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The genome of the fruitfly Drosophila melanogaster contains a single
p53-like protein, phylogenetically related to the ancestor of the mam-
malian p53 family of tumor suppressors. We reasoned that a compre-
hensive map of the protein interaction profile of Drosophila p53
(Dmp53) might help identify conserved interactions of the entire
p53 family in man. Using a genome-scale in vitro expression cloning
approach, we identified 91 previously unreported Dmp53 interactors,
considerably expanding the current Drosophila p53 interactome.
Looking for evolutionary conservation of these interactions, we
tested 41 mammalian orthologs and found that 37 bound to one or
more p53-family members when overexpressed in human cells. An
RNAi-based functional assay for modulation of the p53 pathway
returned five positive hits, validating the biological relevance of these
interactions. One p53 interactor is GTPBP4, a nucleolar protein in-
volved in 60S ribosome biogenesis. We demonstrate that GTPBP4
knockdown induces p53 accumulation and activation in the absence
of nucleolar disruption. In breast tumors with wild-type p53, increased
expression of GTPBP4 correlates with reduced patient survival,
emphasizing a potential relevance of this regulatory axis in cancer.

in vitro expression cloning | p73 | p63 | NOG1

he p53 tumor suppressor is a transcription factor capable of

sensing a wide range of stress signals and coordinating a
complex response that leads to cell-cycle arrest, DNA repair,
apoptosis, or senescence (1). In line with this crucial activity,
development of most tumors is associated with p53 mutation (2).
Because p53 activation and function involve a complex repertoire
of posttranslational modifications and protein interactions (3-5),
identification of p53 regulators is essential to understand cellular
transformation and to identify potential drug targets for cancer
therapy. When considering the p53 pathway in mammals, it is
necessary to take into account two additional p53-related genes,
p63 and p73, that have essential functions in embryonic develop-
ment and differentiation (6, 7). Despite functional differences, all
p53-family proteins play a role in genome protection and share the
tumor-suppressive activity of p53 to some extent (8-10). Thus, the
entire p53 family forms a complex network, whose intricacy is
amplified by the fact that p53-related proteins are expressed in
multiple functionally nonredundant isoforms (7, 11). Interestingly,
there is a single p53-like gene in Drosophila as well as in other
arthropods, nematodes, and mollusks (6, 12). By sequence align-
ment, invertebrate p53 is more similar to p63 than to p53 or p73.
However, the single p53 in Drosophila melanogaster (Dmp53) is
dispensable for normal development but fundamental for DNA
damage-induced apoptosis (13, 14), in this respect being more
similar to p53 than to p63 or p73. Although phylogenesis of the p53
family remains controversial, recent evidence confirmed that
Dmp53 incorporates functions of multiple p53 family members
(15). Thus, studying the single p53 in an invertebrate bears the
potential to illuminate core properties of the network, helping us
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to better understand the functions of all members of the p53 family
in mammals.

Results

Small Pool in Vitro Expression Cloning (IVEC) Screen for Drosophila
p53 Interactors. The Drosophila Gene Collection (DGC) comprises
full-length annotated cDNAs of the majority of known genes in
D. melanogaster (16). Clones from DGC1.0 and DGC2.0 were pu-
rified and pooled in groups of 24. Recombinant maltose binding
protein (MBP)-Dmp53 fusion protein was prepared from Bacu-
lovirus-infected insect cells and used as bait for in vitro pull-down
experiments with DGC pools (Fig. 1). We screened a total of 8,029
nonredundant cDNAs and identified 94 proteins that bound to
MBP-Dmp53 in vitro (Fig. S1 and Table S1). At the end of the
procedure, each positive hit had been repeatedly scored as Dmp53
interactant in a minimum of four independent pull-downs. One of
the identified proteins was Dmp53 itself. Another clone was a
putative transposon-encoded reverse transcriptase, not considered
here. The remaining 92 interactors are referred to as in vitro
Dmp53 interactors (IVDI). Their distribution in broad functional
categories is summarized in Fig. 1C. The IVDI dataset contains five
Drosophila orthologs of mammalian p53 interactors (interologs),
providing proof of principle for functionality of this approach (Fig.
1D). We estimate that at least 64 additional p53 interologs were
present in the screened population; these are either false negatives
or proteins that do not interact with p53 in Drosophila.

