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ABSTRACT

The regulation of ribosomal DNA transcription is an
important step for the control of cell growth.
Epigenetic marks such as DNA methylation and
posttranslational modifications of canonical
histones have been involved in this regulation, but
much less is known about the role of histone
variants. In this work, we show that the histone
variant macroH2A1 is present on the promoter of
methylated rDNA genes. The inhibition of the ex-
pression of macroH2A1 in human HeLa and HepG2
cells and in a mouse ES cell line resulted in an up to
5-fold increase of pre-rBNA levels. This increased
accumulation of pre-rRNA is accompanied by an
increase of the loading of RNA polymerase | and
UBF on the rDNA without any changes in the
number of active rDNA genes. The inhibition of
RNA polymerase | transcription by actinomycin D
or by knocking down nucleolin, induces the recruit-
ment of macroH2A1 on the rDNA and the
relocalization of macroH2A1 in the nucleolus.
Interestingly, the inhibition of rDNA transcription
induced by nucleolin depletion is alleviated by the
inactivation of macroH2A1. These results demon-
strate that macroH2A1 is a new factor involved in
the regulation of rDNA transcription.

INTRODUCTION

Ribosome biogenesis is of utmost importance to cell pro-
liferation; it uses large amounts of cellular resources to
produce >150 ribosomes per second in proliferating mam-
malian cells. This endeavour draws on many concerted
cellular processes that converge to a central hub, the
nucleoli. As such, nucleoli host the major events of the

phenomenon, among which is the transcription of
rRNA-encoding genes by the RNA polymerase I
(RNAPI). RNAPI activity may represent up to 35% of
total transcription in dividing mammalian cells (1).
In human, this is made possible by the existence of
~300-400 rDNA gene copies per haploid genome,
distributed on five clusters on chromosomes 13, 14, 15,
21 and 22 (2,3). Each cluster consists of repeated alterna-
tions between a gene (an ~14-kb coding region and its
associated regulatory sequences), and an ~30-kb
intergenic spacer (IGS). RNAPI transcription produces a
large pre-rRNA 478 precursor that is processed and yields
a copy of each of the mature 18S, 5.8S and 28S rRNA.
Numerous pathways regulate RNAPI activity, some
acting through epigenetic modifications. In many
dividing cells, including mammalian cells, only a fraction
of the rDNA gene copies is active, while the others are
kept silenced. Inactive copies may be characterized by dif-
ferent epigenetic features (4,5). These include methylated
CpG dimers, tri-methylated H4K20 and tri-methylated
H3K27. Conversely, active copies display H4K 12 acetyl-
ation, H3K4 tri-methylation and unmethylated CpGs.
Antagonistic molecular complexes establish these different
marks. Among them, the nucleolar remodelling complex
(NoRC) is a repressive chromatin remodeling complex
that contains the SNF2h ATPase and TIP5 which,
through its interaction with transcription termination
factor-1 (TTF-1), brings NoRC to the promoter and, in
turn, recruits chromatin-modifying activities, including
DNA methyltransferase, histone methyltransferase and
histone deacetylase such as HDACI. On active rDNA
promoters TTF1 also recruits the multifunctional
Cockayne Syndrome group B protein (CSB) to the
rDNA promoter (6). A complex formed by CSB, which
is a chromatin remodeler and a DNA-dependent ATPase
itself, and G9a, a histone H3 K9 methyltransferase, plays
an important role in the activation of transcription. H3K9
di-methylation can be found on both CpG methylated and

*To whom correspondence should be addressed. Tel/Fax: +33 4 72 72 8016; Email: pbouvet@ens-lyon.fr
Correspondence may also be addressed to Fabien Mongelard. Tel/Fax: +33 4 72 72 8016; Email: fabien.mongelard@ens-lyon.fr

© The Author(s) 2013. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial

re-use, please contact journals.permissions@oup.com


more than 
-
5 
,
l

182 Nucleic Acids Research, 2014, Vol. 42, No. 1

unmethylated rDNA (4). Since only a fraction of
unmethylated rDNA is transcriptionally active (7), the
role of H3K9 di-methylation in transcriptional activation
remains unclear. The mechanisms that decide on the re-
cruitment of NoRC versus CSB and thus determine the
transcriptional state of the rDNA cluster, remain to be
determined.

