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ABSTRACT

Active regulator of SIRT1 (AROS) binds and upregu-
lates SIRT1, an NAD+-dependent deacetylase. In
addition, AROS binds RPS19, a structural ribosomal
protein, which also functions in ribosome biogenesis
and is implicated in multiple disease states. The sig-
nificance of AROS in relation to ribosome biogenesis
and function is unknown. Using human cells, we now
show that AROS localizes to (i) the nucleolus and
(ii) cytoplasmic ribosomes. Co-localization with nu-
cleolar proteins was verified by confocal immuno-
fluorescence of endogenous protein and confirmed
by AROS depletion using RNAi. AROS association
with cytoplasmic ribosomes was analysed by
sucrose density fractionation and immunopre-
cipitation, revealing that AROS selectively associ-
ates with 40S ribosomal subunits and also with
polysomes. RNAi-mediated depletion of AROS
leads to deficient ribosome biogenesis with
aberrant precursor ribosomal RNA processing,
reduced 40S subunit ribosomal RNA and 40S riboso-
mal proteins (including RPS19). Together, this results
in a reduction in 40S subunits and translating poly-
somes, correlating with reduced overall cellular
protein synthesis. Interestingly, knockdown of
AROS also results in a functionally significant
increase in eIF2a phosphorylation. Overall, our
results identify AROS as a factor with a role in both
ribosome biogenesis and ribosomal function.

INTRODUCTION

Ribosomes catalyse the translation of the genetic code in
mRNA into functional proteins. In addition, ribosomes
are known to act in concert with eukaryotic initiation

factors (eIFs) to regulate gene expression, allowing the
cell to respond specifically and appropriately to internal
and external stimuli (1,2). Perhaps unsurprisingly, given
their important function, ribosomes have been implicated
in human disease. For example, ribosome function can
be deregulated in cancer, commonly via misregulation of
eIF activity or increased ribosome biogenesis (3–6). More
recently, mutations that restrict ribosome biogenesis or
function have given rise to a range of diseases termed
ribosomopathies (7,8).
Biogenesis of ribosomes requires the assembly of RNAs

and proteins into two subunits, termed the small ‘40S’ and
large ‘60S’. Mammalian ribosomes consist of four riboso-
mal RNAs (the 18S in the 40S subunit and the 28S, 5.8S
and 5S in the 60S subunit) and 80 proteins (33 in the 40S
and 47 in the 60S). These 84 molecules are not self-
assembling, requiring hundreds of ribosome biogenesis
factors, both RNA and protein, to produce competent
ribosomes (9). The complex process of biogenesis begins
in nucleoli, where the main ribosomal RNA (rRNA) is
transcribed. This precursor rRNA (pre-rRNA) nucleolar
transcript contributes mature rRNA to both ribosomal
subunits, which are separated by spacer regions and there-
fore require processing by sequential nucleolytic cleavage
[Figure 1A and (10)]. Despite the dedicated role of
ribosome biogenesis factors, there is still a requirement
for many of the ribosomal proteins in distinct stages of
rRNA processing (11).
The role of the ribosomal protein RPS19 in ribosome

biogenesis has been well defined, in part owing to its
genetic association with the ribosomopathy Diamond–
Blackfan anaemia (DBA) (12). RPS19 is required for the
processing of the 40S subunit rRNA from the 21S to the
18SE final pre-rRNA form [Figure 1A and (13–15)]. Cells
depleted of RPS19 exhibit reduced 40S abundance, a lower
rate of protein synthesis and increased apoptosis.
Active Regulator Of SIRT1 (AROS—also termed RPS19
binding protein 1) was identified as a direct binding
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partner forRPS19 in a yeast two-hybrid screen and found to
be a widely expressed nuclear protein in the mouse (16).
Subsequent analysis using the rat proteins illustrated that
phosphorylation of RPS19 by CaM-kinase Ia enhanced
its interaction with AROS in vitro (17). More recently,
AROS was also identified as a direct interactant of the

NAD+-dependent deacetylase SIRT1, promoting SIRT1-
mediated suppression of p53 in human cancer cell lines
(18). AROS protein has been localized to nuclei in both
human and mouse cells including sub-nuclear foci
presumed to be nucleoli—the site of ribosome biogenesis
(16,18). As such, the subcellular location of AROS
suggests a role in ribosome biogenesis, although this
remains to be confirmed.

The present study examines the role of AROS in
ribosome biogenesis and reports an unexpected cytoplas-
mic role for AROS, where it appears to regulate ribosome
function. Initially, we confirm AROS localization within
nucleoli and correlate this with a requirement for AROS
in pre-18S rRNA processing, analogous with the func-
tion of RPS19. We show that AROS is also present in
the cytoplasm of human cells and is a partially conserved
nuclear/cytoplasmic shuttling protein, based on
orthologue alignment and sequence analysis. Within the
cytoplasm, AROS is shown to interact with free 40S
subunits and also with translating polysomes, unexpect-
edly extending the role of AROS beyond ribosome bio-
genesis into ribosome function and protein synthesis.
Finally, we highlight a role for AROS in maintaining
the maximal rate of global protein synthesis, which
appears to be in part linked to translation initiation via
suppression of eIF2a phosphorylation.

