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ABSTRACT

Mammalian AATF/Che-1 is essential for embryonic
development, however, the underlying molecular
mechanism is unclear. By immunoprecipitation of hu-
man AATF we discovered that AATF forms a salt-
stable protein complex together with neuroguidin
(NGDN) and NOL10, and demonstrate that the AATF-
NGDN-NOL10 (ANN) complex functions in ribosome
biogenesis. All three ANN complex members localize
to nucleoli and display a mutual dependence with re-
spect to protein stability. Mapping of protein-protein
interaction domains revealed the importance of both
the evolutionary conserved WD40 repeats in NOL10
and the UTP3/SAS10 domain in NGDN for complex
formation. Functional analysis showed that the ANN
complex supports nucleolar steps of 40S ribosomal
subunit biosynthesis. All complex members were re-
quired for 18S rRNA maturation and their individual
depletion affected the same nucleolar cleavage steps
in the 5’ETS and ITS1 regions of the ribosomal RNA
precursor. Collectively, we identified the ANN com-
plex as a novel functional module supporting the nu-
cleolar maturation of 40S ribosomal subunits. Our
data help to explain the described role of AATF in
cell proliferation during mouse development as well
as its requirement for malignant tumor growth.

INTRODUCTION

The apoptosis-antagonizing transcription factor (AATF,
Che-1, TRB) has originally been described as an RNA poly-
merase II-specific transcription factor and was suggested
to regulate apoptosis (1-3). Meanwhile, AATF has been
linked to many different cellular processes including cell
proliferation, DNA damage response and cell cycle control
(4). As a transcriptional regulator, AATF plays an impor-
tant role in stress responses upon DNA damage, including

activation of p53 and potentially p21 (5-8). Overexpression
of AATF has been observed in several human leukemic cell
lines, and, remarkably, depletion of AATF suppresses tu-
mor growth and increases chemotherapy sensitivity of tu-
mors in mouse xenograft models (6,7,9). These findings
have led to the proposal that AATF may represent a novel
potential target for cancer therapy.

AATF is essential in mice and its mutation affects cell
proliferation (10). Interestingly, the mouse protein localizes
to nucleoli, where ribosome synthesis takes place, although
the functional relevance of this observation has not been
elucidated (10,11). Ribosome synthesis and cell prolifera-
tion are tightly linked processes, as maintenance of suffi-
cient translational capacity for protein biosynthesis is a pre-
requisite for cell growth. Rapidly dividing cells, including
cancer cells, produce high numbers of ribosomes and, con-
sistently, different oncogenes have been linked to the regu-
lation of ribosome assembly (12,13). At the same time, de-
fects in ribosome maturation have been shown to induce p53
stabilization and p53-dependent stress responses in mam-
malian cells (14), highlighting that functionality of ribo-
some biogenesis is crucial for cellular and organismal home-
ostasis.

The initial steps of eukaryotic ribosome synthesis take
place in the nucleolus, where ribosomal RNA (rRNA) pre-
cursors are transcribed and premature (pre) ribosomal par-
ticles are formed. Nucleolar maturation of pre-ribosomal
particles includes rRNA folding, processing and modifica-
tion as well as incorporation of ribosomal proteins in com-
bination with conformational rearrangements of the pre-
ribosomal subunits. Further steps are carried out in the nu-
cleoplasm and cytoplasm to generate functional ribosomes.
The complex process of ribosome biogenesis is orchestrated
by a great variety of proteins belonging to diverse func-
tional classes and also involves various snoRNAs, which
guide site-specific TRNA modifications as part of snoRNPs
(15-19). The majority of these trans-acting factors sup-
port nucleolar steps of ribosome synthesis, among them a
large assembly of trans-acting factors called the small sub-
unit (SSU) processome (20,21). The SSU processome ex-
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ecutes essential pre-rRNA cleavage reactions in the 5 ex-
ternal transcribed spacer (SETS) and in the internal tran-
scribed spacer 1 (ITS1), required for 18S rRNA maturation
and 40S subunit synthesis.

Recently, we retrieved AATF as a hit in two RNA inter-
ference screens performed to identify factors involved in 40S
ribosomal subunit production in human cells (20,22). No-
tably, also the yeast protein Bfr2, which shows sequence ho-
mology to AATF, has been demonstrated to function in ri-
bosome synthesis in Saccharomyces cerevisiae as part of the
SSU processome (23).

In this study, we define a role for AATF in nucleolar
steps of 40S ribosomal subunit synthesis in human cells,
and show that AATF forms a novel protein complex with
the nucleolar factors NGDN and NOL10. Mapping data
illustrate the molecular organization of the complex and
verify direct binding between AATF and NGDN. Down-
regulation of components of the AATF-NGDN-NOL10
(ANN) complex impairs nucleolar 40S subunit maturation,
which manifests in the accumulation of a 30S rRNA pre-
cursor, reminiscent of defects in SSU processome activity.
The function of the ANN complex in 40S subunit synthesis
suggests a mechanistic basis for the essential role of AATF
in cell proliferation and may help to explain the proposed
link of AATF to cancer development.

MATERIALS AND METHODS
Cell lines, antibodies and reagents

The HeLa RPS2-YFP, RPL29-GFP and HEK293 (Flpln
TRex, Invitrogen) HASt-GFP cell lines have been described
previously (22,24,25). The HEK293 NOL10-StHA and
NGDN-StHA cell lines for tandem affinity purification
(TAP) were generated as previously described (25). HeLa K
cells were obtained from D. Gerlich (IMBA, Vienna, Aus-
tria). HCT116 wt and p53~/~ cell lines were kind gifts from
B. Vogelstein (Johns Hopkins, Baltimore, USA) and have
been described previously (26). All cell lines were grown in
DMEM with 10% FCS and 1% penicillin/streptomycin at
37°C, 5% CO,.

o-AATF antibodies were raised against recombinant
His-tagged full-length AATF in rabbits and purified using
the antigen coupled to SulfoLink beads (Thermo Fisher Sci-
entific). The following antibodies have been described pre-
viously: a-ENP1, a-NOBI1, a-RPS3 (24); «-CRM1 (27);
a-RPL23A (28). a-FBL (sc-166001) and «-NATI10 (sc-
271770) were purchased from Santa Cruz Biotechnology;
«-NOLI10 (ab181161) from Abcam; a-NGDN (STJ24765)
from St John’s Laboratory; a-actin (A1978) from Sigma
and a-HA (ENZ-ABS120) from Enzo Life Sciences. Lep-
tomycin B (L-6100) was purchased from LC Laboratories.

Molecular cloning

The AATEF, NOL10 and NGDN coding regions were am-
plified from HeLa K cDNA and cloned as full-length
or truncated versions into the pcDNAS5/FRT/TO/cStHA-
TAP vector (25) using Kpnl, Xhol restriction sites en-
coding for C-terminally StHA-tagged (Strep-tag II, St;
hemagglutinin epitope, HA) protein fusions. GFP was

cloned into the pcDNAS/FRT/TO/cStHA-TAP vector
using BamHI, Notl restriction sites generating GFP-
StHA. A pcDNAS/FRT/TO/cHA vector for C-terminal
HA tagging was produced by insertion of an HA-tag
into the pcDNAS/FRT/TO vector (Invitrogen) using the
restriction sites Xhol, Apal. Full-length or truncated
AATF versions were cloned into Kpnl, Xhol sites of the
pcDNAS/FRT/TO/cHA vector. RNAi-resistant deriva-
tives of AATF were generated using a synthetic DNA frag-
ment of the AATF gene (GenScript) containing silent muta-
tions in the binding sites for the si-AATF-1 and si-AATF-2
siRNA oligonucleotides.