In this already complex picture, and beyond the identi-
fication of key players, recent results also strengthened the
idea that complexity of rDNA transcription regulation
through chromatin transactions cannot be summed up
just in terms of On and Off bistable epigenetic states
(4,5). Intermediate states do exist, whose existence seems
to depend on the action of other complexes such as
CHD4/NurD. Action of this complex is believed to
promote the establishment of a poised state of rDNA
gene, i.e. nontranscribed but permissive to transcriptional
activation, in which preinitiation complexes are present on
promoters whose DNA is unmethylated while histones
carry both heterochromatin and euchromatin marks (8).
Along these lines, we have recently shown that nucleolin,
one of the most abundant nucleolar proteins, plays a
positive role in RNAPI transcription without affecting
the number of active copies (9). Nucleolin inhibits the
binding of TTF1 to the promoter and reduces the recruit-
ment of TIPS and HDACI, ultimately counteracting the
establishment of heterochromatin marks and promoting
rDNA transcription.

Beside posttranslational modifications of canonical
histones, incorporation of histone variants plays a less-
recognized role in rDNA regulation. Recently, the
histone H2A variant macroH2A has been identified as
modulator of rDNA transcription during seasonal accli-
matization of carp fish (10), although little is known about
the mechanisms involved. MacroH2A isoforms are struc-
turally unique, possessing a 30-kDa nonhistone macro-
domain at the C-terminus [reviewed by (11)]. Two
distinct genes encode macroH2A1 and macroH2A?2, the
former being expressed in the form of two splice
variants (macroH2A1.1 and macroH2A1.2). Their role
in RNAPII transcription has proven to be complex and
context-dependent. While they are generally thought to be
part of repressive chromatin domains, induction of some
genes requires the presence of macroH2A1 (12-14).
Interestingly, nucleolin can act as a co-remodeler on
macroH2A1 containing chromatin templates (15). These
facts have prompted us to study the function of
macroH2A1 in RNAPI transcription. In this article, we
show that macroH2A1 is present on rDNA where it exerts
a repressive effect on transcription.

MATERIALS AND METHODS
Cell lines and siRNA transfection

HeLa and HepG2 cells were cultured in Dulbecco’s
modified Eagle medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (FBS) (Gibco) at 37°C in
5% CO,. HeLa cells (6 x 10°) were transfected with
siRNA  (Eurogentec) using Lipofectamine 2000
(Invitrogen) as described previously (16). The siRNA

sequences used are listed in Supplementary Table Sl1.
The mouse ES cell line E14 was maintained in minimal
essential medium (Sigma) supplemented with 20% FBS
(Hyclone), 1% penicillin-streptomycin, 1% glutamax,
1% mnonessential amino acids, 1% sodium pyruvate and
0.2% B-mercaptoethanol, in the presence of leukemia in-
hibitory factor corresponding to 1000 U/ml. For the in-
duction of differentiation, 1 uM retinoic acid was added
directly to the plates in LIF-free medium. HepG2 and
mouse embryonic stem (mES) cells were transduced with
retro- and lentiviral macroH2A-specific sShRNA cassettes
as described (12,17). Cells were harvested 96 h after trans-
fection or puromycin-selection, and proteins and RNAs
were analyzed by western blot and RT-QPCR, respect-
ively. For the inhibition of RNAPI transcription, cells
were treated for 3h with actinomycin D (AMD; 5 pg/ml,
Sigma) diluted in DMEM with 10% FBS.

Transcription analysis by RT-QPCR

Total RNA was prepared by TRIzol (Invitrogen) extrac-
tion and digested with 20U of RNase-free DNase 1
(Roche Diagnostics) for 1 h at 37°C. One hundred nano-
grams of total RNA were reverse-transcribed using
random hexamer primers and first strand cDNA synthesis
kit (Fermentas) and the synthesized cDNA was used for
RT-QPCR using FastStart Universal SYBR Green
Master (ROX) (Roche). Primer sequences used are listed
in Supplementary Table S2.

Immunofluorescence

HeLa cells grown on glass coverslips were washed with
phosphate buffered saline (PBS), fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature,
washed three times with PBS and fixed with —20°C
methanol on ice for 20min, then washed three times
with PBS and permeabilized with 0.1% Triton X-100 in
PBS for 2 x Smin at room temperature. After two washes
in PBS, nonspecific binding of antibodies was blocked
with 10% fetal calf serum in PBS. After three washes
with PBS, coverslips were incubated with primary
antibodies at 37°C for 1h. After two washes in PBS
with 0.1% Triton X-100, coverslips were incubated with
secondary antibodies coupled with Alexa dyes (A555 or
A647). After two more washes in PBS with 0.1% Triton
X-100, the coverslips were washed in PBS, rinsed in
ddH,O and briefly dipped in 100% ethanol. After a
quick dry, cover slips were mounted with Fluoromount
G containing 200 ng/ml DAPI.