The IVDI dataset was compared to known Dmp53 interactors
described in the literature and protein—protein interaction data-
bases. This list was named literature-curated Dmp53 interactors
(LCDI) and comprises 48 proteins (Table S2). Notably, only one
protein is common to IVDI and LCDI datasets. General features
of in vitro Dmp53 interactors were determined by comparing the
IVDI and LCDI datasets using Gene Ontology (GO) annotations.
Whereas previous screens identified principally DNA binding and
nuclear proteins, the IVEC screen enriched for RNA binding and
cytoplasmic proteins (Fig. 1E). Interestingly, nine in vitro Dmp53
interactors are mitochondrial proteins. Enrichment analysis for
GO terms and phenotypes revealed significant overrepresentation
of genes associated with gametogenesis, in particular of the female
germ line (Table S3).
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Fig. 1.

Small-pool IVECscreen for Drosophila p53 interactors. (A) Schematic diagram of the small-pool Drosophila IVEC approach used to identify Dmp53 binding

proteins. (B) Flow chart summarizing data relative to each step of the screening. (C) Pie chart describing 92 identified in vitro Dmp53 interactors, arbitrarily
divided into functional categories. (D) Identification of expected Dmp53 interactors. Shown are in vitro pull-down experiments relative to five proteins whose
human orthologs (in parentheses) are known interactors of p53. (E) Comparison of Dmp53 interactors identified in this screening (IVDI, in vitro Dmp53 inter-
actors) with Dmp53 interactors reported in previous studies (LCDI, literature-curated Dmp53 interactors). The fractions of proteins with the indicated GO slim

annotations in the IVDI (solid bars) and LCDI (shaded bars) datasets are shown.

The histogram reports only the most abundant (>5%) GO slim annotations in the

categories of molecular function (MF), biological process (BP), and cell compartment (CC).

Evolutionary Conservation of Dmp53 Interactions. Of 92 identified
Dmp53 interactors, 60 have an ortholog in Homo sapiens (Table
S4). We collected epitope-tagged expression constructs for 41 such
orthologs. Plasmids were transfected in human cells, and expres-
sion of encoded proteins was confirmed by immuofluorescence,
revealing a variety of intracellular localizations (Fig. S2). To test
interaction with human p53, TAp63a, and TAp73a, we performed
coaffinity purification (co-AP) assays in 293T cells (Fig. 2 and Fig.
S3). Using this assay, 37 of 41 proteins bound to one or more p53-
family members. Nineteen mammalian orthologs bound to all
baits, whereas the remaining 18 interactors displayed varying
degrees of specificity. All but one interacted with p73, whereas the
nucleolar protein GTPBP4 bound selectively to p53.

Functional Validation. To evaluate the functional relevance of new
potential interactions, we focused on p53. Human HCT116 colon
cancer cells bearing wild-type p5S3 (HCT116 WT) were treated with
Nutlin-3, a drug that prevents p53 degradation by Mdm-2, and cell
viability was measured using WST-1 colorimetric assay. Under
these conditions, Nutlin-3 induces a dose-dependent decrease in
WST signal, indicative of growth arrest (Fig. 3). The same setup
was used to analyze p53-dependent responses to DNA-damaging
drugs (Fig. S4). siRNA pools targeting each of the 24 new potential
p53-binding proteins were transfected and assayed in this cellular
model. The p53 dependency of any effects was verified in HCT116
p537/~ cells.

As shown in Fig. 3, silencing of MYL9, DAB2IP, or ASPM
resulted in more efficient growth arrest, suggesting they may be
negative p53 modulators; silencing of GTPBP4 or SPSB1 resulted
in less efficient growth arrest, suggesting they may be positive p53
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modulators or downstream effectors. However, additional ex-
periments revealed that GTPBP4 behaves in fact as a negative p53
modulator (see below). Expression levels of these genes, and
efficiency of siRNA-mediated knockdown, were verified by RT-
qPCR (Fig. S4). Physical interaction of these proteins with p53 was
confirmed by coimmunoprecipitation (Figs. 3H and 4 4 and B).