To purify recombinant His-tagged AATF in Escherichia
coli (E. coli) as antigen for antibody production, AATF
was cloned into the pQE-30 vector (QIAGEN) using Kpnl,
HindIII restriction sites. To express recombinant proteins in
E. coli for in vitro pull-down experiments (PD), DNA frag-
ments encoding full-length NGDN, NGDN(1-148) and
NGDN(149-315) were cloned into Ndel, BamHI restric-
tion sites of the pnEA-pG vector (29) resulting in N-
terminal glutathione S-transferase (GST) fusions. AATF
full-length and deletion constructs (184-560, 208-552, 422—
560, 455-560) were generated using the Ndel, Mfel sites of
the pnYC-pM vector, producing fusions harboring maltose
binding protein (MBP) at the N terminus.

RNAI and transient transfection

siRNA treatment was performed with INTERFERin
transfection reagent (Polyplus-transfection) at a final
oligonucleotide concentration of 9 nM. The following
siRNA oligonucleotides were used (antisense sequence): si-
control (negative control, AllStars, QIAGEN), si-AATF-1
(5-UAUGAGUUCUCGAAGGAGCUG-3), si-AATF-2
(5-UAGUUUGAUCCUUCCUUCCAA-3), si-NOL10-
1 (5-UUUAAAUCGAUCAUCGGUGAG-3), si-
NOL10-2 (5-UUGCGAAUGAAAUUCAAUGUA-3),
si-NGDN-1 (5-UUUCUGUAGGAUAGGCACCAG-3),
si-NGDN-2  (5-UUAUUAGUAAGGCUCUUUCCA-
3), si-FBL (5-UUAAUGGAAAUCACAAAGUGU-3),
si-CRM1 (5-GUAUAAGCAAUUCACCACATT-3).

Transient transfection of DNA plasmids was carried out
using X-tremeGENE 9 transfection reagent (Roche).

Immunofluorescence analysis and confocal microscopy

Immunofluorescence analysis was performed as previously
described (24). Imaging was done at a Leica SP2 AOBS mi-
croscope using a 63x1.4NA, oil, HCX Plan-Apochromat
objective or at a Zeiss LSM 880 upright microscope with a
63x1.4NA, oil, DIC Plan-Apochromat objective.

Immunoprecipitation, tandem affinity purification and pull-
down experiments

For preparation of HeLa K and HEK 293 cell extracts, cells
were detached with PBS containing 0.5 mM EDTA and
washed with ice-cold PBS. For immunoprecipitation (IP)
of AATF, HeLa K cells were resuspended in IP buffer con-
taining 20 mM Tris—HCI (pH 7.5), 500 mM NacCl, 2 mM
MgCl,, 0.5% NP-40, protease and phosphatase inhibitors.



Lysis was performed using a douncer and the lysate was
cleared by centrifugation (16 000 g, 15 min, 4°C). a-AATF
antibody was coupled to a 9:1 mixture of protein A /protein
G-sepharose (GE Healthcare) and incubated with cell ex-
tract for 2 h at 4°C. Beads were washed three times with IP
buffer and two times with IP buffer lacking NP-40. Bound
proteins were eluted with SDS-PAGE sample buffer with-
out DTT. After addition of DTT, samples were analyzed by
SDS-PAGE followed by silver or Coomassie blue staining.
For MS analysis, bands were cut out from the Coomassie
gel and proteins were digested with trypsin. Nano-LC-ESI-
MS/MS analysis was performed using an ACQUITY nano-
UPLC system (Waters) coupled to an LTQ-Orbitrap XL hy-
brid mass spectrometer (Thermo Fisher Scientific).

For tandem affinity purifications (TAPs), expression
of HASt- or StHA-tagged bait proteins in stably trans-
fected HEK293 cell lines was induced with tetracycline
(0.5 pg/ml) for 48 h. TAP was basically performed as de-
scribed previously (25). In short, cells were resuspended in
lysis buffer containing 20 mM Tris—HCI (pH 7.5), 400 mM
NaCl, 2 mM MgCl,, 0.5% NP-40, ] mM DTT, 2 uM avidin,
protease and phosphatase inhibitors. Cells were lysed by
douncing and the lysates diluted 1:1 with lysis buffer lack-
ing NaCl. After clearance of the lysates by centrifugation
(5000 g, 12 min, 4°C), cell extracts were incubated with
StrepTactin sepharose (IBA) for 30 min at 4°C. Beads were
washed three times with TAP buffer containing 20 mM
Tris—=HCI (pH 7.5), 200 mM NacCl, 2 mM MgCl,, protease
and phosphatase inhibitors. Bound complexes were eluted
with TAP buffer supplemented with 2.5 mM desthio-biotin
(Sigma). For the second purification step, eluates were in-
cubated with a-HA agarose (Sigma) for 1 h at 4°C. Beads
were washed with TAP buffer three times and bound pro-
teins were eluted with SDS-PAGE sample buffer without
DTT. Following the addition of DTT, samples were ana-
lyzed by SDS-PAGE.

For purification of StHA-tagged proteins by a single step
pull-down using StrepTactin, proteins were expressed for
48 h after transient transfection of HEK?293 cells. Gener-
ation of cell extracts was done as for TAPs, except that cells
were lysed by passing them through a 20 G needle. Extracts
were incubated with StrepTactin sepharose for 30 min at
4°C. Beads were washed 4 times with TAP buffer and bound
proteins eluted with SDS-PAGE sample buffer.

Protein expression and in vitro binding assays

MBP-AATF proteins were co-expressed with GST-NGDN
constructs or GST in E. coli BL21 Star (DE3) cells (In-
vitrogen) in 50 ml auto-induction medium (30) overnight
at 20°C. After harvest, cells were lysed by sonication
in 5 ml PD buffer (50 mM Hepes—KOH (pH 7.5), 250
mM NaCl, 2 mM DTT) supplemented with DNase I (5
wg/ml), lysozyme (1 mg/ml) and protease inhibitor cocktail
(Roche). Crude lysates were cleared by centrifugation and 1
ml of the supernatant was incubated with 15 pl glutathione
sepharose for 30 min at 4°C on a rotating wheel. After three
washes with PD buffer, bound proteins were eluted with 30
wl PD buffer containing 25 mM glutathione and analyzed
by SDS-PAGE followed by Coomassie blue staining.
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Sucrose density gradient analysis

HeLa K cells were incubated with 100 pg/ml cycloheximide
in DMEM for 10 min. Cells were detached with PBS con-
taining 0.5 mM EDTA and 100 wg/ml cycloheximide and
washed with ice cold PBS including 100 pg/ml cyclohex-
imide. Lysis was performed in 50 mM Hepes-KOH (pH 7.5),
500 mM NacCl, 3 mM MgCl,, 0.5% NP40, 50 pg/ml cyclo-
heximide, 1 mM DTT, protease and phosphatase inhibitors
by passing cells through a 27 G needle. The lysate was di-
luted 1:1.5 in lysis buffer without NaCl and cleared by cen-
trifugation (16 000 g, 5 min, 4°C). Cell extract (1 mg of total
protein) was loaded on a linear 10-45% sucrose gradient in
50 mM Hepes—KOH (pH 7.5), 100 mM NaCl, 3 mM MgCl,
and centrifuged (55 000 rpm, 1 h 45 min, 4°C) in a TLS55
rotor (Beckman Coulter). Fractions of 150 pl were collected
from the top of the gradient. Proteins were precipitated us-
ing TCA, resuspended in SDS-PAGE sample buffer and an-
alyzed by SDS-PAGE followed by immunoblotting.