Chromatin immunoprecipitation and DNA
methylation assays

Chromatin immunoprecipitation (ChIP) assays were done
as described earlier (18). HeLa cells were cross-linked for
10 min with 1% formaldehyde in the culture medium at
room temperature. Glycine (0.125 M) was added, and the
cells were rocked for Smin to stop the reaction. The cells
were suspended in 200 pl of sodium dodecyl sulfate (SDS)
lysis buffer (1% SDS, 10mM EDTA, 50mM Tris, pH
8.1), and sonication was performed to produce DNA frag-
ments of 200—1000 bp in length. Chromatin was diluted
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10-fold with ChIP dilution buffer (0.01% SDS, 1.1%
Triton X-100, 1.2mM EDTA, 16.7mM Tris, pHS8.1,
167mM NacCl), precleared and immunoprecipitated with
the respective antibodies. Precipitated DNA and protein
complexes were reverse cross-linked and purified through
phenol/chloroform extraction and ethanol precipitation.

The purified DNAs were amplified by real-time poly-
merase chain reaction (PCR) using StepOne Plus
(Applied Biosystems) and FastStart Universal SYBR
Green Master (ROX) (Roche). Primers for real-time
PCR were designed or as reported (19) and listed in
Supplementary Table S2.

To monitor CpG methylation of rDNA at —9 (20),
DNA was digested with 20 U of Hpall or Mspl, or it
was mock-digested. For quantification, the digested
DNA along with an equal amount of the mock-digested
DNA were amplified by real-time PCR using the H42.9
primer pair (see Supplementary Table S2) that flanks the
—9 Hpall/Mspl site on the human rDNA promoter region
(19). The relative resistance to Hpall digestion was
calculated by normalizing the amount of DNA resistant
to Hpall to that of mock-digested DNA.

Psoralen cross-linking and Southern blot

HeLa cells grown in 60-mm Petri dishes (0.8 x 10° cells/
Petri) were placed in serum-free medium (1.5ml) just
before cross-linking began. A 1/20 volume (75ul) of
200 pg/ml trioxsalen (4,5,8-trimethylpsoralen, Sigma) in
methanol was added with gentle mixing, and after 5-min
incubation, cells were irradiated on ice for 5min with a
366-nm ultraviolet lamp (BlackRay model B-100A,
100 W) placed at a distance of 6-7cm. Cross-linking was
repeated three more times, each time adding fresh
trioxsalen. Subsequently, the cells were washed with PBS
and lysed with 0.5ml of lysis buffer (10 mM Tris, pH 7.5,
50mM NaCl, 25mM EDTA, 2% SDS). Proteinase K
(1 mg/ml, Fermentas) was added, and the combined
lysate was incubated overnight at 50°C, adding fresh pro-
teinase K after the first 2h. The genomic DNA was then
deproteinized twice with phenol/chloroform, ethanol
precipitated and resuspended in 250ul of TE, pH 7.5,
and 0.1% SDS. Twenty micrograms of RNAse
A (Fermentas) was added and after 30min at 37°C,
0.5mg/ml Proteinase K was also added and incubation
continued for another 1h at 50°C. After two phenol/
chloroform extractions, the genomic DNA was ethanol
precipitated, resuspended in 50 pul of TE and quantified.
About 10 pg of genomic DNA was digested overnight with
BamHI and resolved on a 1% TAE agarose gel at
2V.em™' for 22h in the absence of ethidium bromide.
The gel was subsequently ethidium bromide-stained,
photographed, its cross-links reversed by ultraviolet ir-
radiation at 254nm (4000mJ-cm ) in a Stratalinker
1800 cross-linker (Agilent Technologies) and transferred
onto a Biodyne B membrane (Pall). Hybridization was
performed overnight at 65°C with labeled DNA probes
in Southern Church Buffer (0.5M sodium phosphate,
pH 7.2, ImM EDTA, pH8.0, 7% SDS, 1% bovine
serum albumin). Subsequently, membranes were washed
with 6xsaline sodium citrate (SSC), 2x SSC and 0.1x
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SSC and 0.1% SDS. Data were collected using a
FujiFilm FLA-5100 analyzer and analyzed with
MultiGauge software.

Metabolic labeling and analysis of pre-rRNA transcription
and processing

Cells (4 x 10°) were incubated at 37°C in 3 ml of DMEM
without phosphate (Invitrogen) supplemented with 10%
fetal calf serum, 25mM Hepes (Invitrogen). After 2h,
[*P]Pi (GE Healthcare) was added to the medium
(125uCi/ml) for 3h. At the end of the labeling, cells
were centrifuged for Smin at 300g and total RNA was
extracted with RNeasy kit (Qiagen), separated by
denaturing electrophoresis and the gel was dried before
exposure. The RNA corresponding to an equal number
of cells was loaded for each sample. Data were collected
and analyzed as described above.