MATERIALS AND METHODS

Cell culture and transient transfection

All cell lines were grown at 37�C and 5% CO2, as recom-
mended by the ATCC. HCT116 colorectal adenocarcin-
oma cell line was a kind gift from Bert Vogelstein,
Howard Hughes Medical Institute. Flag-tagged AROS
(18) and Flag-tagged GADD34 (Growth arrest and
DNA-damage inducible protein 34) (19) were transfected
using Lipofectamine (Invitrogen). The siRNA
(Dharmacon) transfection technique was as previously
described (20). RPS19 siRNA sense sequence: 50-AGAG
CUUGCUCCCUACGAU(dTdT)-30, as published (13).
AROS siRNA sense sequence: 50-GACCACCUCAGAG
UAAACC(dTdT)-30. RPSA, RPS6 and RPL7A siRNAs
are On Target plus SmartPool from Dharmacon.
Cells were harvested either 48 h (HCT116, HEK293 and
MCF7) or 72 h (MCF10A) after transfection. All data
are representative of three biological replicates.

Determination of protein synthesis rates

Cells were treated with 30 mCi/ml 35S-methionine label
(Hartmann Analytic) for 30 min then harvested and
lysed. Protein was precipitated onto filter paper
(Whatmann) by addition of trichloroacetic acid to
12.5% and washed with 70% ethanol then acetone.
Scintillation was read from dried filter paper in triplicate
for each experimental condition (National Diagnostics).
Total protein content was determined by BCA
(bicinchoninic acid) assay (Pierce) and 35S-methionine
incorporation standardized against a reference treatment
set to 1.0 from three independent experiments. Error
bars are standard deviation from the mean.
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Figure 1. AROS is specifically required for 40S subunit rRNA process-
ing. (A) Representation of ribosomal RNA maturation including
pre-rRNA and rRNA nomenclature. Asterisk indicates the 21S
pre-rRNA where processing is stalled by depletion of RPS19.
(B) Immunofluorescent detection of AROS (green) and fibrillarin
(red) localization in representative MCF7 cells with and without
silencing of AROS. Bar is 10 mm. (C) Northern blotting for
pre-rRNAs and18S and 28S mature rRNAs. Total RNA from
HCT116 cells isolated following siRNA transfection were separated
by electrophoresis and blotted using 32P labelled probes for each pre-
or mature rRNA. The negative siRNA targets a splice form of SIRT1,
SIRT1�8, and illustrates no effect on rRNA processing. (D) Pixel
density from whole lanes in (C) calculated using Image J software
(National Institutes of Health).

4186 Nucleic Acids Research, 2013, Vol. 41, No. 7



Quantification of RNA

RNA was isolated by the RNeasy protocol (Qiagen) or
Trizol reagent (Invitrogen). Human tissue RNA samples
were purchased from AMS Biotechnology. RNA was used
in reverse transcriptase-polymerase chain reaction (RT-
PCR) with specific primers as follows. AROS forward
primer: 50-GGAAGACGAAGGCAATTCAGGC-30 and
reverse primer: 50-TCCTCGGTGAACACGGTGCC-30.
RPS19 forward primer: 50-ACCAGCAGGAGTTCGTC
AGAGC-30 and reverse primer: 50-CCACCTGTCCGGC
GATTCTG-30. �-actin forward primer: 50-GCCAACAG
AGAGAAGATGAC-30 and reverse primer: 50-CGCAAG
ATTCCATACCCAGG-30. GAPDH forward primer: 50-C
GGAGTCAACGGATTTGGTCGTAT-30 and reverse
primer: 50-AGCCTTCTCCATGGTGGTGAAGAC-30.
For quantitative PCR, n� 3 and error bars represent
standard deviation from the mean. RT-PCR products
were separated by electrophoresis through 1.5%
agarose–TAE, using ethidium bromide and ultraviolet
(UV) transillumination for visualization.

Northern blotting

RNA was resolved by 1% agarose formaldehyde-MOPS
gel electrophoresis then passively transferred to zeta probe
(BioRad) in 3M sodium chloride, 0.3M sodium citrate
(pH 7.0) (SSC) overnight and UV cross-linked post-
transfer by Stratalinker (Stratagene). Membranes were
pre-hybridized in Church Gilbert’s for 30 min at 55�C.
In all, 50 pmol of DNA oligonucleotide (Sigma-Aldrich)
was labelled with 30 mCi 32P-gATP (Hartmann Analytic)
using T4 PNK enzyme (New England Biosciences). Probes
were selected by G25 column (GE Healthcare) and
incubated with membranes overnight in Church Gilbert’s
at 55�C. Membranes were washed in dilutions of SSC
solution and exposed to a phosphorscreen (GE
Healthcare). Oligonucleotide sequences as published (13).