The functionally validated p53 interactors are unrelated pro-
teins. Abnormal spindle-like primary microcephaly (ASPM) is the
human ortholog of the Drosophila gene abnormal spindle. ASPM
is essential for mitotic spindle function in embryonic neuroblasts,
being required for proliferative division of neuroepithelial cells
during brain development (17). In humans, ASPM mutation is
associated with primary autosomal microcephaly (18). MYL9 is a
myosin light chain that localizes to the contractile ring in mitosis,
and to stress fibers in interphase, thus controlling cytokinesis and
motility (19). Disabled 2 interactive protein (DAB2IP), also
known as ASK-interacting protein 1 (AIP1), mediates TNF-
induced activation of ASKI1-JNK signaling pathways (20, 21).
Interestingly, DAB2IP is methylated in a variety of tumors (22).
SPSB1 belongs to a family of proteins with a central SPRY
(repeats in splA and RyR) domain and a C-terminal suppressor of
cytokine signaling (SOCS) box, whose molecular function is elu-
sive (23). Drosophila SPSBI1, gustavus, is required for posterior
localization of polarity determinants in developing oocytes (24).
GTPBP4 is the human ortholog of yeast Nogl, a monomeric
GTPase that plays a crucial role in 60S ribosome biogenesis (25—
27). GTPBP4 is the only p53 interactor that does not bind p63 or
p73, so we further explored its relationship with p53.
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Fig. 2. Binding of human orthologs of Dmp53 interactors to p53 and p53-
related proteins. (A) Seven representative co-AP experiments. Shown are
examples of preys that interacted with all three p53-family proteins
(TRMT11), preys that bound to selected members of the p53 family (ASF1A,
GAS8, GTPBP4, and C220rf28), and preys that were scored as not interacting
(LHX2 and SART1). (Top) Tagged prey proteins after coaffinity purification.
(Middle) Expression of prey in total lysates (1/40th of the input). (Bottom)
MBP-tagged baits after affinity purification. The Top and Middle are crop-
ped from the same autoradiography (i.e., have the same exposure). (B) Table
summarizing the results of co-AP assays for 41 mammalian orthologs of
Dmp53 interacting proteins. Expression plasmids encoding the indicated
tagged proteins were cotransfected with pcDNA3-MBP, pcDNA3-MBP-p53,
pcDNA3-MBP-TAp63a, or pcDNA3-MBP-TAp73a in 293T cells. MBP fusion
proteins (baits) were purified on amylose beads, and copurified proteins
were detected by immunoblotting. Strength of interaction was scored
according to the fraction of the input prey protein that copurified with MBP
baits. (C) Venn diagrams summarizing protein interactions associated with
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Evidence of a Functional Link Between GTPBP4 and p53. Interaction
between GTPBP4 and p53 was confirmed in various conditions.
Endogenous GTPBP4 was copurified with MBP-p53 in transfected
U20S cells (Fig. 44), and endogenous GTPBP4 was coimmuno-
precipitated with endogenous p53 from HCT116 WT cells treated
with Nutlin-3 (Fig. 4B). Using purified proteins, we found that
GTPBP4 can bind to p53 in vitro (Fig. S5). To evaluate a possible
role in cancer, we analyzed public datasets to determine if GTPBP4
might have predictive value in terms of survival. Using Cox uni-
variate analysis, we found that increased GTPBP4 expression
correlates with reduced patient survival in three large breast cancer
datasets: NKI (P = 0.00025), Pawitan (P = 0.00024), and Miller
(P =0.0015) (28-30). In the Miller study, where the status of p5S3is
known for each sample, we found that GTPBP4 levels correlate
negatively with survival in tumors with wild-type p53 (Fig. 4C).
To define the functional link between GTPBP4 and p53, we
analyzed the cell cycle profile of cells transfected with GTPBP4
siRNA, before and after drug treatment. As shown in Fig. 4,
depletion of GTPBP4 inhibited cell proliferation, causing a marked
p53-dependent reduction in the S-phase fraction. This result
apparently contradicts WST experiments indicating a less efficient
arrest of GTPBP4 knockdown cells (see Fig. 3B), but can be
explained considering that cells depleted of GTPBP4 tend to arrest
in the absence of drug treatment. Under these conditions, p53
activation does not induce a significant further drop in cell pro-
liferation. This phenomenon is specific for GTPBP4, because
FACS analysis was consistent with WST results for all other func-
tional hits (Fig. S4). Immunoblotting revealed that silencing of
GTPBP4 induces a marked increase in p53 levels and accumulation
of the p53 target p21Wafl (Fig. 4F). GTPBP4 depletion caused
p53 accumulation in other cell lines, so this effect is not cell-context
specific (Fig. S5). To test if p53 is also transcriptionally active, we
analyzed selected p53-target genes by RT-qPCR, revealing in-
creased mRNA levels of p21, Hdm2, and Puma (Fig. 4G).
Because nucleolar stress induces p53 stabilization and activation
(31, 32), we asked if GTPBP4 knockdown might cause nucleolar
dysfunction. We used RT-qPCR to analyze transcription of rRNA
and found no significant alterations in pre-rRNA levels (Fig. 41).
We used immunofluorescence to study nucleolar markers; local-
ization of Nucleolin and UBF (Fig. 4H), as well as B23/Nucleo-
phosmin and Fibrillarin (Fig. S5), was not affected. On the
contrary, treatment with actinomycin D altered localization of all
markers analyzed, including GTPBP4 (Fig. 4H). These data indi-
cate that GTPBP4 knockdown does not disrupt nucleolar struc-
ture. However, ribosomal stress can cause p53 stabilization in
the absence of evident nucleolar alteration (33). We therefore
measured p53 half-life after GTPBP4 knockdown in HCT116 WT
cells; notably, no stabilization was detected (Fig. S5). Moreover,
GTPBP4 depletion did not impair p53 accumulation after DNA
damage (Fig. S5), confirming that p53 can still be stabilized in
response to specific signals. Together, these data indicate that tran-
sient GTPBP4 knockdown does not disrupt nucleolar structure or
function, suggesting a more direct effect in regulating p53 levels.