Antibodies

The following antibodies were used: A rabbit polyclonal
antibody against human nucleolin (number 5567; de-
veloped by our laboratory), anti-histone macroH2A1
(07-219, Upstate), anti-histone H3 (C-terminal,
Upstate), anti-nucleolin monoclonal antibody (KAM-
CP100, Stressgen), anti-B23 antibody (ab10530, Abcam),
anti-RPA116 (a generous gift from Ingrid Grummt) and
anti-UBF (F-9) (sc-13125; Santa Cruz).

RESULTS
MacroH2AT1 is associated with methylated rDNA

ChIP was performed to identify macroH2A1-associated
loci using PCR primers designed inside the human
rDNA gene (Figure 1A). As seen in Figure 1B,
macroH2AT is detected all along the rDNA unit, though
to different extent. It is most abundant in the promoter
region (UCE, CORE), and present at basal levels through-
out the rest of the region. Histone H3 distribution along
the rDNA repeat is homogenous (Supplementary Figure
S1A), and therefore the normalization of macroH2A1 dis-
tribution with histone H3 occupancy does not change the
distribution pattern of macroH2A1l (Supplementary
Figure S1B).

In eukaryotic cells, I DNA copies exist in either tran-
scriptional active or inactive state (5). The DNA methyla-
tion status of the promoter can be analyzed to distinguish
silent copies, which are methylated and unsensitive to
Hpall digestion, from transcriptional competent and
active copies, which display opposite characteristics (18).
To assess a potential preferential association of
macroH2A1 with one of these subsets, a ChIP-chop ex-
periment was carried out, in which DNA pulled down in
ChIP assays with anti-macroH2A1 antibody was digested
with Hpall before PCR amplification, and the level of
methylated rDNA (Hpall resistant) at position —9 was
determined. Methylation at this CpG site was previously
shown to be associated with rRNA promoter repression
(20). We found that in HeLa cells, ~50% of rDNA genes
are methylated at —9 CpG. macroH2A1 is preferentially
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Figure 1. macroH2AT1 is associated with methylated rDNA. (A) Schematic representation of a human rDNA repeat. The positions of QPCR
amplicons in ChIP assays are indicated with solid bars. (B) ChIP-QPCR analysis of the enrichment of macroH2A1 on rDNA. Cross-linked chro-
matin from HeLa cells was immunoprecipitated with the macroH2A1 antibody, DNA was analyzed by QPCR using sets of primers indicated in
Panel A. The percentage of DNA immunoprecipitated with anti-macroH2A1 antibody was calculated relative to the ChIP input DNA. Values are
means £ SD derived from three independent ChIP experiments, each tested by at least three independent QPCR reactions. (C) macroH2A1 is
associated with methylated rDNA repeats. ChIP input DNA and DNA precipitated by macroH2A1 antibody were digested with Hpall or Mspl,
respectively, or they were mock-digested. The relative levels of Hpall-resistant methylated rDNA copies (gray bars) were determined by QPCR with
the pair of primers that flanks the Hpall/Mspl site on the rDNA promoter as indicated after normalization to mock-digested DNA.

associated with genes that are methylated at this site
(~85%) (Figure 1C), suggesting a role for macroH2A1
in the repression of rDNA copies.

macroH2A1 is required for the repression of rDNA
transcription

To assess the potential involvement of macroH2A1 in re-
pressing rDNA, the steady state pre-rRNA level was
measured in HeLa cells depleted in macroH2A1. On
siRNA treatment, macroH2A1 levels were efficiently
reduced as seen by western blot, immunofluorescence and
RT-QPCR (Figure 2A—C). Under these conditions, a 3.5-
fold increase in the relative amount of 47 S pre-rRNA was
observed (Figure 2C). In metabolic labeling experiments

(Supplementary Figure S2), we observed in macroH2A1-
depleted cells a 1.5 increase of the incorporation of labeled
nucleotides in matured rRNA species. The stressful condi-
tions of this in vivo labeling experiment (incubation of the
cells before labeling in phosphate-free medium), and the
labeling period that may be insufficient to reach steady
state labeling, may explain this smaller increase of riboso-
mal RNA in macroH2A 1-depleted cells compared with the
RT-QPCR data. However, both metabolic labeling and
RT-QPCR indicate a significant and reproducible
increase in TRNA production. Importantly, normal pro-
cessing of the transcripts was maintained in macroH2A1-
depleted cells (Supplementary Figure S2B and C),
indicating that no gross defect in transcript maturation
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(E) Depletion of macroH2A1 increases rRNA accumulation in HepG2. Total RNA was extracted from control or macroH2A1+2-depleted cells.
Negative controls were performed without reverse transcriptase (-RT). Data from three independent experiments were normalized to the average
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are induced by a shortage in macroH2A 1, whose role seems
therefore to be linked solely to transcription.