Northern blot analysis

Total RNA was extracted from Hela K cells using an
RNeasy minikit (QIAGEN). Northern blot analysis was
essentially performed as previously described (31). In short:
4 ng RNA were separated on an agarose-formaldehyde
gel (75 'V, 4.5 h) and stained with GelRed (Biotium). RNA
was transferred to a nylon membrane (Hybond-N*, GE
Healthcare) by capillary transfer and cross-linked using UV
light. rRNA precursors and actin mRNA were analyzed
with the following radioactively labeled probes: SETS
(5-CGGAGGCCCAACCTCTCCGACGACAGGTCG
CCAGAGGACAGCGTGTCAGC-3) (32), SITS1 (5-
CCTCGCCCTCCGGGCTCCGTTAATGATC-3), ITS2
(5-GCGCGACGGCGGACGACACCGCGGCGTC-3)
(33), actin mRNA (5-GTGAGGATCTTCATGAGGTA
GTCAGTCAGGT-3).

The membrane was analyzed by phospho-imaging using
a Typhoon FLA 9000 (GE Healthcare).

Pulse-labeling experiments

Pulse-labeling of cells with 3P ortho-phosphate to follow
pre-rRNA maturation was performed as previously de-
scribed (20).

RESULTS
AATF is involved in nucleolar steps of ribosome synthesis

AATF has been identified as a candidate factor involved in
40S ribosomal subunit biogenesis by RNAi-based screen-
ing in human cells (20,22). Furthermore, its yeast ortholog
Bfr2 has previously been shown to function in ribosome
biogenesis (23). To verify the functional link between hu-
man AATF and ribosome synthesis, AATF was depleted
in a reporter cell line for 40S ribosomal subunit assembly
by RNAI. This HeLa cell line expresses RPS2/uS5-YFP
in a tetracycline-inducible manner, which allows for mon-
itoring nucleolar and nucleoplasmic steps in the matura-
tion of newly synthesized 40S ribosomal particles (24). De-
pletion of fibrillarin (FBL), a conserved component of box
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C/D snoRNPs required for nucleolar steps of 40S subunit
maturation (34,35), or of CRMI, a nuclear export recep-
tor for 40S and 60S ribosomal particles (36,37), served as
positive controls. As expected, downregulation of FBL and
CRMI caused nucleolar and nucleoplasmic accumulation
of the reporter protein, respectively. Consistent with the pre-
vious screening results (20,22), RNAi-mediated depletion
of AATF led to a reduction of RPS2-YFP in the cytoplasm
and an accumulation of the reporter in nucleoli (Figure 1A,
upper panel). This nucleolar accumulation of RPS2-YFP
indicates a 40S subunit assembly defect, leading to a failure
of RPS2-YFP release from nucleoli along with newly syn-
thesized 40S ribosomal subunits. Similarly, the functional-
ity of 60S ribosomal subunit assembly was investigated in a
reporter cell line expressing RPL29/eL.29-GFP. Downregu-
lation of AATF did not cause a significant relocalization of
RPL29-GFP after 2 days of RNAi (Figure 1A, lower panel).
Together, these results suggest a specific function of AATF
in the synthesis of 40S ribosomal subunits.

As an independent assay, we next used an immunofluo-
rescence (IF) readout to monitor changes in the localiza-
tion of the endogenous 40S biogenesis factor ENP1/BYSL
in HeLa K cells (20,38). ENP1 is localized to nucleoli at
steady-state (Figure 1B, upper panel), but accumulates as
part of newly made pre-40S subunits in the nucleoplasm
upon inhibition of CRM1-dependent pre-40S subunit ex-
port (Figure 1B, lower panel). A block of pre-40S export can
either be induced by RNAi-mediated depletion of CRM1 or
inhibition of CRM1 with Leptomycin B (LMB) (24,36,39).
Depletion of AATF did not influence the nucleolar local-
ization of ENPI in the absence of a nuclear export block
(Figure 1B, upper panel). However, when nuclear export of
pre-40S subunits was impaired by LMB treatment, down-
regulation of AATF caused nucleolar retention of ENPI,
while in control cells ENPI relocalized to the nucleoplasm
as expected (Figure 1B, lower panel). This demonstrates
that ENPI1 fails to be released from nucleoli when AATF
is missing, consistent with a requirement of AATF for nu-
cleolar steps of 40S subunit synthesis. Similar effects were
observed upon depletion of FBL. The efficiency of AATF
depletion was verified by immunoblotting using an affinity-
purified AATF antibody that we have raised against recom-
binant full-length AATF (Figure 1C).

AATF has been linked to p53-mediated stress response
(8). Consequently, to exclude indirect effects of AATF de-
pletion on ribosome biogenesis via its link to the p53 path-
way, we also compared the effects of AATF siRNA treat-
ment in p53 wild-type and p53~/~ HCT116 cell lines (26).
Depletion of AATF led to nucleolar retention of ENPI1 in
both wild-type and p53-deficient HCT116 cells after LMB
treatment (Supplementary Figure S1). Altogether, these re-
sults show that AATF, independently of p53, is required for
nucleolar maturation of pre-40S ribosomal particles.

Nucleolar localization of AATF is conferred by its C-terminal
subdomain

In agreement with a function in ribosome biogenesis, hu-
man AATF has been previously identified as a component
of the nucleolar proteome (40). However, the protein has
also been detected in other subcellular regions in various

mouse and human cell types, including the nucleoplasm and
cytoplasm (7,10,11,41-43). To define the localization of hu-
man AATF in HeLa cells, we performed IF analysis and
observed that AATF is strongly enriched in nucleoli, where
it co-localizes with FBL (Figure 2A). Downregulation of
AATF by RNAi strongly reduced the IF signal, confirming
the specificity of the antibody staining.

AATF is a 62 kDa protein that contains an unstruc-
tured N-terminal part followed by the AATF /Chel /Traube
superfamily-specific domain (AATFD), which consists of
two well conserved subdomains (AATFD-N and AATFD-
C) of unknown function (Figure 2B, Supplementary Fig-
ure S2). Interestingly, a previous study showed that dele-
tion of the C-terminal 72 residues impaired nucleolar lo-
calization of mouse AATF, whereas the N-terminal 198
residues were dispensable for nucleolar enrichment (11).
To define the part of human AATF required for nucleo-
lar localization, we generated HA-tagged truncation con-
structs based on sequence similarity to the mouse protein
and on secondary structure predictions to avoid disrupt-
ing secondary structure elements (44). A small C-terminal
fragment of AATF comprising the AATFD-C subdomain
(residues 455-560) was sufficient for co-localization with
FBL in nucleoli, whereas the remaining N-terminal part of
AATF (residues 1-454) displayed nucleoplasmic localiza-
tion (Supplementary Figure S3A). The integrity of the ex-
pressed HA-tagged AATF constructs was verified by West-
ern blot analysis (Supplementary Figure S3B).