Discussion

Taking advantage of the small size of the fly proteome, we studied
the protein interaction profile of Drosophila p53 by IVEC. This
approach identified many potential interactions that had escaped
detection in previous studies, including high-throughput whole-
genome yeast-two-hybrid screens (34, 35). This result suggests that
current protein interaction databases are probably far from satu-
ration and that exhaustive protein interaction maps can be gen-

p53 family members in mammals. The results of this study are compared to
current data available in protein—-protein interaction databases (BioGrid
release 2.0.45).

Lunardi et al.
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erated only by combining multiple experimental approaches. GO
term analysis of the in vitro Dmp53 interactome revealed enrich-
ment of genes involved in gametogenesis. Because p53 mutant flies
accumulate an aberrant number of primordial germ cells ectopic to
the gonads (36), and p53 and p63 are involved in genoprotective
apoptotic responses during mammalian gametogenesis (9, 37, 38),
novel interactors may help dissect this functional role of the p53
family. Another notable feature of the in vitro Dmp53 interactome
is the high representation of cytoplasmic and mitochondrial pro-
teins. Mammalian p53 has an important transcription-independent
function at mitochondria (39, 40); our results suggest that this
function may be evolutionarily ancient, and we shall look for
mitochondrial activities of all p53 family paralogs.

We tested binding of mammalian orthologs of Dmp53 inter-
actors to p53, p63, and p73. Notably, 90% bound to one or more
p53-family members in coaffinity purification experiments, sug-
gesting that these interactions are evolutionarily conserved.
Surprisingly, most orthologs of in vitro Dmp53 interactors bound
efficiently to TAp73a. If confirmed, these data may have pro-
vocative implications for p53 phylogenesis (6, 12, 15).