Protein sample preparation and sodium dodecyl
sulphate–polyacrylamide gel electrophoresis

Cells were lysed [10mM Tris at pH 8.0, 140mM NaCl,
2mM CaCl2, 0.5% v/v NP-40 and protease inhibitor
cocktail (Roche)] and protein quantity assayed by the
Pierce BCA method. Protein was denatured for sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS–PAGE) by addition of 5� Laemmli’s buffer. Cell
fractionation was carried out according to the protocol
described by Pierce, supplemented with protease inhibitor
cocktail (Roche). Equivalent protein by mass was resolved
by SDS–PAGE at 10–15% (w/v) acrylamide before
electrophoretic transfer to nitrocellulose.

Immunoprecipitation and immunoblotting

Flag immunoprecipitation was carried out 24 h after
transfection using pre-conjugated agarose beads and
Flag-peptide elution (Sigma-Aldrich). Nitrocellulose
membranes (Whatmann) were pre-blocked for 1 h, then
incubated in primary antibody overnight at 4�C.
Antibodies were purchased from Cell Signaling (RPS6,
RPL7A, Histone H3, eIF4E, eIF2a, eIF2a S51-P, eIF4E

S209-P, 4E-BP1, 4E-BP1-T37/46P, b-tubulin, SIRT1),
Abcam (RPS19, RPS23, RPL27A), Santa Cruz (RPSA,
RPL3, Lamin AC, GADD34), Alexis (AROS), Genetex
(RPS2), Abgent (RPS8), Epitomics (LDH), Dako
(p53) and Millipore (b-actin). HRP-conjugated secondary
antibody (Dako) incubation was followed by visualiza-
tion of antibodies by chemiluminescence (Roche/GE
Healthcare).

Immunofluorescence

Cells were cultured on 13mm uncoated glass cover slips
(VWR). At harvest, cells were washed twice in phos-
phate buffered saline (PBS) and fixed in 4% (w/v)
paraformaldehyde for 10 min, washed again in PBS then
permeablized with 0.1% (v/v) Triton X-100 and finally
blocked in 3% (w/v) BSA in PBS for 30 min, all at
room temperature. Cells were incubated with AROS
antibody at 1:100 (Alexis) diluted in 3% BSA PBS
at 4�C overnight or for 2 h with fibrillarin antibody
at 1:500 (Abcam) or nucleolin antibody at 1:500
(Abcam). Alexa-Fluor-conjugated secondary antibodies
(Invitrogen) were incubated following removal of
primary for 1 h at room temperature and DNA stained
with Hoechst (Sigma-Aldrich). Slips were mounted to
slides (Polysicences) and visualized using a Zeiss
LSM510 Meta laser scanning confocal microscope.

Sucrose density ultracentrifugation

Before harvesting, cell cultures were treated with 100 mg/
ml cycloheximide (Sigma-Aldrich) for 3 min or 2 mg/ml
Harringtonine (Santa Cruz) for 5 min followed by
cycloheximide. Cells were scraped in ice cold PBS, then
lysed in ice cold 300mM NaCl, 15mM MgCl2, 15mM
Tris (pH 7.5) containing 1mg/ml heparin sulphate and
0.1mg/ml cycloheximide supplemented with 0.1% (v/v)
Triton X-100. Post-nuclear lysates were layered on
�10ml 10–50% (w/v) sucrose gradients of the same
buffer omitting Triton X-100. Gradients were centrifuged
at 38 000 rpm for 3 h at 4�C in a SW40Ti rotor (Beckman
Coulter) and separated through a live OD254nm UV spec-
trometer (Isco). Comparison of peak abundance was
based on the area under the curve. In all, 1ml fractions
were collected (Foxy) and protein precipitated by addition
of 150 mg/ml sodium deoxycholate and trichloroacetic acid
to 10%. Precipitated protein was washed twice [50mM
Tris (pH 8) containing 70% acetone and 20% ethanol]
and dissolved in 1� Laemmli’s buffer.

RESULTS

Ribosome biogenesis is stalled following
AROS knockdown

The primary location for ribosome biogenesis is in the
nucleoli (10). Thus, a role for AROS in ribosome biogen-
esis will require nucleolar localization, which has previ-
ously been assumed from immunofluorescent analyses
(16,18). To assess the localization of AROS, MCF7 cells
were stained using a polyclonal antibody raised against
the full AROS protein (green) in parallel to a monoclonal
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antibody against the nucleolar protein fibrillarin (red)
and visualized by immunofluorescence (Figure 1B).
AROS exhibits diffuse expression across the nucleus,
including co-localization with fibrillarin within nucleoli
(Figure 1B). AROS protein also co-localizes with a
second nucleolar marker, nucleolin, by immunofluores-
cence (Supplementary Figure S1A), confirming the nucle-
olar localization for AROS. Importantly, the nucleolar
staining attributable to AROS was depleted by RNAi,
confirming the specificity of the antibody (Figure 1B and
Supplementary Figure S1). AROS staining was dramatic-
ally depleted from nucleoli but was also reduced in the
cytoplasm and to a lesser extent in the nucleoplasm.
Given the nucleolar localization of AROS and the pre-