To determine whether the portion of AATF required for
its nucleolar localization would also suffice for its func-
tion in ribosome biogenesis, we tested rescue of the nucleo-
lar ribosome synthesis defect induced by AATF depletion
using the dynamic localization of ENP1 as readout. An
siRNA-resistant full-length AATF construct efficiently re-
stored nucleoplasmic accumulation of ENP1 in the presence
of LMB (Figure 2B and C). However, neither the N- nor
the C-terminal truncation construct could rescue the nucle-
olar defect in 40S subunit synthesis upon downregulation of
AATEF, apparent by the failure of ENP1 release from nucle-
oli (Figure 2B and C). In conclusion, the AATFD-C subdo-
main (aa 455-560) of AATF is necessary and sufficient for
its nucleolar localization but not for function in ribosome
biogenesis, indicating that the N-terminal region of AATF
must also contribute to the functional role of AATF in ri-
bosome biogenesis.

AATF forms a complex with NOL10 and NGDN

A potential explanation for the requirement of the N-
terminal portion of AATF for its functionality could be
that it provides a binding platform for other ribosome bio-
genesis factors. To investigate the protein-protein interac-
tion network of AATF, we performed immunoprecipitation
(IP) of endogenous AATF from HeLa cell lysate and de-
termined the identity of the major AATF interacting fac-
tors by mass spectrometry (MS). Consistent with the nu-
cleolar function of AATF, the two most prominent binding
partners of AATF were identified as the nucleolar factors
NOL10 and neuroguidin (NGDN, Ngd, CANul) (Figure
3A, Supplementary Table S1). Notably, neither inhibition
of cellular pre-rRNA synthesis by actinomycin D nor treat-
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Figure 1. Depletion of AATF impairs nucleolar steps of 40S ribosomal subunit biogenesis. (A) Indicated proteins were depleted by RNAI for 48 h in
HeLa cell lines expressing RPS2-YFP or RPL29-GFP in an inducible manner. Expression of RPS2-YFP and RPL29-GFP was induced with tetracycline
(125 ng/ml) for 16 h and subsequently chased for 4 h by washing out the tetracycline. Note that the strong nucleolar signal of RPL29-GFP in control
cells is due to the slow incorporation of the reporter protein into nucleolar pre-ribosomal particles. Cells were fixed and analyzed by confocal microscopy.
Scale bar, 20 wm. (B) siRNA treatment in HeLa cells for 72 h. Localization of ENP1/BYSL was analyzed by immunofluorescence (IF). To visualize early
defects in ribosome maturation, CRM 1-mediated export of 40S ribosomal subunits was blocked by Leptomycin B treatment (LMB, 20 nM, 2 h). (C) RNAi

efficiency was verified by Western blot analysis after 72 h.

ment of cell extracts with RNase diminished the association
of NOL10 and NGDN with AATF, indicating that their in-
teraction may be independent of RNA (Supplementary Fig-
ure S4A, B). NOL10 and NGDN have both been identified
as components of the nucleolar proteome (40). NOL10 is
a WD40 domain-containing protein enriched in the granu-
lar component of nucleoli (45). Also GFP-tagged NGDN
has been shown to localize to nucleoli (46). NGDN has
been originally implicated in translational control in neu-
ronal cells (47), but belongs to the ‘U three protein’ (UTP) 3
protein family of SSU processome components by sequence
similarity. In addition to NOL10 and NGDN, other nu-
cleolar factors were detected in the MS analysis, including
the predicted SSU processome component NAT10 (21), an

RNA cytidine acetyltransferase already linked to 40S ribo-
somal subunit biogenesis (31,48,49).

To verify the MS data, the eluate of the AATF IP was
analyzed by immunoblotting, confirming the strong enrich-
ment of NOL10 and NGDN in the immunoprecipitate (Fig-
ure 3B). The enrichment of NAT10 in the IP was weaker
than that of NOL10 and NGDN, suggesting that it is not a
core component of the complex. As a control for unspecific
protein association, we also probed for NOB1, a component
of later nucleoplasmic and cytoplasmic pre-40S particles
(25), which was not detected in the MS analysis, and con-
sistently, was not detectable among the AATF-associated
proteins by immunoblotting.
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Figure 2. The C-terminal subdomain of human AATF is required for its nucleolar localization and for rescue of the RNAi-induced ribosome biogenesis
defect. (A) Localization of endogenous AATF was analyzed by IF in HeLa cells together with the nucleolar marker FBL. Nuclei were visualized by
Hoechst staining. Specificity of the anti-AATF antibody was verified by siRNA treatment for 72 h. Scale bar, 20 wm. (B) Illustration of protein domains
present in AATF. The AATF protein contains an AATF/Chel /Traube-superfamily domain (AATFD) with an N-terminal (AATFD-N) and C-terminal
(AATFD-C) subdomain. An AATF RNAi complementation experiment was performed in HeLa cells using two independent siRNAs transfected for 72 h.
The indicated siRNA-resistant versions of HA-tagged AATF were expressed by transient transfection during the last 48 h. Cells were fixed after treatment
with 20 nM LMB for 2 h. Localization of ENPI was visualized by IF and used as readout for nucleolar release of 40S ribosomal subunits. Scale bar,
20 pm. (C) Quantification of RNAi-rescue experiments, performed as in (B), from three independent experiments. Mean intensity of the fluorescent signal
derived from ENP1 IF was quantified in nucleoli and the nucleoplasm with Imagel. To set a stringent threshold for the rescue, all cells with a ratio of mean
nucleolar to nucleoplasmic ENP1 signal of >2.5 were assigned as ‘nucleolar’. Mean + SEM (error bars); n > 38; **P < 0.01; ***P < 0.001 (unpaired

t-test). Note that AATF-HA full-length (fl) but neither AATF(1-454)-HA nor AATF(455-560)-HA significantly rescued the AATF depletion phenotype
(for rescue, only cells transfected with AATF constructs were analyzed).



