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SUMMARY

Nucleotide biosynthesis is fundamental to normal
cell proliferation as well as to oncogenesis. Tumor
suppressor p53, which prevents aberrant cell proliferation, is destabilized through ubiquitylation by
MDM2. Ubiquitin-specific protease 7 (USP7) plays a
dualistic role in p53 regulation and has been proposed to deubiquitylate either p53 or MDM2. Here,
we show that guanosine 50 -monophosphate synthase (GMPS) is required for USP7-mediated stabilization of p53. Normally, most GMPS is sequestered
in the cytoplasm, separated from nuclear USP7 and
p53. In response to genotoxic stress or nucleotide
deprivation, GMPS becomes nuclear and facilitates
p53 stabilization by promoting its transfer from
MDM2 to a GMPS-USP7 deubiquitylation complex.
Intriguingly, cytoplasmic sequestration of GMPS requires ubiquitylation by TRIM21, a ubiquitin ligase
associated with autoimmune disease. These results
implicate a classic nucleotide biosynthetic enzyme
and a ubiquitin ligase, better known for its role in
autoimmune disease, in p53 control.

INTRODUCTION
To maintain homeostasis, cells have to coordinate their proliferation with nucleotide synthesis. The metabolism of cancer cells
is characterized by elevated rates of de novo nucleotide biosynthesis, which fuel rapid cycles of cell growth and division. To
this end, cancer cells redirect glucose and glutamine toward
nucleotide anabolic pathways and upregulate the expression
of key nucleotide biosynthetic enzymes (Jackson et al., 1975;
Levine and Puzio-Kuter, 2010; Su et al., 2004; Tong et al.,
2009; Weber, 1983). An unbalanced nucleotide pool can cause
genomic instability, DNA replication infidelity, or cell death
(Reichard, 1988). There is even evidence that overexpression
of selective nucleotide biosynthetic enzymes can promote neo-

plasms (Xu et al., 2008). Indeed, early oncogenic transformation
may involve the uncoupling of nucleotide synthesis from cell
division, which can lead to genomic instability (Bester et al.,
2011). Conversely, oncogene-induced senescence is established and maintained through repression of nucleotide metabolism (Aird et al., 2013). Thus, both physiological cell proliferation and oncogenesis are intricately connected to nucleotide
biosynthesis. However, the molecular mechanisms that couple
nucleotide metabolism to tumor suppression remain poorly
understood.
The biosynthetic enzyme GMPS mediates the final step of the
de novo synthesis of guanine nucleotides, converting xanthosine
50 -monophosphate (XMP) into GMP. In this reaction, glutamine
acts as amido-N-donor and is converted into glutamate.
GMPS is frequently upregulated in normal rapidly proliferating
cells and in cancer cells (Su et al., 2004; Weber, 1983; http://
www.ebi.ac.uk/gxa/gene/ENSG00000163655; see also Figures
1A–1C). Recent genomic analysis revealed that the gmps gene
is amplified in multiple cancers, including 20% of lung squamous cell carcinomas, 17% of ovarian serous cystadenocarcinomas, and 15% of head and neck squamous cell carcinomas
(Cerami et al., 2012; http://cbioportal.org/). In addition to its
classic function in GMP synthesis, we found that Drosophila
GMPS is also involved in chromatin and gene regulation (van
der Knaap et al., 2005).
Purification of the Drosophila deubiquitylating enzyme (DUB)
USP7 revealed GMPS as its major associated protein (van der
Knaap et al., 2005). Biochemical and genetic evidence established that GMPS is required for histone H2B deubiquitylation
by USP7 in Drosophila and human cells (Frappier and Verrijzer,
2011; Sarkari et al., 2009; van der Knaap et al., 2005, 2010).
GMPS-USP7 is targeted to specific genomic loci to modulate
gene expression, including the Polycomb-directed silencing of
homeotic genes (van der Knaap et al., 2005). GMPS stimulates
USP7 activity independent of its own catalytic function (van
der Knaap et al., 2005, 2010), through an allosteric mechanism
(Faesen et al., 2011). Human USP7 (a.k.a. HAUSP) has emerged
as a major regulator of the p53 tumor suppressor pathway
(Brooks and Gu, 2011; Frappier and Verrijzer, 2011). Given their
close functional association, we wondered if, like USP7, human
GMPS might also be involved in p53 regulation. Suggestively, we
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Figure 1. GMPS Interacts with USP7 and p53
(A) Photomicrograph depicting GMPS (brown), detected by immunohistochemistry, in a hematoxylin counterstained section of normal tissue, harboring a duct.
(B) GMPS expression in invasive ductal carcinoma. Tumor area with epithelial tumor cells (indicated by arrowheads) displaying high levels of GMPS.
(C) Mucinous carcinoma cells (arrowheads) express very high levels of GMPS.
(D) GMPS-associated proteins. U2OS WCEs were incubated with protein A Sepharose beads coated with antibodies against E. coli GST (mock) or affinitypurified antibodies against GMPS. Input, unbound material, and immunoprecipitated proteins were resolved by SDS-PAGE and visualized by Coomassie
staining. GMPS-associated proteins were identified by mass spectrometry. Asterisk indicates background proteins and immunoglobins.
(E) Anti-flag IPs on WCEs prepared from HEK293T cells transfected with a vector expressing flag-GMPS. Analysis as described above. Table S1 lists associated
proteins present in both endogenous GMPS- and flag-GMPS IPs.
(F–H) Genotoxic stress triggers the formation of a GMPS-USP7-p53 complex. CoIPs of GMPS (F), p53 (G), or USP7 (H) from WCEs from U2OS cells that were
either mock treated () or incubated with etoposide (+ETO). Antibodies against E. coli GST were used for mock IPs. Immunoblotting was with indicated
antibodies. LE indicates long exposure.
See also Figure S1.