The control exerted by macroH2A1l on rDNA is
conserved in different cell types as shown Figure 2D-F.
Knocking down macroH2A1 and macroH2A2 in the
human hepatocarcinoma cell line HepG2 (Figure 2D)
leads to a 2-fold accumulation of rDNA transcripts
(Figure 2E). The largest effect was observed by depleting
macroH2AT1 in mES cells. Mouse ES cells predominantly
express macroH2A1.2 (12), and knocking down
macroH2A1 transcripts with two different shRNAs
(Figure 2F) induces a 5-fold increase of rDNA transcripts
(Figure 2G) when cells were grown under self-renewal con-
ditions. Since expression of rDNA genes is coupled to cell
growth rates, we analyzed the effect of macroH2A1 deple-
tion on the cell cycle (Supplementary Figure S3). As previ-
ously found in mES cells (12), macroH2A1 depletion does
not affect the proportion of cells in various phases of the
cell cycle, and therefore it is unlikely that the increased
rDNA expression would be the consequence of an
indirect effect of macroH2A1 on the cell growth.

Transcription of rDNA can be modulated through the
control of the initiation or elongation rates at each repeat
unit. It can also be epigenetically controlled by reducing or
increasing the number of active gene copies. To identify
the contribution of macroH2A1 to each phenomenon, we
first examined the effect of macroH2A1 knockdown on
the relative proportion of active and inactive rRNA
genes using psoralen, a DNA cross-linking reagent.
Active TRNA genes, associated with nascent rRNA tran-
scripts, have an open chromatin structure that is accessible
to psoralen (21). Conversely, silent genes are inaccessible
to psoralen. After psoralen cross-linking, the active and
inactive rRNA genes can be distinguished by Southern
blotting, thanks to their different rates of migration
(21,22). We found no significant difference in the percent-
age of active genes between the control and macroH2A1-
depleted cells (Figure 3A), which is ~20% in HeLa cells in
agreement with the data of previous work using this
psoralen technique in human cells (7). In a positive
control experiment, psoralen analysis demonstrated a sig-
nificant reduction in the number of active rRNA genes
after UBF sirRNA knockdown. We next analyzed the
methylation state of the rDNA promoter at the —9 CpG
sites as described in Figure 1C. In macroH2A1-depleted
cells, the level of methylated (Hpall resistant) rDNA at
—9 CpG does not change (Figure 3B), which is in good
agreement with the absence of a change in the ratio of the
active-inactive copies observed in the psoralen cross-
linking experiment. These results show that macroH2A1
is not required for the maintenance of closed chromatin
conformation at the rDNA loci. It also suggests that the
increased accumulation of rRNA seen on macroH2A1 de-
pletion is not mediated by the activation of additional
rRNA gene copies, but rather by the increased transcrip-
tion of active units.

To identify the chromatin posttranslational modifica-
tions that may be linked to the enhanced rDNA transcrip-
tion, ChIP experiments using antibodies directed against
H3K4me3, H3K9me2 and H4KI12Ac were performed
to analyze the rDNA promoter region (H42.9, see

Figures 1A and 3C). The knockdown of macroH2A1
leads to the increase of the transcriptional active markers
H3K4me3 and H4K12Ac on the rDNA promoter. This is
in support of the fact that macroH2A1 depletion results in
an increase of pre-rRNA levels. H3K9me2 level on rDNA
promoter is also increased on macroH2A1l depletion.
Although H3K9me?2 is usually considered as a repressive
mark, it could be found on both CpG methylated and
unmethylated sites on rDNA, suggesting that it could be
also associated to active rDNA gene copies (6). However,
only a fraction of unmethylated rDNA is transcriptionally
active (7).

To get additional insight into the cause of the elevated
rRNA production after macroH2A1 removal, changes in
the occupancy of RNAPI across the locus were measured
using ChIP. Figure 4A shows that siRNA-induced removal
of macroH2A1 is accompanied by a significantly increased
recruitment of RNAPI throughout the coding sequence and
in the promoter region. Together with the absence of change
in the number of active gene copies, this result suggests that
the increased accumulation of rRNA is due to an enhanced
recruitment of RNAPI to the already active units.

The recruitment of RNAPI to the rDNA promoters is
controlled by different factors among which is UBF. We
thus measured the impact of macroH2A1 knockdown on
the presence of UBF on rDNA. As seen in Figure 4B, at
the UCE and CORE promoter regions, an almost 5- and
4-fold increase is measured, respectively. In the coding
region, UBF association also increases, to different
extent in different part of the gene. Surprisingly, more
UBF is also detected under these conditions in the IGS.
These data suggest that the presence of macroH2Al is
able to modulate the recruitment of UBF.