viously reported interaction between AROS and RPS19
(16), the role of AROS in ribosome biogenesis was
investigated. RPS19 is known to promote 40S subunit bio-
genesis, being required for the nucleolar cleavage of 21S
pre-rRNA into the final pre-rRNA termed the 18SE
[Figure 1A and (13–15)]. AROS expression was reduced
by siRNA in HCT116 cells and the abundance of pre-
rRNA species assessed for both pre-18S (40S subunit)
and pre-28S/5.8S (60S subunit) by northern blotting
(Figure 1C). Following RNAi-induced knockdown of
AROS pre-18S rRNA processing is stalled at the 21S
stage, with little effect on the processing of pre-60S
subunit rRNA (Figure 1C). A similar effect was
observed following parallel RPS19 silencing, agreeing
with previous reports (13–15). Quantification of the pixel
density across each lane illustrates this specific increase in
21S pre-rRNAs (Figure 1D). Importantly, a negative
control siRNA did not alter the abundance of either 21S
or 18SE pre-rRNAs (Figure 1C). There was a reduction in
the 45S species following RPS19 silencing, visible with
both pre-rRNA probes. This could represent a shutdown
in rRNA transcription, which may be a consequence of
nucleolar disruption by RPS19 knockdown. Consistent
with stalling in pre-rRNA processing, the abundance
of mature 18S rRNA appears reduced following silencing
of AROS and to a greater extent RPS19 (Figure 1C), with
28S rRNA abundance slightly increased. This increase
is likely to be the result of a higher proportion of 28S
rRNA within the RNA sample as a result of the depletion
in 18S rRNA, instead of an active increase in 28S synthe-
sis. Similar data were obtained using the HEK293 cell
line (Supplementary Figure S2), further supporting a
functional role for AROS in 40S subunit pre-rRNA
processing.
Next, we hypothesised that such a role for AROS in

ribosome biogenesis would necessitate a degree of conser-
vation and ubiquitous expression. Therefore, the evolu-
tionary conservation and expression of AROS in human
tissues were analysed. Interestingly, the AROS gene is
conserved only within animalia, with orthologues in
all families of vertebrates and some invertebrates
(Figure 2A). These data suggest that AROS only has a
role in ribosome biogenesis in animalia, which is either
alternatively fulfilled in other species or that the function
is not required. Taking human AROS as an example, we
found that AROS mRNA could be detected in each of a
representative sample of tissue extracts (Figure 2B). This is

similar to RPS19 mRNA and is consistent with a ubiqui-
tous function for the AROS gene in human cells.
Similarly, wide expression of human and mouse AROS
mRNAs have been previously reported (16,18).

AROS is a nuclear and cytoplasmic protein

AROS has been described as an exclusively nuclear
protein (16,18), with the implication that AROS is
occluded from the cytoplasm. However, our data suggest
that a proportion of AROS is present in the cytoplasm
(Figure 1B). To investigate this further, predictive tools
(21–23) were used to search for nuclear import and
export signals in the AROS protein sequence from a
range of species. We found that AROS has two partially
conserved predicted nuclear export (blue boxes) and
import signals (red boxes) across the 10 species from six
taxonomic classes analysed (Figure 2A). Importantly,
AROS protein from each species contains at least one
import and one export sequence. This suggests that
AROS resides in both the cytoplasm and the nucleus
and may be able to shuttle between each location.

To determine the relative abundance of AROS in the
cytoplasm and nucleus, HCT116 cells were fractionated to
obtain nuclear and cytoplasmic extracts (Figure 2C).
Sequential biochemical lysis of the cytoplasm and then
nucleus was carried out leaving an insoluble fraction
that was also analysed. This insoluble fraction represents
nuclear and cytoplasmic protein that resisted
solubilization through the process. As expected, AROS
is found in nuclei as previously reported (16,18), but
there is a large proportion of AROS in the cytoplasm
(Figure 2C). Both biochemical fractionation (Figure 2C)
and immunofluorescent localization (Figure 1B) indicate
nuclear and cytoplasmic populations of AROS.
Immunofluorescence shows AROS protein diffuse across
the cytoplasm but also in speckles, some of which appear
peri-nuclear. Sub-cellular fractionation implies that the
majority of AROS protein is cytoplasmic, whereas the im-
munofluorescence implies the inverse, that AROS is pre-
dominantly nuclear. There are a number of possible
explanations for this; epitopes of the polyclonal
antibody may be occluded in the cytoplasm of immuno-
stained cells but can be detected on denaturation by
SDS–PAGE, or the nuclear staining may be focused in
comparison with the larger volume of cytoplasmic
staining, giving the greater intensity of signal. Despite
this difference, both methods demonstrate that AROS is
present in both the nucleus and cytoplasm.

AROS associates with cytoplasmic ribosomes

Given the direct interaction between AROS and RPS19
and the presence of AROS in the cytoplasm, we postulated
that AROS may associate with ribosomes. To analyse
this, post-nuclear extracts from HEK293 cells were
generated, applied to a 10–50% sucrose density gradient
and centrifuged to separate ribosomal components
(Figure 3A). AROS sediments into two populations,
fraction 4 corresponding to the 40S subunit and fractions
7–9 corresponding to actively translating ribosomes—the
polysomes (Figure 3A). This pattern broadly resembles
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the distribution of the 40S proteins RPS8 and to a lesser
extent RPS19, suggesting that AROS associates with 40S
subunits. Similar data were produced with MCF7 cells
(Supplementary Figure S3A).