found that Drosophila GMPS can indeed stimulate deubiquitylation of p53 by USP7 in vitro (van der Knaap et al., 2005). However, the physiological relevance of this observation, if any, was
unclear.

p53 is a sequence-specific transcription factor that is a central
regulator of cellular homeostasis and tumor suppression (Brown
et al., 2009; Lane and Levine, 2010; Sullivan et al., 2012). p53
directs a wide variety of responses, ranging from cell-cycle
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arrest, cellular senescence, cell death, cell survival, DNA repair,
and metabolic adaptation. Whereas loss of p53 predisposes an
organism to cancer, its overexpression can cause accelerated
aging or even lethality. Consequently, p53 levels need to be
tightly controlled. Normally, p53 protein levels are kept low due
to continuous ubiquitylation, followed by proteasomal degradation. Upon oncogenic, genotoxic, or other triggers there is a dramatic drop in p53 ubiquitylation levels, leading to its stabilization
(Brooks and Gu, 2011; Hock and Vousden, 2010). MDM2 is the
major E3 ubiquitin ligase for p53, and the functions of MDM2
and p53 are intricately linked (Kubbutat et al., 1997; Hock and
Vousden, 2010; Ringshausen et al., 2006). USP7 also regulates
the p53 pathway, albeit in an ambiguous manner. Originally,
ectopic overexpression studies showed that USP7 can bind
and stabilize p53 through deubiquitylation (Li et al., 2002). Paradoxically, however, knockout of the Usp7 gene or RNAi-mediated depletion of endogenous USP7 also resulted in p53 stabilization (Cummins et al., 2004; Li et al., 2004). It appeared that
USP7 binds MDM2 and counteracts its autoubiquitylation,
thereby promoting the degradation of p53.
Several additional factors modulate p53 ubiquitylation and
stability. Phosphorylation of p53 by ATM or Chk2 inhibits
MDM2 binding and p53 degradation (Banin et al., 1998; Shieh
et al., 1997). In parallel, DNA damage-induced phosphorylation
of MDM2 and MDM4 blocks binding of USP7, causing their
destabilization (Maya et al., 2001; Meulmeester et al., 2005;
Stommel and Wahl, 2004). Dephosphorylation of the USP7S isoform by PPM1G causes its downregulation and reduced levels of
MDM2 (Khoronenkova et al., 2012). Finally, USP10 can deubiquitylate and recycle p53 that has been exported to the cytoplasm
(Yuan et al., 2010). Complicating matters further, USP7 activity is
modulated by a variety of factors, and USP7 regulates other proteins that crosstalk with p53 (Frappier and Verrijzer, 2011; Khoronenkova et al., 2012; Nicholson and Suresh Kumar, 2011; Song
et al., 2008). Thus, USP7 plays a dualistic, still poorly understood, role in p53 regulation.
By exploring the cellular interaction network of GMPS, we
found that it is required for stabilization of p53. Genomic stress
triggers the formation of a GMPS-USP7-p53 complex, leading
to p53 deubiquitylation. The ubiquitin ligase TRIM21 controls
nuclear accumulation of GMPS, which is required for p53 stabilization. Our results delineate a TRIM21-GMPS-USP7 molecular
cascade that regulates p53 levels.