Nucleic Acids Research, 2016, Vol. 44, No. 20 9809

[72]) [2]
E g
3 K 2 E
o % 2 2%
3 £ 3
| == ] a-AATF
158 - | 1: THRAP3, PPP1R12A | % | a-NOL10
| 2: MATR3, NAT10 | w% ] a-NGDN
116 - | 3: PPP1R13L, PML | - — |0.-NAT1O
97 - ;
| 4: AATF L. | a-NOB1
=== |I5:NOL10, HSPA5 (3
— = < <« < <«
66 - a £ I a & I
L @ L @ @
22z 2 ez
- — -
% c</() o O 2 o O
I6: YBX1, RPL4 T z =z T z =z
43- «w | 7:EIF4A3, RPL3 ’ o = w= | -AATF
| - 3§ —_— a-NOL10
%5 wwss (1 8: NGDN, ANXA2 | — — W |a-NGDN
— - | 0-NAT10
4 015 L —m — o | a-NOB1
27 - — Ribosomal proteins | C | a-HA (HASt-GFP)
- t " ==+ | a-HA (NOL10-StHA)
kDa - | 8 | o-HA (NGDN-StHA)
Input TAP
D b
3 sucrose gradient
£ 10% 45%
— - —; — S S a— — ——OJ CX.-AATF
‘- BE—

B ——— -‘a-NOL‘IO

== w— = =] _NGDN

« - e e a-NAT10

- —

a-FBL

| ———— e ————— - w— e s | o ENP1
‘.- —- e - - —--——‘ a-RPS3
—

= w——— — | RP23A

small complexes

40S

60S/80S/>80S

Figure 3. Identification of NOL10 and NGDN in complex with AATF. (A) AATF was isolated by immunoprecipitation (IP) from HeLa cells using an
affinity-purified antibody coupled to protein A/G beads. Beads without antibodies were used as negative control. Co-precipitated proteins were analyzed
by SDS-PAGE followed by silver staining. Numbering next to the gel refers to MS analysis of excised bands from a Coomassie Blue-stained gel, which
identified AATF, NOL10 and NGDN among the most abundant proteins at the AATF complex (Supplementary Table S1). For band 1 to 8, the two
proteins with the highest peptide number detected are listed. Bands 9-15 contained predominantly ribosomal proteins. Note that AATF is inefficiently
eluted from the antibody. (B) Western blot analysis of input (0.04%) and eluate (20%) samples from experiment in (A) confirms the strong enrichment of
NOL10 and NGDN in the protein complex isolated by AATF IP. (C) Tandem affinity purification (TAP) of NOL10 and NGDN in complex with AATF.
Strep-HA (StHA)-tagged NOL10, NGDN or HASt-tagged GFP were induced with tetracycline in HEK 293 cell lines and cell extracts (input) subjected to
TAP. Inputs (0.008%) and TAP eluates (20%) were analyzed by immunoblotting using the indicated antibodies. Asterisks indicate the StHA-tagged NOL10
bait protein and a degradation product recognized by the anti-NOL10 and anti-HA antibodies. (D) HeLa cell extract was separated by centrifugation on
a linear 10-45% sucrose gradient. Proteins present in the input and gradient fractions were analyzed by immunoblotting.



9810 Nucleic Acids Research, 2016, Vol. 44, No. 20

To further confirm the existence of a protein com-
plex containing AATF, NOL10 and NGDN, we puri-
fied C-terminally Strep-HA (StHA)-tagged NOL10 and
NGDN by tandem affinity purification (TAP) from stable,
tetracycline-inducible HEK 293 cell lines. Immunoblot anal-
ysis revealed that AATF indeed efficiently co-purified with
both NOL10 and NGDN (Figure 3C). We also observed a
reciprocal co-purification of NOL10 and NGDN and ver-
ified the association of NAT10 with both proteins. Again,
NOBI could not be detected as part of the protein complex
containing AATF, NOL10 and NGDN.

Sucrose gradient analysis was performed to investigate
the sedimentation behavior of AATF, NOL10 and NGDN
in comparison to ribosomal particles and other factors in-
volved in ribosome assembly. Strikingly, the sedimentation
behavior of AATF, NOL10 and NGDN was highly simi-
lar (Figure 3D). All three proteins appear in a similar pat-
tern throughout the gradient, with increasing abundance
in the bottom fractions containing high molecular weight
complexes, with a peak at about 80S. A significant frac-
tion of AATF and NGDN was also found in the upper part
of the gradient where free proteins and small protein com-
plexes migrate, likely owed to the use of high salt (500 mM
NaCl) needed for the efficient extraction of the proteins
from nucleoli, which might cause their dissociation from
larger complexes. Interestingly, NOL10 was less abundant
in the upper part of the gradient, which could suggest that
it is more tightly associated with the 80S-sized protein com-
plex than AATF and NGDN. Nevertheless, when fractions
from the upper part of the sucrose gradient, devoid of ri-
bosomal particles, were used as input for IP of AATF, both
NGDN and NOL10 efficiently co-precipitated with AATF
(Supplementary Figure S4C), suggesting that the three pro-
teins are part of a protein complex independently of ribo-
somal particles.

Components of protein complexes often influence each
other’s stability and/or localization. To examine whether
this is the case for the main components of the AATF-
containing protein complex, we depleted its core con-
stituents, i.e. AATF, NOL10 and NGDN, by RNAi and
analyzed the effects on the respective binding partners by
both IF and Western blot analyses. As expected for com-
ponents of a protein complex, AATF, NOL10 and NGDN
displayed a strong interdependency regarding protein abun-
dance (Figure 4A and B). Depletion of each of the three pro-
teins led to a strong reduction in the levels of the other two
partners. In contrast, depletion of FBL did not significantly
impair stability and localization of the three factors. No-
tably, NAT10 remained unaffected by depletion of AATF,
NOL10 and NGDN (Figure 4A), further supporting the
notion that it is not a core constituent of the complex. Over-
all, these data provide evidence that AATF is part of a nu-
cleolar protein complex containing NOL10 and NGDN,
which we will further refer to as the AATF-NGDN-NOL10
or ‘ANN’ complex.

Characterization of the molecular architecture of the ANN
complex reveals direct binding between AATF and NGDN

Many nucleolar proteins are known to be recruited to
nascent pre-ribosomal subunits sequentially in the form of

protein subcomplexes (16). A paradigm of such an assembly
line is the assumed co-transcriptional formation of the large
SSU processome (19,50-52). A molecular understanding of
the assembly and function of individual nucleolar protein
modules will require information on the architecture of the
distinct building blocks.

The constituents of the ANN complex contain several
folded domains, however, their specific functions remain
unknown. These domains include the AATF superfamily
domain (AATFD), the UTP3/SAS10 domain in NGDN
and the WD40 repeats in NOL10 (Figure 5A). To gain in-
sights into which protein domains support the formation
of the ANN complex, different StHA-tagged full-length
and truncated versions of AATF, NOL10 and NGDN
were expressed by transient transfection in HEK293 cells
and isolated by a one step pull-down using StrepTactin
affinity purification. Expression of the bait proteins and
composition of the precipitated complexes were exam-
ined by immunoblotting. First, we compared association
of binding partners between full-length AATF and the
two differentially localized AATF fragments AATF(1-454)
and AATF(455-560). Full-length AATF-StHA retrieved
NOLI10 and also NGDN, albeit less efficiently. Consis-
tent with its nucleoplasmic localization, AATF(1-454) did
neither co-precipitate NOL10 nor NGDN. In contrast,
AATF(455-560) was able to interact with NOL10 (Figure
5B), whereas NGDN could not be detected. This suggests
that the C-terminal part of AATF, which localizes to nucle-
oli, is sufficient for NOL10 interaction whereas binding of
NGDN depends on other parts of AATF.