MacroH2AL1 is relocalized to the nucleoli after
nucleolin depletion

Nucleolin, a major nucleolar protein, displays histone
chaperon and  co-remodeling  activity  toward
macroH2A1 (15); furthermore, nucleolin is required for
normal rRNA transcription (16,23,24). Therefore, we
determined whether macroH2A1 distribution and abun-
dance along the rDNA repeat are somehow dependent
on nucleolin (Figure 5). For that purpose, ChIP assays
were carried out after siRNA-induced nucleolin
knockdown. Strikingly, nucleolin depletion leads to a
dramatic increase of macroH2A1 presence on different
regions of the rDNA, including the promoter regions
and coding regions and in the IGS (Figure 5A). This
increased macroH2A1 load on rDNA is not the conse-
quence of de novo synthesis of macroH2A1, as western
blot analysis showed that the nucleolin knockdown
does not impact levels of macroH2A1 (Figure 5B).
Immunofluorescence staining of HelLa control and
nucleolin-depleted cells show that macroH2A1 is present
in nuclear structures that are labeled by fibrillarin
(Figure 5C) identifying these structures as nucleoli.
Therefore, the increased association of macroH2A1 with
rDNA is most likely the consequence of a relocalization of
the protein. We previously showed that on nucleolin de-
pletion the level of methylation at the —9 CpG site is not
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number and rDNA methylation, but affects epigenetic marks on
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of three independent experiments. Asterisk indicates that the difference
is significant (0.0l < P <0.05) compared with the control group
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digested with Hpall or Mspl, respectively, or they were mock-
digested. The relative levels of Hpall-resistant methylated rDNA
copies (gray bars) were determined by QPCR with the pair of
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changed (9). As macroH2A1 is preferentially associated
with methylated rDNA genes (Figure 1C), we next
checked if the enhanced recruitment of macroH2A1 on
rDNA changed the proportion of methylated versus
unmethylated genes bound to macroH2Al. In absence
of nucleolin, this ratio is not changed (Figure 5D).

The enhanced deposition of macroH2A1 under
nucleolin shortage may be indirectly due to reduced tran-
scription, rather than to a direct role of nucleolin as a co-
remodeler and histone chaperon toward macroH2AI1. In
an attempt to distinguish between these two possibilities,
we inhibited RNAPI transcription by treating cells with
AMD (Figure 6A), and determined the localization of
macroH2A1 in these cells by immunofluorescence
(Figure 6B). Interestingly, the drastic redistribution of
macroH2A1 in the nucleoli induced by nucleolin was
also observed on AMD treatment. A ChIP assay per-
formed after AMD treatment confirmed the enhanced
association of macroH2A1 all along the rDNA unit
(Figure 6C). Taken together, these results suggest that
nucleolin and active RNAPI transcription restrain the
presence of macroH2A1 on the rDNA units.

rDINA repression by nucleolin depletion is alleviated by
the inactivation of macroH2A1

To get a clearer view of the functional links between
nucleolin and macroH2A1, expression of nucleolin or
both proteins was suppressed in HeLa cells. As seen in
Figure 7A, the siRNA-mediated knockdown efficiently
reduces the targeted mRNAs. In the nucleolin knocked-
down cell, pre-rRNA levels were severely reduced
(Figure 7B), as we and others have already reported
(9,16,23,24). Remarkably, in the double knocked-down
cells, expression of pre-rRNA is restored to 80% of the
control level. These results suggest that nucleolin and
macroH2A1 act antagonistically, and that macroH2Al
is an important factor for the downregulation of rRNA
expression when nucleolin expression is reduced.

DISCUSSION

The massive transcription of rDNA by RNAPI is under
the control of sophisticated mechanisms that involve the
immense complexity of chromatin structure and function.
DNA methylation and histone posttranslational modifica-
tions have been identified as actors in these mechanisms.
On the other hand, presence of histone variants in rDNA
chromatin and their potential roles in the regulation of
RNAPI activity have been reported in considerably less
reports. Proteomic studies of the nucleolus (25,26) have

Figure 3. Continued

primers that flanks the Hpall/Mspl site on the rDNA promoter as
indicated after normalization to mock-digested DNA. (C)
Determination by ChIP of changes in posttranslational modifications
of rDNA-associated histones after macroH2A1 siRNA-induced
knockdown. QPCR was performed on the rDNA promoter using
H42.9 pair of primers (see Figure 1A for localization and
Supplementary Table S2 for primer sequences). Values are
mean + SD from three independent experiments.
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shown that the histone variant macroH2A1 is present in
the nucleolus, and it has been suggested that this variant
could be correlated with heterochromatic inactive copies
of rRNA genes during seasonal acclimatization of the carp
fish (10).