To determine whether AROS interacts with ribosomal
components immunoprecipitations were carried out from
MCF7 cells transfected with Flag-tagged AROS or mock
transfected cells (Figure 3B). Consistent with an inter-
action between AROS and the 40S ribosomal subunit,
exogenous Flag-AROS was found to associate with the
40S proteins RPS19, RPS8 and RPS23 (Figure 3B).
These three proteins are dispersed across the eukaryotic
40S subunit (24,25), suggesting an association of AROS
with intact 40S subunits. Flag-AROS also associates with
its known binding partner SIRT1, but not with the
abundant negative control protein b-actin (Figure 3B).
Together with the localization to the 40S peak on sucrose
density ultracentrifugation, these data provide good
evidence for an association of AROS with the 40S subunit.

Flag-AROS also co-immunoprecipitates RPL7A of the
60S subunit (Figure 3B), which is likely to result from the
polysomal association of AROS (Figure 3A). To test this
result further, HEK293 cells were treated with the trans-
lation initiation inhibitor Harringtonine for 5 min. This
compound inhibits the joining of the 60S subunit to the
40S on mRNA, resulting in loss of polysomes owing to
processive run off and limited re-initiation (26). Following
Harringtonine treatment, there is a dramatic loss of poly-
somes, with a concomitant increase in sub-polysomes
(Figure 3C). AROS protein could only be detected in
polysomal fractions in the absence of Harringtonine,
correlating well with ribosomal protein distribution.
As such, sedimentation of AROS into the denser fractions
of the gradient is dependent on polysomes. These
data have been reproduced in the MCF7 cell line, and
together with the co-immunoprecipitation data
(Figure 3B), support the conclusion that AROS associates
with polysomes in addition to 40S subunits.

A

B C

Figure 2. AROS is widely expressed in tissues and distributed within cells. (A) Sequence alignment [Clustal Omega (21)] of AROS from 10 species
with blue nuclear export [NetNES—(22)] and red nuclear import [NLStradamus—(23)] sequences highlighted. Homo sapiens=human; Pan troglo-
dytes=chimpanzee; Bos Taurus=cow; Canis familiaris=dog; Mus musculus=mouse (all mammal); Gallus gallus=chicken (bird); Xenopus
tropicalis=western clawed frog (amphibian); Acyrthosiphon pisum=pea aphid (insect); Anolis carolinensis=Carolina anole (lizard); Danio
rerio=zebrafish (fish). (B) Amplification of AROS and RPS19 mRNAs following reverse transcription from a panel of human tissues samples
(AMS Biotechnology) were visualized using ethidium bromide staining of agarose TAE gels. (C) Western blotting following subcellular fractionation
of HCT116 cells against indicated proteins. Lactate dehydrogenase (LDH) is used as a cytoplasmic control and Lamin AC and Histone H3 as
nuclear markers.
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Ribosomes and ribosomal proteins have long half-lives
within the cell (27,28). We predicted that AROS protein
may also have a long half-life, with kinetics similar to that
of ribosomal proteins, allowing for a persistent and poten-
tially functional association between AROS and the
ribosome. To analyse protein half-life, synthesis was
inhibited by cycloheximide treatment of MCF7 cells over
a time course, and AROS protein levels were compared
with that of ribosomal proteins and the rapidly degraded
positive control protein p53 (Figure 3D). A fraction
of AROS persists to 48 h post-treatment and is compar-
able with the stability of RPS19, and to a lesser extent
RPS6 and RPL7A proteins. This was repeated in the
HCT116 cell line giving data consistent with AROS
being a persistent protein, akin to the ribosomal proteins

in its kinetics following cycloheximide treatment
(Supplementary Figure S3C).

AROS stability is linked to that of 40S proteins

Despite their direct interaction, the relationship between
AROS and RPS19 is unknown, leading us to analyse
whether the stability of AROS and RPS19 are linked.
The expression of either AROS or RPS19 was reduced by
siRNA in three human cell lines (HCT116, MCF7 and
MCF10A) and subsequent whole cell extracts analysed
for protein abundance by immunoblotting (Figure 4).
Parallel samples were taken for RNA analysis. Silencing
of AROS mRNA was effective in the three cell lines
and resulted in AROS protein depletion (Figure 4A).
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Interestingly, depletion of AROS protein resulted in a
dramatic reduction in the amount of RPS19 protein in
each of the three cell lines. Importantly, this appears to
be post-transcriptional regulation, as RPS19 mRNA was
not reduced by AROS depletion in each cell line. The data
also show a reciprocal regulation of AROS protein by
RPS19; depletion of RPS19 by RNAi resulted in a reduc-
tion of AROS protein, but not AROSmRNA (Figure 4B).