NOLI10 contains a WD40 repeat domain at its N termi-
nus comprising residues 1-349 (Figure 5A) that was suf-
ficient for interaction with both AATF and NGDN (Fig-
ure 5C). For NGDN, its N-terminal UTP3/SAS10 homol-
ogy domain (residues 1-148) was sufficient for the asso-
ciation with both AATF and NOLI10, even though im-
munoblotting indicated lower expression levels of this par-
ticular NGDN fragment (Figure 5D). Thus, formation of
the ANN complex is mediated by the WD40 domain of
NOLI10 and the UTP3/SAS10 domain of NGDN.

In a next step, direct binding between the mapped inter-
action domains was tested using recombinant proteins ex-
pressed in E. coli. Unfortunately, NOL10 was largely insol-
uble and could not be included in the analysis. Full-length
NGDN or its N- and C-terminal fragments were expressed
as GST-fusions together with full-length AATF bearing an
N-terminal MBP-tag. GST pull-down experiments from the
respective E. coli cell lysates not only revealed direct bind-
ing between full-length NGDN and AATF (Figure 6A),
but also confirmed that the N-terminal domain of NGDN
(residues 1-148) is sufficient for AATF interaction. Consis-
tent with the domain mapping experiments performed in
HEK?293 cells, an interaction between the C terminus of
NGDN and AATF could not be observed.

Reciprocally, to map the NGDN binding region in
the AATF protein, MBP-tagged full-length and trun-
cated versions of AATF were co-expressed with GST-
tagged NGDN(1-148). Comparison of the expression lev-
els of the different AATF fragments and of GST pull-
down efficiency revealed weak direct binding of the C-
terminal AATF subdomain (AATFD-C, residues 455-560)
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to NGDN(1-148) (Figure 6B). Inclusion of the long un-
structured loop, which links the C-terminal subdomain of
AATF to the N-terminal subdomain (AATFD-N), in the
AATEF fragment AATF(422-560) did not increase the affin-
ity for NGDN. In contrast, constructs containing both the
AATFD-C and AATFD-N subdomains, i.e. AATF(148-
560) and AATF(208-552), bound NGDN more strongly.
Thus, AATF requires its full AATF superfamily domain for
efficient binding to the N terminus of NGDN (Figure 6C).

Our functional analysis had demonstrated that the
AATFD-C fragment is inactive (Figure 2), which could be
a consequence of inefficient binding to NGDN. To inves-
tigate the functional activity of an extended AATF frag-
ment with superior NGDN binding ability, we performed
an RNAi-rescue experiment with AATF(208-560) using nu-
cleolar release of ENPI1 as readout. Indeed, AATF(208-
560) could complement the depletion of AATF and pro-
mote nucleolar release of ENP1 (Figure 7A and B). Further-
more, AATF(208-560) efficiently stabilized NGDN and
NOLI10 protein levels in vivo (Figure 7C), in contrast to
AATFD-C. It is conceivable that the functional activity of
the AATF(208-560) fragment is linked to its ability to effi-

ciently bind NGDN, but it is also possible that it provides a
functionally important binding platform for other factors.

Collectively, our mapping analysis of protein interac-
tion domains in AATF, NOLI0 and NGDN demon-
strates that ANN complex formation involves direct bind-
ing between the N-terminal part of NGDN comprising its
UTP3/SAS10 domain (aa 1-148) and the AATF superfam-
ily domain of AATF (Figure 6C). The interaction between
AATF-NGDN and NOL10 is supported by the N-terminal
WD40 domain of NOL10 (aa 1-349), although a direct as-
sociation between NOL10 and AATF-NGDN remains to
be verified.

The ANN complex is required for nucleolar steps of 40S
subunit synthesis by supporting pre-rRNA processing of the
5’ETS and ITS1

The depletion of individual members of the ANN com-
plex affected the stability of the other complex components
(Figure 4), predicting similar functional consequences of
their downregulation. To test this hypothesis, we first exam-
ined how depletion of NOL10 and NGDN affects 40S sub-
unit synthesis. Similar to depletion of AATF, knockdown of
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NOL10 and NGDN led to a failure of ENP1 release from
nucleoli and a 40S biogenesis defect based on the RPS2-
YFP reporter (Figure 8A, Supplementary Figure S5A). No-
tably, the observed nucleolar signal for ENP1 in presence of
LMB was less pronounced for downregulation of NGDN,
consistent with its less efficient depletion (Figure 4B).

For further functional investigation of the ANN complex
and its role in 40S subunit maturation, we analyzed pre-
rRNA processing by Northern blotting after depletion of
AATF, NOL10 or NGDN. Precursors of 18S rRNA were
detected using a probe binding to the 5" internal transcribed
spacer 1 (5ITS1) pre-rRNA region (Supplementary Figure
S5B), which is removed as one of the last steps of 40S sub-
unit maturation and thus present in all 18S pre-rRNA pro-
cessing intermediates. In addition, we used probes comple-
mentary to the 5’ external transcribed spacer (S'ETS) re-
gion and ITS2, which allow for detection of defects in early
steps of pre-rRNA processing and 28S pre-rRNA matura-
tion, respectively. Depletion of AATF, NOL10 and NGDN
led to a striking increase of 30S pre-rRNA accompanied by
a reduction of the 418 precursor, a low abundant early pro-
cessing intermediate, relative to 47S pre-rRNA or to actin
mRNA (Figure 8B, C, Supplementary Figure S5C). Pro-
cessing of the precursors to 28S rRNA, detected by the ITS2

probe, was not significantly affected by depletion of any of
the studied factors. Intriguingly, the observed defects in pre-
rRNA maturation indicate reduced efficiency of endonucle-
olytic cleavage at the sites A0, 1 and E, an activity attributed
to the SSU processome complex (18,53,54), and impaired
processing of the ITS1 region (Figure 8D) (38,53,55). Sim-
ilar to depletion of ANN complex members, downregula-
tion of FBL, which is part of both the SSU processome and
other snoRNPs (21,56), induced a strong accumulation of a
30S-sized precursor. However, analysis of cleavage at site A’,
a site present in animals and plants (18), revealed strongly
increased amounts of both 47S pre-rRNA and of the 5 ex-
tended 30S*! precursor upon FBL depletion. In compari-
son, the 30S*! pre-rRNA was only detected to a very low
extent after knockdown of AATFE, NOL10 and NGDN, in-
dicating that depletion of ANN complex members does not
majorly affect processing of the very 5’ end of the S’ETS.
Kinetic analysis of the processing efficiency of newly
synthesized pre-rRNA by pulse-labeling experiments con-
firmed the requirement of AATF for efficient pre-18S
rRNA maturation (Figure 8E, F). Depletion of AATF re-
duced the synthesis rate of mature 18S rRNA and, consis-
tent with the Northern blot data, induced an accumulation
of 30S pre-rRNA and a reduction of the 418 precursor. Rel-
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Figure 8. AATF, NOL10 and NGDN depletion causes pre-rRNA processing defects at cleavage sites A0, 1 and in the ITS1 region. (A) Indicated proteins
were depleted by RNAI treatment for 72 h in HeLa cells. ENP1 localization was visualized by IF analysis after 2 h of LMB treatment (20 nM). Scale bar,
20 pm. (B) Northern blot analysis of total RNA extracted from HeLa cells after siRNA treatment for 72 h. Radioactively labeled probes binding to the
SITS1, SETS, ITS2 or actin mRNA were used to detect the indicated rRNA precursors or mRNA. Mature 18S and 28S rRNA were visualized by GelRed
staining on the membrane. (C) Quantification of three independent experiments using the 5'ITS1 probe as shown in (B) using ImageJ. The ‘47S’ (478,
458 and 43S pre-rRNAs) pre-rRNA signal intensity was used for normalization. Mean + SD (error bars). (D) Scheme illustrating pre-rRNA processing
defects observed in (B). Depletion of AATF, NOL10 and NGDN leads to increased levels of 30S and reduced levels of 41S pre-rRNA, indicating lower
efficiency in cleavage of 18S pre-rRNA at the sites A0, 1 and in the ITSI region. (E) HeLa cells were subjected to RNAI for 48 h. Processing of newly
synthesized pre-rRNA was analyzed after 3P pulse-labeling of HeLa cells. At the end of the indicated chase periods, RNA was extracted and separated
by gel electrophoresis. Total mature 18S and 28S rRNA were stained with GelRed. (F) Quantification of three independent pulse-labeling experiments as
shown in Supplementary Figure S5D. FBL, AATF, NOL10 and NGDN were depleted by siRNA treatment for 48 h and newly synthesized mature 18S
and 28S rRNA were quantified after a chase period of 4 h. Mean 4 SD (error bars).
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ative to newly made 28S rRNA, the levels of freshly syn-
thesized mature 18S rRNA decreased upon knockdown of
AATEF, NOL10 or NGDN (Figure 8F, Supplementary Fig-
ure S5D). The similarities between the pre-rRNA process-
ing defects induced by downregulation of AATF, NOL10
and NGDN indicate that they are involved in the same steps
of pre-18S rRNA maturation, as expected for members of
a protein complex. In summary, our analysis shows that the
ANN complex supports the synthesis of 40S ribosomal sub-
units by promoting the endonucleolytic cleavage at sites A0,
1 and ITS1 processing in the nucleolus.

