagged protein in S. pombe and detected by im-
munofluorescence (green). The nucleolus was revealed by
immunodetection of the Gar2 protein (red) and DAPI labeled the
nucleus (blue). Scale bar 5 mm (B) Sp-Hmo1 is required for 35S pre-
rRNA accumulation. Total RNA was extracted from a WT strain and
Sp-hmo1� (�) mutant cells and analyzed by northern blotting.
Hybridizations revealed the precursors indicated on the left of each
panel. (C) The Sp-hmo1�-Sp-rpa49� double mutant is not viable.
After mating of haploid Sp-hmo1� and Sp-rpa49� strains and
meiosis, growth of segregants bearing Sp-hmo1� (K) and Sp-rpa49�
(U) was followed by tetrad analysis. WT and single mutants Sp-hmo1�
and Sp-Rpa49� were selected with KAN (K) and URA3 (U); their
frequencies are close to those expected, but no double mutant was
isolated. (D) Overexpression of Sp-Hmo1 suppresses the growth
defect of Sp-rpa49� at 25�C. The Sp-rpa49� mutant transformed
with empty vector (�), Sp-RPA49 complementing the deletion (WT)
or Sp-HMO1 driven from a strong promoter were grown for 4 days at
25�C or 30�C. (E) Accumulation of rRNA precursors was restored in
the Sp-rpa49� mutant by overexpression of Sp-Hmo1. Total RNA was
extracted and analyzed by northern blotting. Hybridizations revealed
the precursors indicated on the left of each panel.
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mammal specific functions that cannot be complemented
by Hmo1 expression.
In conclusion, both UBF1 and Hmo1 have the ability

to colocalize with rDNA and seem to share a conserved
ancestral function in Pol I transcription. However, in
mammals, Hmo1 is unable to fulfill UBF1 essential
function(s).

Pol I stimulation by Hmo1 requires the integrity of BoxA
and the conserved motif

The organization of Hmo1 into three domains has been
previously described: BoxA (aa 12–90) is a poorly
conserved HMG Box required for dimerization, BoxB
(aa 106–189) is a conserved HMG Box and BoxC (aa
219–246) is a highly charged motif involved in DNA
bending (46). Our alignment between Hmo1 and UBF1
suggested the existence of a fourth domain in Hmo1
between BoxB and the C-terminal charged domain,
a CR (aa 189–219) (Figure 8A). We generated a set of

Hmo1 truncations to delineate the functional importance
of these four domains. We generated C-terminal, internal
and N-terminal deletion mutants of Hmo1 (Figure 8A):
BoxA comprising only the first 90 residues of Hmo1,
BoxAB including the most conserved HMGB,
Hmo1�CR containing an internal deletion spanning the
CR, Hmo1�BoxA lacking N-terminal tail and Hmo1�C
mutation removing the last 36 residues, which has been
previously shown to induce no growth phenotype (20). We
verified the expression of all deletion constructs using
antibody against Hmo1 (Supplementary Figure S2B).
We defined their intracellular localization and their
involvement in Pol I stimulation and RPG transcription
expressing them in hmo1�-rpa49� or hmo1�-rps23b�
strains (Figure 8).

Because Hmo1 could dimerize in vitro (46), we first
tested localization of YFP N-terminally tagged constructs,
in absence of endogenous Hmo1 (Figure 8B). All con-
structs lacking charged C terminal motif were both
nuclear and cytoplasmic with no nucleolar accumulation.