Despite the reduction in reciprocal protein following
silencing of either AROS or RPS19, mRNA abundance
increases in some instances, perhaps representing a com-
pensatory mechanism attempting to redress the loss of
protein. This reciprocal relationship was also observed
in a fourth cell line, the HEK293 cells (Supplementary
Figure S4A).
Reciprocal positive regulation of protein stability is

often an indication of complex formation. In this
instance, it seems likely that this complex is the 40S
subunit. It is known that the stability of ribosomal
proteins is coordinated such that a reduction in the expres-
sion of one ribosomal protein reduces the levels of other
proteins in that subunit (11), and as such, AROS may be
linked to further ribosomal proteins. To address this pos-
sibility, RNAi was again targeted against either AROS or
RPS19, and lysates were immunoblotted for ribosomal
proteins. A reduced abundance of RPS2, RPS6 and
RPSA was observed following knockdown of either
AROS or RPS19 in HCT116 cells (Figure 5A). This
suggests that AROS is required to maintain the abun-
dance of multiple 40S proteins, not just RPS19, an effect
seen in two further cell lines—HEK293 and MCF7 cells
(Supplementary Figure S4). Importantly, in each of the
three cell lines, the expression of 60S proteins remained
unchanged by knockdown of AROS or RPS19. This is
consistent with a specific role for AROS in promoting
40S protein expression and also the 40S-specific role for
AROS in ribosome biogenesis (Figure 1C).
Next, we analysed the reciprocal, to determine

whether ribosomal proteins promote the abundance of
AROS. RNAi was used to deplete HCT116 cells of ribo-
somal proteins from both the 40S and 60S subunits
(Figure 5B). Depletion of RPSA or RPS6 from the 40S
subunit greatly reduced the abundance of AROS
(Figure 5B). In contrast, depletion of RPL7A, from the
60S subunit, resulted in only a slight reduction in the
expression of AROS, which is perhaps comparable with
the loss of RPS19 caused by RPL7A knockdown. This
analysis was repeated in the HEK293 cell line, giving
similar results (Supplementary Figure S4A). Taken
together, these RNAi experiments indicate that the
protein abundance of AROS is linked reciprocally with
the abundance of 40S proteins, also supporting an associ-
ation between AROS and 40S subunits.

Depletion of AROS reduces global protein synthesis in
part via eIF2a

The specific reduction in 40S protein and rRNA following
AROS silencing suggests that AROS is important for
entire 40S subunit abundance. To test this hypothesis,
sucrose density gradients were used to visualize ribosomal
component abundance in cells depleted of AROS
compared with control-treated cells (Figure 6A). There
was a modest, but reproducible, 20% reduction in free
40S subunits following AROS silencing, with no effect
on 60S subunit levels. Furthermore, the abundance of
translating polysomes was also reduced by AROS deple-
tion compared with control cells (Figure 6A). This is
similar to (but not as dramatic as) previously published
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analyses of the effect of silencing RPS19 on ribosomal
subunit abundances (13–15) and is consistent with the
loss of 40S component rRNA and proteins (Figures 1C
and 5A).
The reduction in polysome abundance following AROS

depletion suggests that AROS knockdown reduces global
protein synthesis. Thus, we asked whether depletion of
AROS reduced the incorporation of 35S-methionine into
protein for a 30-min period (Figure 6B). Targeting AROS
by siRNA decreased the incorporation of radiolabelled
methionine into protein by 24% compared with control
treatments (Figure 6B). A similar reduction in global
protein synthesis rate was observed following depletion

of RPS19 (Figure 6B), which is not unexpected, given
the requirement for RPS19 for 40S subunit biogenesis
(Figure 1C). Together with the loss of polysomes on
AROS knockdown (Figure 6A), the data support a
positive role for AROS in regulating global protein
synthesis, which parallels the role of RPS19.

Global protein synthesis rates are dependent on 40S
subunit abundance, suggesting that the positive role of
AROS in 40S subunit biogenesis contributes to cellular
global protein synthesis. However, protein synthesis
rates are also controlled by the bioavailability and phos-
phorylation status of the canonical initiation factors.
Recently, SIRT1, which is activated by association with
AROS, was reported to interact with and suppress the
phosphorylation of the initiation factor eIF2a (29).
EIF2a is a part of the ternary complex, which comprises
the initiator tRNA loaded with methionine (tRNAi

Met)
and the eIF2 proteins bound to GTP (eIF2:GTP). This
complex recruits tRNAi

Met to the 40S subunit before
joining with the 60S subunit and thus promotes transla-
tion initiation. Regulation of the ternary complex comes
from modifying the phosphorylation of eIF2a (1,2,30).
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Phosphorylation at serine 51 promotes inhibitory associ-
ation between inactive eIF2:GDP and its guanine
exchange factor eIF2B, thereby reducing recycling to
active GTP-bound ternary complex.