DISCUSSION

A large variety of factors conduct the nucleolar assembly of
40S ribosomal subunits. Many of these factors are known to
be organized in protein complexes that collectively assist the
formation of premature ribosomal particles in nucleoli (16).
In this study, we have identified a novel nucleolar protein
complex required for 40S subunit biogenesis in human cells
that we have termed the ANN complex, referring to its core
components AATF, NGDN and NOL10. The complex was
isolated by immunoprecipitation of AATF and the interac-
tion between the identified core components was verified by
reciprocal affinity purification of NGDN and NOL10. The
association between AATF, NGDN and NOL10 is resistant
to RNase and high salt treatment, indicating a tight interac-
tion between these factors. Further, the similar sedimenta-
tion behavior and interdependence with respect to protein
stability provided supporting evidence for complex forma-
tion between AATF, NGDN and NOL10.

Functional analysis revealed that AATF, NOL10 and
NGDN are required for efficient nucleolar maturation of
40S ribosomal subunits. Their individual depletion inhib-
ited nucleolar release of pre-40S subunits and induced the
accumulation of 30S pre-rRNA, a precursor to 18S rRNA,
due to pre-rRNA cleavage defects in the SETS and I'TS1 re-
gions. The cleavage defects in the SETS region are further
corroborated by the observed reduction in 41S pre-rRNA.
Collectively, these data support a function of AATF in 40S
ribosomal subunit synthesis and pre-18S rRNA processing,
in agreement with recent large-scale screening approaches
(20,22,31).

The ANN complex is evolutionary conserved in yeast

The majority of factors involved in eukaryotic ribosome
synthesis is conserved between metazoans and fungi. Like-
wise, AATF (Supplementary Figure S2), NOL10 and
NGDN possess yeast orthologs of significant sequence sim-
ilarity that are encoded by the essential genes BFR2 (34%
protein similarity), ENP2 (52%) and LCP5 (29%), respec-
tively, in Saccharomyces cerevisiae. Consistent with our
analysis in human cells, budding yeast Bfr2, Enp2 and Lcp5
localize to nucleoli and are required for synthesis of 40S ri-
bosomal subunits (23,57). Like their human counterparts,
they are necessary for nucleolar pre-rRNA processing, i.e.
for cleavage at sites Ay, A; and A, of the yeast 35S pre-
rRNA. These endonucleolytic cleavage reactions are exe-
cuted by enzymes associated with the SSU processome. No-
tably, both Bfr2 and Enp2 have been proposed to be SSU

processome components (23). In fact, Bfr2 and Enp2 inter-
act with each other directly and have been isolated in asso-
ciation with an 80S-sized ribonucleoprotein complex con-
taining SSU processome subunits and the U3 snoRNA (23),
a major structural and functional component of the SSU
processome (21). Similarly, Lcp5 (lethal with conditional
papl allele), originally isolated in a synthetic lethal screen
with a temperature-sensitive allele of poly(A)-polymerase
PAPI, has been found in association with the U3 snoRNA.
Thus, the conserved yeast orthologs of all ANN complex
members function in early pre-rRNA processing, likely as
structural components or regulators of the SSU proces-
some. This view is supported by recent analysis of the
Chaetomium thermophilum 90S pre-ribosome, which iden-
tified Bfr2, Enp2 and Lcp5 as unclassified core members
(58). Interestingly, also AATF, NOL10 and NGDN sedi-
ment in sucrose gradients in dense fractions of about 80S to
1008, indicating that they might also be part of a large, SSU
processome-like particle in human cells that still awaits its
purification and molecular characterization.

The ANN complex—a structural module of the SSU proces-
some?

The SSU processome is required for some of the initial
key steps in the synthesis of 40S ribosomal subunits. The
main functions of the SSU processome are the modifica-
tion, folding and processing of the pre-rRNA that occur in
conjunction with the incorporation of early ribosomal pro-
teins (19,21). Impaired SSU processome activity is associ-
ated with defects in nucleolar steps of 40S biogenesis and
impaired endonucleolytic cleavage in the SETS and ITSI
regions as observed for AATF, NOL10 and NGDN deple-
tion, supporting the assumption that the ANN complex is
required for SSU processome activity.

The SSU processome is thought to dynamically assemble
on the nascent pre-rRNA from a number of smaller sub-
complexes that altogether comprise more than 70 different
proteins (21). Many factors of such a large macromolecu-
lar assembly are expected to perform structural roles. Such
scaffolding proteins will foster the formation of the in-
tricate network of protein-protein, protein-rRNA and U3
snoRNA-rRNA interactions governing SSU processome
architecture. AATF, NOL10 and NGDN all lack domains
with identifiable enzymatic activity and may thus fulfill a
structural role as a building block of the larger assembly,
although it cannot be excluded that AATF, NOL10 and
NGDN might bear so far unidentified enzymatic activities.

As potential scaffolding proteins, ANN complex mem-
bers could facilitate the recruitment, activity or positioning
of SSU processome-associated enzymes. One obvious can-
didate is the DEAD-box RNA helicase DDX10, the human
ortholog of S. cerevisiae Dbp4, which is required for SSU
processome activity (59,60). Yeast Dbp4 has been shown to
interact with Bfr2 and Enp2 in an RNA-dependent man-
ner and all three factors are part of 80S-sized complexes
containing U3 snoRNA, indicating that these particles rep-
resent SSU processomes. We did not detect peptides for
DDX10 in our MS analysis of AATF immunoprecipitates,
which might be due to the stringent salt conditions used for



the respective experiments. Notably, the association of yeast
Dbp4 with the SSU processome is sensitive to high salt (60).