We functionally validated potential pS3 interactors using RNAI.
Of five genes whose knockdown affected the p53 response, we
focused on the nucleolar protein GTPBP4. We found that GTPBP4
knockdown induces accumulation of p53, resulting in reduced cell
proliferation. Because GTPBP4/Nogl is essential for biogenesis of
the 60S ribosomal subunit (25-27), we cannot exclude that p53
accumulation after GTPBP4 siRNA is the indirect consequence of
a defect in ribosome biogenesis triggering a stress pathway (31, 41,
42). However, we provide evidence that nucleolar structure and
function are not altered by GTPBP4 depletion, at least in the time
frame of our experiments. Importantly, we find that p53 half-life is
not increased in these cells, thus indirectly excluding ribosomal
stress pathways that act via inhibition of Mdm?2 (31, 41, 42). A
mechanistic understanding of how p53 is activated by GTPBP4
depletion will require significant additional work, but may have
relevant implications; in fact, in line with the observation that high
GTPBP4 expression correlates with reduced survival in breast
tumors, increased levels of GTPBP4 might contribute to dampen
p53 activities in cancer cells.

In conclusion, starting from an in vitro interaction screen with
Drosophila proteins, we uncovered an evolutionarily conserved
p53 interactor that might be relevant in cancer. This result
supports the potential impact of our approach. Despite the large
amount of available knowledge, we still lack an organic model of
how the p53 network responds to specific signals in diverse cel-
lular contexts, how p53-family proteins are fine tuned to achieve
a wide spectrum of cellular responses, and how these are func-
tionally integrated with other signaling pathways. Given the
emerging importance of all p5S3 family members in tumor sup-
pression, our list of evolutionarily conserved potential interactors
may constitute a valuable platform to gain additional insights
into the mammalian p53 network.

Methods

Plasmids. Many expression vectors for mammalian orthologs of Dmp53 inter-
actors were kindly provided by other investigators. Alternatively, full-length ESTs
were purchased from I.LM.A.G.E. clone distributors; the coding regions were
amplified by PCR and cloned in frame with the HA tag in a modified version of the
pCS2 expression vector. More detailed information on plasmids and primers is
available upon request.

functionally validated interactors. Expression plasmids encoding the indicated
proteins were cotransfected in p53-null H1299 cells. After cell lysis, tagged
proteins were immunoprecipitated using antibodies cross-linked to protein G
beads and analyzed by immunoblotting. Expression of transfected proteins in
the lysate (1/40th of the input) is shown in the Lower part.
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Fig. 4. Evidence of a functional link between the nucleolar protein GTPBP4 and p53. (A) Exogenous p53 binds endogenous GTPBP4. Coaffinity purifi-
cation of GTPBP4 with overexpressed MBP-p53 in U20S cells is shown. (Top) Endogenous GTPBP4 after coaffinity purification. (Middle) Expression of
GTPBP4 in total lysates (1/40th of the input). (Bottom) MBP and MBP-p53 proteins after affinity purification. (B) Interaction between endogenous GTPBP4
and p53. Coimmunoprecipitation is shown of GTPBP4 with p53 in HCT116 WT cells untreated or treated for 12 h with 5 uM Nutlin-3. (Upper) Proteins
immunoprecipitated using the anti-p53 monoclonal antibody (DO-1). (Lower) Endogenous p53 and GTPBP4 proteins in the lysates (1/40th of the input). As
negative control, immunoprecipitation was performed in HCT116 p53~'~ cells. (C) Cumulative survival (Kaplan-Meier) curves showing that higher
expression of GTPBP4 correlates with reduced survival in breast cancer bearing wild-type p53 (30). Probesets corresponding to GTPBP4 were averaged and
divided into low expressers (88 samples) and high expressers (93 samples), using the median GTPBP4 expression as cutoff. The two groups display a
significant difference in survival rates (P = 0.0193). (D) Transient knockdown of GTPBP4 induces p53-dependent inhibition of cell proliferation. FACS
analysis is shown of HCT116 WT and HCT116 p53~~ cells transfected with control or GTPBP4 siRNA. (E) Knockdown of GTPBP4 reduces S-phase in cells
bearing p53. Average S-phase fraction is shown of HCT116 WT and HCT116 p53~/~ cells transfected with control or GTPBP4 siRNA and treated for 24 h
with 5 pM Nutlin-3 or 0.05 uM Doxorubicin. Values are means + SD (n = 3). (F) Knockdown of GTPBP4 induces accumulation of p53 and p21 proteins.
Immunoblotting is shown of HCT116 WT cells transfected with control or GTPBP4 siRNA and left untreated (NT) or treated for 24 h with Nutlin-3 (5 pM) or
Doxorubicin (0.05 uM). A specific antibody to GTPBP4 confirmed efficient knockdown of the endogenous protein. Hsp90 was detected in the same lysates
as a loading control. (G) Knockdown of GTPBP4 promotes transcription of p53-target genes. RT-qPCR shows up-regulation of p53-target genes in HCT116
WT cells transfected for 48 h with GTPBP4 siRNA. mRNA expression is normalized to GAPDH. Analysis of GTPBP4 mRNA in the same samples confirms the
efficiency of knockdown (*, P < 0.05; n = 3). (H) GTPBP4 knockdown does not affect localization of key nucleolar proteins. Immunofluorescence analysis is
shown of GTPBP4, Nucleolin, and UBF in U20S cells transfected for 48 h with either control or GTPBP4 siRNA. The same proteins were analyzed in U20S
cells treated with 5 nM Actinomycin D for 12 h. Nuclei are counterstained with Hoechst. (/) GTPBP4 knockdown does not affect rRNA transcription. HCT116
WT cells were transfected with control or GTPBP4 siRNA, and prerRNA levels were quantified by RT-qPCR after 48 h, using primers specific for the 5’
external transcribed spacer of pre-rRNA and normalizing for GAPDH. Values are means + SD.