Interphase

Hmo1UBF Merge Merge +DAPI

Metaphase 

ce
ll 

nu
m

be
r 

 
x 

10
6

UBF KD 
UBF KD+Doxy
UBF KD Hmo1 
UBF KD Hmo1+Doxy 

1

5

24hr 48hr 72hr 96hr 120hr 

A

C

Interphase

UBF1/2 

Hmo1 

UBF1/2 

Hmo1 

UBF1/2 

Hmo1 

UBF1/2 

Hmo1 

UBF KD 
UBF KD 
 Hmo1 

Doxycycline

24hr 

48hr 

72hr 

92hr 

+ +- -

B

HT1080

3D-1

Pseudo-NORs

Figure 7. Hmo1 is unable to fulfill UBF1 essential function(s) in human cells. (A) Hmo1 expressed in the human cell line HT1080 is mostly
colocalized with UBF in nucleoli (upper panel). Hmo1 produced in the human cell line 3D-1 is concentrated in Pseudo-NORs with UBF1 (lower
panel). (B) shRNA targeting both UBF1 and UBF2 in the human cell line HT1080 was used to mediate their depletion. Western blotting was used to
assess depletion efficiency and Hmo1 expression after doxycycline induction. (C) Growth curves after induction of Hmo1 expression and depletion of
UBF (UBF KD Hmo1+doxy) and after only UBF depletion (UBF KD+ doxy) or without doxycycline (UBF KD Hmo1) (UBFKD) show that
Hmo1 cannot overcome the growth arrest associated with UBF depletion.

10144 Nucleic Acids Research, 2013, Vol. 41, No. 22

-
-
-
conserved region (
; 
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt770/-/DC1


A

FOA -

BoxAB

BoxA

Hmo1

FOA -

hmo1∆-rpa49∆ hmo1∆-rps23b∆

Hmo1∆C

Hmo1-∆CR

C

hmo1∆-rpa49∆ hmo1∆-rps23b∆

Chim-Hmo1

Hmo1

-FOA-FOA

-

Chim-Hmo1

-

Hmo1-∆BoxA

D

B BoxA BoxAB
Hmo1
∆C

Hmo1-
∆CR

HMO1
∆boxA

Hmo1

DIC

BoxAHmo1

hmo1∆ Wild-type 

Hmo1
105

B CCR
1

B
UBF-D

CCR

98
BoxA BoxAB Hmo1∆C Hmo1-∆CR

B
∆(179-219)

BB

HMO1∆boxA
98

B

C-terminal deletion N-terminal deletioninternal deletion

CR C CCR
179 219

Hmo1

98 179

105
B

246

219
CCR

1

1111

A

A A A A

YFP-
construct

mCherry-
Nop1

Merge

A

Figure 8. Pol I stimulation by Hmo1 requires the integrity of BoxA and the conserved motif CR. (A) Schematic representation of five truncated
versions of Hmo1: BoxA, BoxAB, Hmo1�CR and Hmo1�BoxA. Hmo1 full size is represented on the top. Location of domains [BoxA (A), BoxB
(B), CR, C terminal tail (C)] is indicated for each construct. (B) The five truncated versions of Hmo1, BoxA, BoxAB, Hmo1�CR, Hmo1�C and
Hmo1�BoxA were YFP fused and expressed in an hmo1� background bearing nucleolar (mCherry-Nop1) and nuclear pore complex (CFp-Nup49)
markers. Full size Hmo1 and BoxA were expressed in a WT strain bearing nucleolar (mCherry-Nop1) and nuclear pore complex (CFP-Nup49)
markers. Selected cells are representative of the population. Scale bar=5mm (C) The truncated Hmo1 constructions presented in the upper panel
were functionally tested. Ten-fold serial dilutions of hmo1�-rpa49� (left) and hmo1�-rps23b� (right) strains expressing Hmo1 (Hmo1), or the four
truncated constructions BoxA, BoxAB, Hmo1�C, Hmo1�CR or an empty vector (�) were spotted on plates containing 5-FOA to test for com-
plementation. (D) The Hmo1 Box A can be functionally exchanged with the UBF1 dimerization motif. The BoxA of Hmo1 was swapped with the
UBF1 dimerization motif to generate a chimeric protein Chim-Hmo1. Ten-fold serial dilutions of hmo1�-rpa49� (left) and hmo1�-rps23b� (right)
strains expressing Hmo1 (Hmo1), Chim-Hmo1 or an empty vector (�) were spotted on plates containing 5-FOA to test for complementation.