To determine whether AROS regulates protein synthesis
beyond 40S subunit provision, we first asked whether,
like SIRT1, AROS associates with eIF2a. Exogenous
Flag-AROS was expressed in MCF7 cells and immunopre-
cipitated from cytoplasmic extracts to remove the influence
of nuclear AROS from the analysis. A small proportion
of cytoplasmic eIF2a specifically co-immunoprecipitated
with Flag-AROS (Figure 7A—upper blot). The
Flag-AROS:eIF2a association is not dissimilar to the

established interaction between Flag-AROS and SIRT1
(18), which is only fractionally more abundant. This
presents the possibility that AROS participates in regula-
tion of eIF2a by SIRT1. Next, we asked whether AROS
regulates the phosphorylation of eIF2a. Interestingly, we
observe an increase in the phosphorylation of eIF2a on
depletion of AROS (Figure 7B). The parallel silencing of
RPS19 did not result in the same increase in eIF2a phos-
phorylation, suggesting that despite the close link between
AROS and RPS19 in terms of ribosome biogenesis
(Figure 4), there is a difference in their regulation of
eIF2a, which appears to be selectively linked with AROS
and not RPS19.
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Little change was observed in the total protein or the
phosphorylation status of eIF4E or 4EBP1 following
knockdown of AROS (Supplementary Figure S5). The
eIF4E is a constituent of, and 4E-BP1 a regulator of
the eIF4F complex, which also controls global protein
synthesis in response to alterations in phosphorylation
status (1,2). A reduction in both total and phosphorylated
4E-BP1 was seen following RPS19 silencing. However,
this seems unlikely to contribute to the reduction
in global protein synthesis, as reduced 4E-BP1 should
release eIF4E, allowing eIF4F formation and initiation
of translation (31). Thus, it appears that regulation of
eIF4F does not contribute to the decrease in protein
synthesis rates following AROS knockdown.
The phosphorylation of eIF2a is suppressed by

GADD34, which activates the phosphatase-dependent
dephosphorylation of eIF2a (32). We used over-
expression of GADD34 as a means to reduce eIF2a phos-
phorylation following AROS knockdown and monitored
the subsequent effect on the rate of protein synthesis. The
induction of eIF2a phosphorylation following AROS
knockdown was repressed below control levels by
over-expression of GADD34 (Figure 7C). In parallel
RNAi treatments against Lamin AC or no target
(Mock), the over-expression of GADD34 also reduced
eIF2a phosphorylation compared with empty vector
over-expression, illustrating the potent role of GADD34
in eIF2a dephosphorylation. Importantly, the reduced
rate of global protein synthesis following AROS
knockdown was significantly attenuated by over-
expression of GADD34 (Figure 7D), increasing
35S-methionine incorporation from 78% of control treat-
ment to 91%. Therefore, the increased phosphorylation
of eIF2a following AROS knockdown is likely to contrib-
ute, at least in part, to the reduction in global protein
synthesis rates.

DISCUSSION

In this study, we identify AROS as a ribosome biogenesis
factor required for efficient cleavage of 21S pre-rRNA into
18SE pre-rRNA (Figure 1C). RPS19 is required for
pre-rRNA processing at the same step [Figure 1C and
(13–15)], and despite similar requirements for other 40S
proteins (11), it seems likely that AROS promotes
ribosome biogenesis via RPS19 (Figure 8). This is based
on the direct interaction between the proteins (16) and the
reciprocal dependence for protein stability discovered in
this study (Figure 4). SIRT1 has been implicated in the
regulation of ribosome biogenesis by epigenetically sup-
pressing rRNA synthesis at the level of transcription.
However, this results in suppression of biogenesis of
both subunits (33).
We show here that AROS associates with free 40S ribo-

somal subunits and translating polysomes (Figure 3). It is
likely that AROS associates with the 40S subunit via
RPS19, and in this context, it is relevant to note that
RPS19 is a surface-accessible protein in the head region
of the eukaryotic 40S subunit (24,25). We also suggest that
AROS sedimentation in the polysome fractions is due to
association with 40S subunits within polysomes, again via

RPS19. It is difficult to test the assumed dependence on
RPS19 for AROS association by biochemical means, as
RPS19 cannot be removed from 40S subunits without
affecting their biogenesis and abundance [Figure 1 and
(13–15)]. However, we believe that the data presented
here, namely (i) the sedimentation of AROS on sucrose
gradient ultracentrifugation and (ii) AROS:ribosomal
protein association by immunoprecipitation, are strong
evidence for AROS association with the 40S subunit
(Figure 3). It is possible that the association of AROS
with polysomes is a result of AROS associating with 40S
subunits initiating on mRNA already being tran-
slated downstream—i.e. independent of 80S formation.
However, the association by immunoprecipitation with a
60S subunit protein suggests that AROS interacts with the
60S subunit within the 80S ribosome (Figure 3B).

The data prompt the question as to the extent of these
AROS associations. Is AROS associated with all 40S
subunits or just a sub-fraction? Conversely, is all cytoplas-
mic AROS associated with 40S subunits? AROS appears
to be an abundant stable protein in the cytoplasm by
western blotting and immunofluorescence (Figures 1B,
2C and 3D), and AROS could not be detected in lower
density fractions of the gradient, where non-ribosome
associated proteins would be expected (Figure 3A and
Supplementary Figure S3A). This suggests that the
cytoplasmic fraction of AROS constitutively associates
with 40S subunits under the conditions analysed, but
does not indicate whether all 40S subunits associate with
an AROS protein. Despite similarities to ribosomal
proteins, it seems unlikely that AROS is itself a ribosomal
protein, given that it escaped characterization in the 1970s
(34). As such, AROS can be termed a ribosome-associated
protein, supplementary to its role as a ribosome biogenesis
factor. This leads to a question regarding the dual

AROS
40S 

subunit

RPS19

Biogenesis
&

Translation

Abundance
&

Function?