Antibodies, Immunoblotting, and Immunofluorescence. For immunoblotting
experiments, HCT116 cells were lysed in RIPA buffer [150 mM Nacl, 50 mM Tris-HCI
(pH8), 1 mM EDTA, 1% Nonidet P-40, 0.5% Na-deoxycholate] with proteases
inhibitors. Protein concentration was measured by Bradford assay (Bio-Rad).
Lysates were resolved by SDS/PAGE and transferred to nitrocellulose (Millipore).
Antibodies were detected by chemiluminescence (ECL; GE Healthcare). For
immunofluorescence, cells were fixed 24 h posttransfection in 4% parafor-
maldehyde at room temperature, and permeabilized in PBS plus 0.1% Triton
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X-100. Proteins were visualized directly for GFP-tagged clones or using specific
antibodies. Images were captured using a Leica DMA4000B epifluorescence
microscope. Antibodies used are mouse anti-Flag (M2; Sigma), mouse anti-Myc
(9E10), mouse anti-HA (12CA5), mouse anti-HSP90 (Santa Cruz), mouse anti-p53
(DO-1; Santa Cruz), mouse anti-p21 (Santa Cruz), mouse anti-UBF1 (F-9; Santa
Cruz), mouse anti-Nucleolin (Zymed), goat anti-GST (GE Healthcare), rabbit anti-
GFP (self-produced), rabbit anti-MBP (self-produced), and rabbit anti-GTPBP4
(Proteintech).
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Coaffinity Purifications. Co-AP experiments were performed as described (43),
with minor changes. Plasmids were transfected in human 293T cells. Forty-eight
hours after transfection cells were lysed in coaffinity purification buffer [S0 mM
Tris-HCI (pH 8), 150 mM NaCl, 1 mM EDTA (pH 8), 1 mM DTT, 5% glycerol, pro-
tease inhibitors (Sigma), 1 mM PMSF, 5 mM NaF, 1 mM beta-glycerolphosphate]
for 30 min on ice and cleared by centrifugation for 30 min at 13,000 x g at 4 °C,
and protein complexes were collected on amylose beads. After extensive
washes, purified complexes were separated by SDS/PAGE, detected by immu-
noblotting, and visualized by ECL. Purified MBP baits were visualized by DAB
staining (Sigma).

Cell Viability and Proliferation Assays. A custom library containing three siRNAs
(Ambion Silencer) for each p53 interactor was purchased from Applied Bio-
systems. For viability assays, HCT116 colon cancer cells were plated at low
density in six-well plates. Thirty-six hours postseeding, cells were transfected
with siRNA pools (60 nM) using RNAIMAX reagent (Invitrogen). Asecond round
of siRNA transfection was performed 24 h later using Lipofectamine 2000
(Invitrogen). After an additional 6 h, cells were detached, counted, and dis-
pensed into 96-well plates. Drugs were added 12 h later, and after 48 h, cell
viability was assayed using the WST-1 reagent (Roche). For FACS analysis, both
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