Using ChIP, we showed the presence of macroH2A1 on
human rDNA (Figure 1B) and further found that its level
varies along the repeat unit, being maximal in the pro-
moter region, and relatively high at the end of
the transcribed sequence. Conversely, it is low in
the transcribed region, and that may be explained by the
high histone exchange rate associated with intense
transcription.The enrichment of macroH2A1 at the
promoter (Figure 1B) is unlike patterns previously
reported for RNAPII-transcribed genes (13,27). The pref-
erential, but not exclusive, association of macroH2A1
with methylated promoters (Figure 1C) further suggests
that it plays a role in repressing transcription, since this
class of promoter is known to be repressed (5). siRNA-
mediated knockdown of macroH2A1 resulted in an up to
5-fold increase of pre-rRNA levels (Figure 2). Such a
strong effect of macroH2A1 in transcription regulation
is not common, and the importance of macroH2A1 in
the maintenance of an epigenetic state seems to depend
on the context. MacroH2A1 appears dispensable for X
inactivation (28) even if it is involved in the stability of
the inactive X chromosome in MEFs (28). More generally,
mouse lacking this histone can grow to adulthood (28,29),

and in this respect, macroH2A1 seems to be part of
silencing mechanisms that possess a high level of redun-
dancy. For example, reactivation of Utx target genes
during the iPS reprogramming of mouse wild-type fibro-
blast seems inhibited by the combination of macroH2A
and H3K27me3 (28). On the other hand, macroH2A
appears to be absolutely required to keep a mouse X
chromosome inactive on transfer into a Xenopus oocyte
(30). This latter situation is therefore reminiscent of the
important repressive role of macroH2A1 that we observed
on RNAPI transcription.

Interestingly, the activation we observed on
macroH2A 1 knockdown is not brought about by a meas-
urable increase in the number of active rRNA genes, as
indicated by a psoralen cross-link analysis (Figure 3A) or
by a change of the methylation state of I DNA genes at the
—9 CpG site (Figure 3B). These observations prompted us
to assess potential changes in the loading of RNAPI. ChIP
assays clearly showed that RNAPI abundance on rDNA
significantly increased after macroH2A1 depletion, thus
designating this histone variant as a regulator of RNAPI
loading on the rDNA promoter or on transcription elong-
ation (Figure 4A). This increase is seen together with an
enhanced binding of UBF (Figure 4B). UBF is a key
factor in the activation of RNAPI transcription, and
may be in equilibrium with macroH2A1.

We have previously shown that the repression imposed
by macroH2A1 on the remodeling of chromatin templates


,
-
indeed 
in order 
up
up
-
-
l

Nucleic Acids Research, 2014, Vol. 42, No. 1

A 0.4 1
0.35 4 mH2A1 ChiP DOcontrol siRNA
:\C’\ 0.3 4 { Bnucleolin siRNA
& 03
S 025 -
o
3 02 1
S 0.15 A
< O
2 01 A
0.05 A | |
0 I‘ ' ' ~=r=
Primers H429 H4 H18 H27 H32 GAPDH
B = Ocontrol siRNA
. s Bnucleolin siRNA
Control siRNA  + - + - _%
Nucleolin SiRNA -+ - 8161
5 1.4 A
Nucleolin 3 s 1.2 -
macroH2A1 2 1
208 4
o
30.6 1
B23 [T 204/
© .
H3 R, | | ——— S— g 0-§
WCE Nuclei nucleolin  macroH2A1 nucleolin macroH2A1
WCE Nuclei
C mH2A1 Fibrillarin DAPI Nucleolin Merge
<
Z 0
T o
n O
°5
g
O
<
£ o
‘n O
£©
55
20
C T
=}
Z
D 100 -~ MH2A1-associated rDNA
< methylation
o
~ T
o 80} T T
e L
S
2 60}
e
S 4t
T
e
O 20 F
@
0 1 ]

Control siRNA  Nucleolin siRNA

189

Figure 5. macroH2A1 is relocalized to the nucleoli after nucleolin depletion. (A) Nucleolin depletion increases the level of macroH2A1 all along the
rDNA repeat. ChIP experiments with macroH2A 1 antibody were performed in HeLa control and nucleolin-depleted cells. (B) Western blots showing

the levels of macroH2AI,

B23 and H3 in HeLa cells transfected with control or nucleolin siRNA. Whole cell extract (WCE) and nuclear extract

(Nuclei) were analyzed 4 days after transfection. (C) Immunofluorescence studies of the localization of macroH2AT1 (red), fibrillarin (green) and
nucleolin (gray) in HeLa cells transfected with control or nucleolin siRNA. DNA was stained with DAPI. The bar represents 10 um. (D) DNA
precipitated by macroH2A1 antibody from control and nucleolin knockdown cells was digested with Hpall or Mspl, or it was mock-digested. The
relative levels of Hpall-resistant methylated rDNA copies (gray bars) were determined by QPCR with the pair of primers that flanks the Hpall/Mspl
site on the rDNA promoter as indicated after normalization to mock-digested DNA.



