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Nucleolar stress and sugar response in plants
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ABSTRACT
The processes involved in ribosome biogenesis, including synthesis of ribosomal proteins, ribosome
biogenesis-related factors, and ribosomal RNAs (rRNAs), must be coordinately orchestrated in response to
changes in energy supply. In animal cells, defects in ribosome biogenesis induce a nucleolar stress
response through the p53-mediated pathway. Our recent finding that an essential, sugar-inducible
Arabidopsis gene, APUM24, encoded a pre-rRNA processing factor allowed the relationships between rRNA
biogenesis, nucleolar stress, sugar response, and growth regulation to be understood in plants. A
knockdown mutant of APUM24 developed sugar-dependent phenotypes including pre-rRNA processing
defects, reductions in nucleolar size, and limited promotion of leaf and root growth. Alongside the
absence of plant p53 homologs and the synchronous sugar-induced expression of ribosome biogenesis-
related genes, these findings suggest the following hypothesis. Sugar supply may enhance ribosome
biogenesis defects, leading to p53-independent induction of nucleolar stress responses that include
negative regulation of growth and development in plants.

KEYWORDS
Ribosome biogenesis;
ribosomal RNA; nucleolar
stress; sugar

Ribosome biogenesis, which is one of the most energy-consum-
ing events in the cell, involves a number of essential processes,
including transcription of the genes encoding pre-ribosomal
RNA (pre-rRNA), ribosomal proteins (RPs), and processing
factors, as well as the subsequent processing of pre-rRNAs and
assembly of ribosomal components. Ribosomal gene expression
and processing phases must be coordinately regulated in phase
with changes in extracellular and intracellular environments,
particularly with respect to energy status.1-5 Pre-rRNA process-
ing is maturation of pre-rRNA into rRNAs, which function as
scaffolds in the large and small ribosome subunits.6-8 Pre-
rRNA processing begins at the nucleolus and proceeds with the
help of a number of rRNA processing factors such as endo-
and exonucleases and RNA helicases.6-8 Although many
processing factors have been identified in yeast and animals,
only a limited number of these factors have been identified in
plants.3,7

Recently, we showed that APUM24, which was originally
identified as the sugar-inducible gene-encoded nuclear protein
NuGAP1,9 was a novel pre-rRNA processing factor.10

APUM24/NuGAP1 is a member of the Arabidopsis APUM
protein family, members of which have a conserved RNA-bind-
ing domain: the pumilio domain (alternatively called the PUM-
HD domain).11,12 Our analysis revealed that the APUM24 null
mutant, apum24-1 (GABI_461E08), was lethal. The transmis-
sion efficiency of the paternal apum24-1 mutation was 100%,
whereas that of the maternal apum24-1 mutation was much
lower than 100%.10 Another recent report investigating the

GABI_461E08 line (referenced as the apum24-3 mutant) also
exhibited lethality caused by the apum24-1 mutation.13

Transmission efficiencies in this study agreed with those in our
previous research. The study also observed no defect in male
and female gametogenesis in the apum24-1 mutant, but found
that fertilization was delayed and that embryogenesis stalled at
the late globular stage,13 indicating that APUM24 was required
for embryonic development.

Our phenotypic and molecular biological analyses with
APUM24 knockdown mutants, generated either by T-DNA
insertion(s) into an intron (the apum24-2 mutant
(SALK_033623)) or by APUM24-targeted artificial micro-
RNA, provided further insights into the function of
APUM24.10 The knockdown mutants displayed pinned and
serrated first leaves, inhibition of root elongation, and resis-
tance to antibiotics,10 characteristics known to be frequently
associated with Arabidopsis ribosome-related mutants.3,14

Furthermore, in addition to nucleolar localization of
APUM24, we found that APUM24 formed complexes with
RPs and rRNA processing-related factors, including a newly
identified putative endonuclease (AtLAS1). AtLAS1 is prob-
ably an Arabidopsis homolog of yeast Las115 that catalyzes
cleavage at a site (called the C2 site) in the Internal Tran-
scribed Spacer 2 (ITS2) region10 (Fig. 1). In the apum24-2
mutant, over-accumulation of processing intermediates
caused by incomplete digestion at the C2 site was consis-
tently detected through monitoring of pre-rRNA processing
by RT-qPCR, Northern blot, and circular RT-PCR
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analyses.10 Thus, APUM24 is a pre-rRNA processing factor
involved in the removal of ITS2.