Figure 8. The relationship between AROS and the 40S ribosomal
subunit. AROS protein abundance is closely related to that of the
40S subunit. AROS is required for the processing of pre-rRNA into
the small subunit 18S rRNA and is linked to the protein levels of small
ribosomal proteins. Furthermore, AROS appears to be required for
translation, via the provision of 40S subunits and suppression of
eIF2a phosphorylation. In reciprocal AROS, protein abundance is
responsive to 40S protein levels, creating the possibility that the
ribosome impacts on other functions of AROS. The schematic repre-
sents the model in our system of mammalian cell culture.
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functions of AROS. Why does a ribosome biogenesis
factor remain bound to 40S subunits, and indeed poly-
somes, beyond their synthesis? The majority of ribosome
biogenesis factors dissociate from the ribosome before it
begins translation presumably to participate again in bio-
genesis (9). We see by the association of AROS with
translating polysomes that these subunits are competent;
yet, AROS remains associated.

The concept of linking ribosome biogenesis and transla-
tion has been discussed at length in the literature,most often
in terms of co-regulation of participants in each pathway by
upstream factors, such as the growth regulators c-myc and
mTOR (35–37). However, these studies commonly focus on
regulation of rRNA transcription, ribosomal protein and
eIF synthesis. Recently, more direct links have been found
that are not reliant on downstream transcriptional regula-
tion. Most notably, eIF5B, as well as its role in translation
initiation, has a crucial role during a cytoplasmic proof-
reading step in 40S biogenesis (38,39). Perhaps linked to
this proofreading, where 40S and 60S subunits join in the
absence of mRNA, two of the canonical translation termin-
ation factors also promote ribosome biogenesis. ABCE1
and Dom34 (Pelo in humans) are both required for 40S
biogenesis via a mechanism, which is likely to relate to dis-
assembly of 80S translation-like ribosomes (39–42),
although it has also been documented that ABCE1 func-
tions in pre-rRNA processing (40). Biogenesis of the 60S
subunit also requires the activity of proteins with roles in
translation. EIF6 is required for pre-rRNA processing
for the 60S subunit, a process that then appears to link
to its role as an initiation factor (43). Furthermore, the
protein SBDS, which is implicated in the ribosomopathy
Shwachman–Diamond syndrome, is required for both
60S biogenesis and translation initiation via displacement
of the inhibitory eIF6 (44). The data presented here suggest
that AROS can be added to the list of proteins involved in
both ribosome biogenesis and translation. This is based on
the likelihood that AROS is serving a function whilst
associated with cytoplasmic 40S subunits, although full
elucidation goes beyond the work here.

Depletion of AROS resulted in a reduction in the rate of
protein synthesis (Figure 6B), which could represent a re-
duction in translation across all mRNAs or alternatively
downregulation of specific messages following knockdown
of AROS. We also report that knockdown of AROS
results in a functional increase in phosphorylation of
eIF2a (Figure 7B). This may be the downstream result
of stress following loss of AROS, especially considering
the role for AROS in ribosome biogenesis (Figure 1C).
However, the increased eIF2a phosphorylation could
also relate to SIRT1, which is bound and activated by
AROS and known to suppress eIF2a phosphorylation
(18,29). It will be interesting to determine whether the
modulation of eIF2a following AROS knockdown
involves SIRT1. The AROS:RPS19 interaction only
requires the N-terminal region of AROS (16), allowing
the possibility that the C-terminal is free to mediate asso-
ciation with other parties, such as SIRT1. Interestingly,
SIRT1 has been implicated in various disease states such
as cancer and neurodegeneration (20,45,46), both of which
have been linked to aberrations in translation (3,4,47).

RPS19 has been implicated in the suppression of inflam-
mation, either via formation of a post-apoptotic covalent
dimer, which acts as a suppressor of acute inflammation
(48), or via inhibition of the pro-inflammatory cytokine
MIF (macrophage migration inhibitory factor) (49,50).
Furthermore, RPS19 may play a role in an infectious
disease; direct interaction between RPS19 and the hanta-
virus nucleocapsid protein is believed to subvert transla-
tion towards viral transcripts (51). It would also be
interesting to evaluate the role of AROS in these functions
of RPS19, given that AROS appears to associate with the
40S subunit and could presumably stabilize RPS19 within
the ribosome or occlude other RPS19 binding partners.
Mutations in ribosomal proteins and biogenesis factors

have been linked to a group of diseases termed ribo-
somopathies (7,8). First among these was the erythro-
blastopenia DBA, which has been linked to mutation in
at least 10 ribosomal protein genes contributing to both
ribosomal subunits but most frequently to mutations in
RPS19 (52). Interestingly, reduced expression of RPS19
protein and defective ribosome biogenesis has been
directly linked to the aetiology of DBA (13–15).
Although mutation in AROS has not been identified in
genetic screens of DBA patients, given the strong depend-
ence on AROS for RPS19 protein expression and the
overlapping function in 40S biogenesis reported here
(Figures 1C and 4A), it would be interesting to analyse
AROS in the emerging cellular and animal models
of DBA.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1–5.
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