190 Nucleic Acids Research, 2014, Vol. 42, No. 1

Level of pre-rRNA >

control AMD

B DAPI

mH2A1 merge

Control

Actinomycin D

(g}
o

.31
Ocontrol
0.25 4 BAMD

mH2A1 ChIP

0.15 4

0.1 1

rDNA occupancy(%)

0.05 4

H4- H4 H8 H13 H18 H27 H32 UCE COREH42.9

Figure 6. macroH2A1 is relocalized to the nucleoli after actinomycin
treatment. (A) Inhibition of pre-rRNA transcription by AMD treat-
ment. HeLa cells were treated with or without 5pg/ml AMD for 3h,
then the level of pre-rRNA was monitored by RT-QPCR with the
primers specific for 5-ETS of human rDNA indicated in ‘Materials
and Methods’ section. (B) Immunofluorescence of HeLa cells with
macroH2A1 antibody treated with or without 5pg/ml AMD for 3h.
DNA was stained with DAPI. The scale bar represents 10pum. (C)
AMD increases the level of macroH2A1 all along the rDNA repeat.
ChIP experiments with macroH2A1 antibody were performed in HeLa
cells treated with or without 5pg/ml AMD for 3h.

could be alleviated by nucleolin, which in this context acts
as a co-remodeler and a histone chaperone (15). More
recently, we described the importance of nucleolin in the
maintenance of a heterochromatin state on rDNA,
through the inhibition of the recruitment of TIPS and
HDACI; nucleolin appears also to be required for
optimal recruitment of UBF (9). The results reported in
the present article therefore suggest that nucleolin and
macroH2A1 may act antagonistically to epigenetically
regulate rDNA transcription elongation, as shown in
double knockdown experiments (Figure 7). The molecular
mechanism linking nucleolin and macroH2A1 cannot be
derived from our observations. We have recently shown
that nucleolin knockdown has no measurable impact on
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Figure 7. rDNA repression by nucleolin depletion is alleviated by the
inactivation of macroH2Al. (A and B) The repression of rDNA tran-
scription on nucleolin silencing was alleviated after the simultaneous
inactivation of macroH2A1. HeLa cells were transfected with control,
nucleolin or nucleolin and macroH2A1 siRNA, and total RNA was
isolated and used for RT-QPCR. Data were normalized to the
amount of B-actin mRNA and to the control cells. Data were from
three independent experiments.

rDNA methylation (9), and here we further show that
nucleolin depletion does not result in an increased recruit-
ment of macroH2A1 on methylated rDNA (Figure 5D).
However, the chaperone and co-remodeling activities of
nucleolin (15,31,32) might be implicated in the exclusion
of macroH2A1 from rDNA genes. Nucleolin was shown
to be capable of remodeling macroH2A1 nucleosomes
that are otherwise resistant to remodeling machineries
(15). This hypothesis is consistent with macroH2A1 accu-
mulation in nucleoli and on rDNA genes after depletion of
nucleolin, as seen by ChIP and immunofluorescence
experiments (Figure 5), and with the increase of hetero-
chromatin marks on rDNA genes that we have recently
described on nucleolin depletion (9).

The gain of macroH2A1 after nucleolin depletion was
more dramatic on the IGS than at the promoter and
coding regions of rDNA (Figure 5A). How macroH2A1
is assembled on IGS in these conditions and whether this
enrichment plays a role in the control of RNAPI tran-
scription remain to be determined. It has been shown in
the case of the inactive X chromosome that the noncoding
RNA Xist plays an important role in macroH2A1 enrich-
ment (33). rDNA silencing involves pRNA transcribed
from IGS (34) and NoRC. It will be interesting to see
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whether they are necessary for the recruitment of
macroH2AT1 in nucleolin-depleted cells.

Beside transcription, we also checked the potential role
that macroH2A1 could play in the subsequent steps of
processing and maturation of pre-rRNA. There is a
close coordination between rRNA transcription, co-tran-
scriptional processing and ribosome biogenesis (35).
Stefanovsky et al. have proposed that such a concerted
control of both elongation rate and transcript processing
exists through changes in chromatin structure (36). In the
case of some genes transcribed by RNAPII, another H2A
variant, H2A.Bbd, is involved in the coupling of transcrip-
tion and mRNA processing (37). Interestingly, in our ob-
servations, macroH2A1 does not seem to be required for
the normal processing of pre-RNA, as no changes are seen
after metabolic labeling of the transcripts on siRNA-
mediated macroH2A1 depletion, thus arguing for a role
of macroH2A1 limited to transcription.
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