In contrast, we identified other enzymes in complex with
AATF, including the RNA helicases DDX3 and eIF4A3 as
well as the RNA cytidine acetyltransferase NAT10 (Sup-
plementary Table S1). NAT10 and eIF4A3 have been previ-
ously linked to 40S subunit synthesis and rRNA processing
in mammalian cells (20,22,31,48,49,61). While the associa-
tion of NAT10 with AATF, NGDN and NOL10 was veri-
fied by TAP, NAT10 is unlikely to be a core constituent of
the ANN complex since neither NAT10 protein levels nor
its localization changed upon AATF, NOL10 or NGDN de-
pletion. Yet, it is conceivable that NAT10 can dynamically
associate with the ANN complex, for instance to promote
its function in pre-rRNA modification. It will be interesting
to decipher whether the function of any of the candidate en-
zymes in 40S biogenesis is linked to the integrity of the ANN
complex.

Protein—protein interactions required for ANN complex for-
mation

Most of the constituents of the SSU processome lack en-
zymatic activity but frequently harbor domains implicated
in protein-protein interactions such as WD40 repeat do-
mains (21). WD40 domains have long been appreciated for
their function as binding platforms in macromolecular as-
semblies, e.g. in nucleoporins of the nuclear pore complex
(62,63). The WD40 domain of NOL10 carries out a similar
function within the ANN complex, where it is required for
association with AATF and NGDN. In agreement with our
interaction data, the yeast homologs of NOL10 and AATF,
Enp2 and Bfr2, bind each other directly (23), although
their interacting domains have not yet been delineated. The
WD40 domains of NOL10 and Enp2 are highly similar
(~45% identity, 59% similarity). This high sequence con-
servation between the yeast and human proteins indicates
that the involved binding interface might be conserved,
although a direct interaction between human AATF and
NOLI10 remains to be experimentally confirmed. Interest-
ingly, WD40 repeats have also been implicated in protein—
RNA interactions (64-66). We can thus not exclude that
the WD40 domain of NOL10 may contact RNA in addi-
tion. However, as the association between core members of
the ANN complex is RNase-resistant, RNA may not be in-
volved in mediating interactions between NOL10, AATF
and NGDN, although the presence of structurally hidden,
RNase-inaccessible RNA within the ANN complex can not
be excluded.

Our mapping analysis demonstrated that AATF binds
NGDN directly including contacts between the AATF
superfamily domain and the N-terminal UTP3/SAS10
domain of NGDN. It has been speculated that the
UTP3/SAS10 domain might serve as an RNA interaction
platform (67). However, our data classify the UTP3/SAS10
domain of NGDN as a protein-protein interaction module.
Similarly, the N-terminal UTP3/SAS10 domain of the yeast
exosome component Rrp47 makes protein-protein contacts
with both Rrp6 and an N-terminal peptide of RNA he-
licase Mtr4 (68,69). In analogy to the Rrp6-Rrp47 com-
plex, the UTP3/SAS10 domain of NGDN could in princi-
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ple be an exosome recruitment domain. However, our data
show that NGDN’s UTP3/SAS10 domain is involved in di-
rect binding to AATF. It remains to be determined whether
the UTP3/SAS10 domain of NGDN employs a structurally
similar mode of binding to AATF as the analogous domain
in Rrp47 in the exosome complex.

Surprisingly, most components of the SSU processome
lack canonical RNA binding domains and so do AATF,
NOL10 and NGDN. However, both NGDN and AATF
contain conserved stretches of basic residues in their C
termini. At this point, one can only speculate that these
residues could be involved in RNA binding, similarly to the
interaction mode of ribosomal proteins with rRNA by the
use of non-canonical RNA binding motifs (70).

Altogether, our analysis has identified conserved do-
mains involved in AATF/NGDN/ NOL10 complex forma-
tion, providing first insights into the molecular architecture
of the nucleolar ANN complex. Importantly, our results
predict that the yeast homolog of NGDN, Lcp5, is an addi-
tional component of the yeast Bfr2/Enp2 complex.

AATTF is an essential protein for cell proliferation and possibly
tumor growth

Functional analyses have linked AATF, NOLI10 and
NGDN to 40S ribosomal subunit synthesis and pre-rRNA
processing. First and foremost, these findings expand the
functional repertoire of AATF, which has so far been de-
scribed as a transcriptional co-factor of RNA polymerase
I1. The identified nucleolar role of AATF in ribosome pro-
duction can also provide a mechanistic explanation for its
essential role in cell proliferation and embryonic develop-
ment of mice (10).

AATF and NGDN have been described as factors reg-
ulating transcription and neuronal translation, respectively
(1-3,47). Our analysis does not exclude that both proteins
play additional roles. However, a translational function of
NGDN in HelLa cells is unlikely as NGDN is strongly en-
riched in nucleoli and appears to be absent from the cy-
toplasm. Also AATF is a nucleolar protein and could in
principle support pre-rRNA transcription. However, nucle-
oli do not disintegrate upon AATF depletion, as expected
for impaired pre-rRNA synthesis. Also ENP1 and RPS2-
YFP show defects in leaving nucleoli rather than a failure in
accumulation. Further, downregulation of AATF does not
prevent pre-rRNA synthesis. Thus, we conclude that AATF
is not a bona fide pre-rRNA transcription factor.

In its function as RNA polymerase II-specific transcrip-
tion factor, AATF has been previously suggested to bind
the promoter region of the TP53 gene, modulating the tran-
scriptional activity of p53 protein and regulating cellular
stress responses (5-8). Importantly, we show that the func-
tion of AATF in ribosome synthesis is independent of p53.
Still, the described role of AATF as a transcriptional regu-
lator and p53 interactor (71) is highly interesting in light of
the fact that ribosome synthesis and cellular stress response
pathways are strongly interwoven. Defects in ribosome syn-
thesis, often referred to as ‘nucleolar stress’, are known
to elicit p53 stabilization by a post-transcriptional mecha-
nism. This involves an interaction between H/MDM?2, an
E3 ubiquitin ligase that targets p53 for proteasomal degra-
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dation, and the 5S rRNP composed of ribosomal proteins
RPLS5/uL18, RPL11/uL5 and newly synthesized 5S rRNA
(72-74). The identified function of AATF in ribosome syn-
thesis together with the previously described role of AATF
in p53 regulation positions AATF at the interface between
ribosome production and cellular stress surveillance path-
ways. It will thus be interesting to explore in future whether
the previously described transcriptional activity of AATF
is exploited by cells as part of a cross-talk mechanism be-
tween ribosome biogenesis and transcriptional responses
to defects thereof. Conversely, it remains worth consid-
ering whether a transcriptional function of AATF along
with RNA polymerase II contributes to the role of AATF
in ribosome synthesis. Finally, as depletion of AATF has
been shown to inhibit tumor growth (6), our study further
sustains the strategy of targeting ribosome synthesis as a
promising approach for cancer treatment (75).
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