Nucleic Acids Research, 2013, Vol. 41, No. 22 10145



Importantly, untagged Hmo1 lacking the C terminal
domain is localized like the YFP-tagged construct
(Supplementary Figure S3). Conversely, Hmo1�CR and
Hmo1�BoxA were accumulated in the nucleus/nucleolus,
strongly suggesting that C-terminus is necessary for
nuclear/nucleolar localization. To directly test dimeriza-
tion with endogenous Hmo1, we next expressed the
different truncated versions of Hmo1 in presence of
endogeneous Hmo1, i.e. in a WT strain also expressing
mCherry-Nop1 (Hmo1-BoxA depicted in Figure 8B,
data not shown). When comparing localizations with or
without endogeneous Hmo1, Hmo1�BoxA localization
was unaffected, whereas the three deletions bearing
BoxA but lacking the C terminal domain were not
anymore cytoplasmic but concentrated in the nucleus/
nucleolus in presence of Hmo1 (Figure 8B), suggesting a
nucleolar localization driven by a piggyback mechanism
(i.e. the YFP-BoxA protein heterodimerizes with endogen-
ous Hmo1). BoxA acts like a dimerization motif.
We next expressed the five untagged deletion constructs

in two mutants in which Hmo1 is essential, hmo1�-
rpa49� and hmo1�-rps23b�. Hmo1 full length and
Hmo1�C suppressed lethality in both backgrounds,
whereas BoxA and BoxAB constructs did not complement
the double mutations. Interestingly, Hmo1�BoxA and
Hmo1�CR could not complement the absence of Hmo1
in the rpa49� strain but could restore growth in the
hmo1�-rps23b� mutant (Figure 8C). Pol I stimulation
by Hmo1 requires the integrity of BoxA and the conserved
motif.
A dimerization module in the N-terminus of UBF1 was

previously identified (47), and our localization data suggest
that Hmo1 N-terminus could also behave as a dimeriza-
tion module in vivo (Figure 8B), supporting a previous
biochemical study (46). Despite a lack of sequence simi-
larity, BoxA and UBF1-N-terminus could have a similar
function. To test this functional similarity, we swapped the
BoxA of Hmo1 with the dimerization module of UBF1
(Figure 8D). Expression of Chim-hmo1 rescued the
growth phenotype in both mutants: hmo1�-rpa49� and
hmo1�-rps23b� (Figure 8D), whereas Hmo1 lacking
BoxA did not restore the growth of the hmo1�-rpa49�
strain. The N-terminal dimerization motif in Hmo1 seems
to be necessary to stimulate Pol I transcription.
In conclusion, some of the functions of Hmo1 are

fulfilled in absence of the conserved domain CR or of
the dimerization motif as shown in rps23b� mutant.
Conversely, Pol I stimulation by Hmo1 requires the integ-
rity of the dimerization motif and the CR. Canonical
HMGB BoxB of Hmo1 is essential in both tested
mutants hmo1�-rpa49� and hmo1�-rps23b�.

DISCUSSION

In this manuscript, we report in vivo structure-function
analysis of the S. cerevisiae’s transcription factor Hmo1.
HMGB Box proteins Hmo1 in yeast and UBF1 in human
both stimulate Pol I, and it was suggested that they could
be functionally related (14). In our study, we clarify this
point. We have characterized a functional conservation

between the human UBF1 and Hmo1 in stimulating
rDNA transcription, and we have identified Sp-Hmo1,
an ortholog in another eukaryotic organism, S. pombe.
Hmo1, UBF1 and Sp-Hmo1 appear to have some inter-
changeable activities in stimulating Pol I transcription.
However, although Hmo1 has multiple functions in vivo,
including regulation of RPG expression, UBF1 and Sp-
Hmo1 are unable to stimulate RPG expression, as judged
by their failure to rescue of hmo1� rps23b� lethality
(Figures 2D and 5E). Such partial complementation sug-
gested that Hmo1’s activities could be uncoupled.