Identification of APUM24, the product of a sugar-induc-
ible gene, as a pre-rRNA processing factor indicated
connections between rRNA biogenesis, nucleolar stress (also
known as ribosome stress), responses to sugar, and growth
control in plants. In animal cells, nucleolar stress is trig-
gered by defects in ribosome biogenesis and leads to cell
cycle arrest, senescence, and/or apoptosis, accompanied
with the disruption of the nucleolar structure.16,17,18 Two
previous studies reported disruption of the nucleolar struc-
ture in two ribosome biogenesis-related mutants: the maize
reas1 mutant19 and the Arabidopsis rh10 mutant.20 How-
ever, the relationships between such disruptions and
physiology remained elusive in plants. We found that both
over-accumulation of processing intermediates and reduc-
tions in nucleolar size occurred in the apum24-2 mutant in
a sugar-dependent manner10 (Fig. 1). Furthermore, sugar-
induced promotion of leaf enlargement and root growth
was substantially reduced in the apum24-2 mutant.10 It
remained unclear whether reductions in sugar-induced
growth in the apum24-2 mutant occurred in direct response
to nucleolar stress or were simply caused by reductions in
the ribosome content. However, in spite of the abnormal
accumulation of processing intermediates, the abundance of
normal rRNAs in the apum24-2 mutant was comparable to
that in the wild type.10 We therefore assumed that nucleolar
stress decreased the growth rate in the presence of sugar in
the apum24-2 mutant (Fig. 1). Furthermore, sugar exoge-
nously supplied at low concentrations promotes plant
growth, synchronous activation of expression of ribosome
biogenesis-related genes, and an increase in mature rRNA

content.5,10 We therefore assumed that the disruption of
coordinated expression of a set of ribosome biogenesis-
related genes in the apum24-2 mutant and subsequent
nucleolar stress were enhanced by sugar (energy source)
supply. Thus, we propose the hypothesis that nucleolar
stress caused by defects in ribosome biogenesis is enhanced
when sugar is actively supplied, leading to overt decreases
in growth.

In mammalian cells, the RP-MDM2-p53 pathway plays a
central role in controlling the nucleolar stress response.16,17,18

The key step in this pathway is release of the transcription
factor p53 from ubiquitination and destabilization by MDM2
ubiquitin ligase.16,17,18 Because yeast lacks any p53-like
protein, a p53-independent pathway(s) is proposed to medi-
ate nucleolar stress in yeast.17 Plants also lack p53-like pro-
teins.21,22 However, very recently, an Arabidopsis NAC
protein, ANAC082, was proposed to play a role comparable
to that of p53 in the nucleolar stress response, based on analy-
sis of a loss-of-function mutation in ANAC082.23 The muta-
tion rescued developmental abnormalities and cell
proliferation defects caused by pre-rRNA processing-related
mutations, such as rid2, rid3, and rh10-1, without restoring
the pre-rRNA processing defect.23 NAC proteins generally
function as transcription factors, and the potential of
ANAC082 as a transcriptional activator was also demon-
strated in budding yeast.23 Therefore, ANAC082 very likely
mediates nucleolar stress and activates the nucleolar stress
response through transcriptional regulation in Arabidopsis. In
addition to ANAC082, another Arabidopsis NAC protein,
ANAC008/SOG1, may also play a role similar to that of p53
in the DNA damage response.24,25 SOG1 contributed to the
maintenance of genome stability after DNA damage by induc-
ing cell cycle arrest, DNA repair, and programmed cell death
through the regulation of downstream genes,24,25 similar to
the activity of p53 in animal cells. These findings strongly sug-
gest that some members of the NAC transcription factor fam-
ily mediate the nucleolar stress and DNA damage responses
in plants in a similar manner to p53 in mammalian cells.
Thus, we speculate that these members may mediate negative
regulation against sugar-induced growth promotion.
ANAC082 target genes remain to be identified, although
SOG1 was shown to directly regulate expression of SMR5 and
SMR7, which encoded plant-specific cyclin-dependent kinase
inhibitors.26 Comprehensive identification of the target genes
of the NAC proteins involved in the nucleolar stress response
would contribute to a deeper understanding of how nucleolar
stress suppresses sugar-induced growth promotion in plants.

As interest in nucleolar stress in plants has grown, our
understanding of the processes involved has improved, and
important questions have been identified. First, how are the
defects in ribosome biogenesis and nucleolar stress sensed and
transduced to produce a signal that inhibits growth? Second,
how does nucleolar stress repress cell proliferation and lead to
cell cycle arrest in plants? Further analyses of pre-rRNA proc-
essing complexes, including processing intermediate RNAs in
the apum24 knockdown mutant, would address these
questions. Such analyses might also reveal new regulatory
connections between seemingly antagonistic regulatory systems
governing growth and development, namely, stress signaling

Figure 1. Model for the sugar-dependent nucleolar stress response in the apum24-
2 mutant. In wild-type cells, sugar coordinately induces the expression of RP genes,
rRNA genes, and pre-rRNA processing-related genes including APUM24 (left panel).
Since APUM24 interacts with pre-rRNA at ITS2 and probably recruits AtLAS1 (the
putative endonuclease involved in cleavage at the C2 site in ITS2), sugar supply
results in increases in the ribosome content to promote growth in wild-type cells.
However, in the apum24-2 mutant cells, pre-rRNA intermediates over-accumulate
in a sugar-dependent manner because sugar supply likely enhances the disruption
of coordinated expression of a set of ribosome biogenesis-related genes (right
panel). This rRNA processing defect may cause nucleolar stress and inhibition of
growth.
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for repression of growth and energy signaling for promotion of
growth.

Abbreviations

ITS2 internal transcribed spacer 2
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RP ribosomal proteins.
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