Hmo1 and UBF1 are not equivalent but share a common
function in rDNA transcription

Hmo1 has been implicated in genome stability, transcrip-
tion by RNA pol II (20,22–25), and we have shown here
that Hmo1 shares a common function with UBF1 during
RNA pol I transcription. In metazoans, UBF is a multi-
functional protein involved in both initiation and elong-
ation of rDNA transcription (8,11). We propose that
HMGB proteins do not stimulate preferentially initiation
rate, but also act during elongation, most likely
stimulating processivity of the Pol I enzyme. Two lines
of evidence support this hypothesis. First, UBF1 inter-
action with the initiation factor SL1 requires its
C-terminal region (42), whereas when expressed in yeast,
the UBF1 N-terminal domain is sufficient to complement
Hmo1 function in a Pol I mutant. Therefore, the
conserved function between HMGB is unlikely to be the
interaction with initiation factors. Second, it is well estab-
lished that human UBF and budding yeast Hmo1 are
localized along the entire Pol I transcribed region of the
rRNA genes (3,4,24). On UBF1 expression or Hmo1
overexpression, rRNA synthesis is stimulated without
any evidence of preferential stimulation of initiation, i.e.
Pol I loading rate per gene and its density on the 50 end of
the transcription unit relative to 30 are not significantly
modified.

What could be the function of the domains of these
HMGB proteins?

Alignments between Hmo1, UBF N-terminal domain and
Sp-Hmo1 are shown in Figure 9. Hmo1 could be divided
in four domains: the N-terminal region BoxA required for
dimerization, BoxB including a consensus HMG Box, a
CR of 40 amino acids and a C-terminal region rich in
lysine residues. Interestingly, Hmo1’s BoxA, BoxB and
CR domains that have counterparts either in human
and/or in S. pombe are all required for stimulating Pol I
in vivo. Hmo1’s deletion mutants lacking either BoxA or
CR domain can still stimulate transcription of a tested
RPG gene.

Hmo1’s BoxA was initially described as a degenerated
HMGB Box (48). Hmo1 BoxA and UBF dimerization
module have similar size. We show here that Box A
could be swapped with UBF’s dimerization domain,
which does not have HMGB properties. This suggests
that BoxA is primarily a dimerization module, with no
essential DNA binding function. Alignment also reveals
a conservation of basic properties of the linker region
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between BoxA and HMGB motif (Figure 9). The canon-
ical HMGB BoxB is essential for all tested Hmo1 func-
tions. Basic residues located just before HMGB BoxB are
known to stabilize bending triggered by adjacent HMGB
motif (49) and are essential for DNA-bending activity of
UBF1 (13). Self-association of HMGB proteins is particu-
larly important to form loop structures: Hmo1-�BoxA
fails to bend DNA and UBF1 without dimerization
module loses the ability to form a loop structure called
enhancesome (13,48).

The other essential domain identified in this study to
stimulate rDNA transcription is a CR. Interestingly,
UBF phosphorylation in this region (residue 201) alters
significantly its ability to form enhancesome structure
(50). By analogy with UBF1, this motif in Hmo1 could
also be involved in DNA looping.

C-terminal region rich in lysine residues of Hmo1 is not
conserved and seems to act as a nucleolar targeting
sequence. Known functions of Hmo1 require nuclear/
nucleolar localization. Surprisingly, Hmo1�C lacking
this domain is functional, in agreement with previous
observations (20). Hmo1�C is predominantly cytoplas-
mic, but is not excluded from the nuclear/nucleolar sub
compartments. We propose that the small size of
Hmo1�C (25kDa) allows passive import in the nuclear/
nucleolar compartment. We speculate that this minor pool
is sufficient to fulfill Hmo1’s functions.

CONCLUSIONS

In conclusion, Hmo1 has acquired species-specific func-
tions and shares with UBF1 and Sp-Hmo1 an ancestral
function to stimulate rDNA transcription. The

dimerization domain and CR from Hmo1 are required
for DNA bending and confer the ability to form loop
structure and potentially act on topological state of
rDNA. We propose that Hmo1, Sp-Hmo1 and UBF1
regulate transcription elongation by modifying chromatin
of active genes. Such activity might not be required for
RPG regulation, as suggested by our genetic assay.
Active rDNA genes is at the same time a repeated

region largely devoided of nucleosomal structure (3,4)
and the most transcribed region of the eukaryotic
genome. The conserved function of Hmo1 and UBF1
could be a topological function involved in regulation of
chromatin structure of active rDNA. Further investiga-
tions will be necessary to fully understand stimulatory
function of HMGB proteins.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [51–55].
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that are identical are in red.
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work to the memory of Pierre Thuriaux, a great scientist, a
mentor and a good friend.
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