cell proliferation requires balanced nucleotide synthesis, we
wondered if GMPS might be linked to tumor suppression
pathways.
To identify GMPS-associated factors in human cells, we immune purified endogenous GMPS from whole-cell extract
(WCE) prepared from U2OS cells (Figure 1D). In addition, we expressed flag-tagged GMPS in HEK293T cells, followed by protein isolation from WCE with anti-flag antibodies (Figure 1E).
Purified proteins were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by
Coomassie staining. Protein identities were determined by
mass spectrometric analysis. Both endogenous GMPS and
flag-GMPS bound USP7 and p53. In addition, we identified
nucleotide biosynthetic enzymes IMPDH2 and CAD, ubiquitin
ligase TRIM21, the DUB USP11, and double-strand DNA repair
factors MRE11A and RAD50 (see Table S1 available online).
Here, we focus on the potential role of GMPS in p53 regulation.
Genotoxic stress induces the stabilization of p53 protein and
activates its transcriptional functions. Therefore, we investigated
the effect of genotoxic stress on the interactions between p53,
GMPS, and USP7, using highly specific antibodies (Figures
S1A–S1F). We immunoprecipitated these proteins from U2OS
cells that were either mock treated () or incubated with the
DNA-damaging drug etoposide (+ETO). Immunoblotting revealed that the addition of etoposide induced a striking shift in
protein-protein associations (Figures 1F–1H). In the absence of
etoposide, GMPS binds USP7 and interacts weakly with p53,
as revealed by a long exposure (LE) of the blots (Figure 1F, left
panel). In contrast, we did not detect an interaction between
GMPS and MDM2 by immunoblotting, or by mass spectrometry.
Upon the addition of etoposide we observed a strongly
increased association of GMPS and p53 (Figure 1F, right panel).
These results were confirmed by p53 immunoprecipitations.
Normally, p53 is predominantly associated with MDM2, but
also with USP7, most likely through the interaction of USP7
with MDM2 (Figure 1G). In the presence of etoposide, however,
the binding of p53 to MDM2 was lost, and instead p53 now associates with GMPS and USP7. Immunopurification of USP7
confirmed these changes in protein-protein interactions (Figure 1H). These results suggest that genotoxic stress induces a
molecular switch in which p53 is transferred from a ubiquitylating
enzyme, MDM2, to a deubiquitylating complex, comprising
GMPS and USP7.

RESULTS

GMPS Is Required for p53 Stabilization
To test their role in the regulation of p53, we used shRNAs to
deplete cellular USP7 or GMPS. We monitored endogenous
p53 protein by immunofluorescence and immunoblotting
(Figures 2A–2C). In unstressed cells, loss of USP7 caused an increase in p53 levels (Figure 2A, left panel). This result is consistent with the notion that USP7 binds and deubiquitylates MDM2,
thereby promoting p53 degradation in these cells (Cummins
et al., 2004; Li et al., 2004). Knockdown of GMPS had no major
effect on p53 levels in unstressed cells, though it caused a minor
reduction of the already low p53 levels (Figure 2A, left panel). As
expected, etoposide treatment caused a strong increase in p53
levels (Figure 2A, right panel). However, this increase in p53
levels was lost after knockdown of GMPS or USP7, and a

Genotoxic Stress Induces the Formation of a GMPSUSP7-p53 Complex
Prompted by the connection between GMPS expression and cell
proliferation, we examined GMPS levels in normal and
cancerous human breast tissue. Immunohistochemistry showed
variable, but overall modest, expression of GMPS in healthy tissue harboring a normal duct (Figure 1A). Examination of the
tumor area of invasive ductal carcinoma revealed high levels of
GMPS in epithelial cancer cells (Figure 1B). In addition, we detected particularly high levels of GMPS in mucinous carcinoma
cells (Figure 1C). These observations illustrate the association
between GMPS expression and cancer. Because physiological
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substantial portion of the remaining p53 appeared to be cytoplasmic. Immunoblotting revealed similar effects on p53 levels
after depletion of GMPS or USP7 (Figures 2B and 2C). Knockdown of another DUB, USP11, did not affect p53 (data not
shown), confirming earlier reports (Li et al., 2002; Maertens
et al., 2010). Stabilization of p53 in human diploid fibroblasts is
also dependent on GMPS (Figure S2A) and involves the formation of a GMPS-USP7-p53 complex (Figures S2B–S2D). The
association of GMPS and USP7 is independent of p53 and is
readily observed in p53 null cells (Figure S2E). Interestingly, the
high level of mutant p53 (arginine 282 changed to lysine,
R282K) in MDA-231 cells was not affected by GMPS or USP7
depletion (Figures S2F and S2G). Thus, the inherent stability of
this p53 mutant does not depend on GMPS-USP7. We conclude
that GMPS and USP7 are required for the stabilization of wildtype p53 in response to DNA damage. The role of USP7 is dualistic. In unstressed cells it is a negative regulator of p53, but after
genotoxic stress USP7 stabilizes p53, in a GMPS-dependent
manner.
These functional results dovetail well with our protein-protein
interaction analyses (Figures 1 and S2B–S2D), which showed
that genotoxic stress shifts the balance of p53 associating primarily with the ubiquitin E3 ligase MDM2, to stronger binding
to the deubiquitylating GMPS-USP7 complex. GMPS and
USP7 appear to act synergistically because their concomitant
overexpression stabilized endogenous p53, whereas ectopic
expression of either protein alone had no appreciable effect (Figure 2D). The catalytically impaired mutant GMPS-C114A also
activated p53 stabilization by USP7. This result is reminiscent
of our earlier observation that histone H2B deubiquitylation by
USP7 requires GMPS, but not its enzymatic activity (van der
Knaap et al., 2005, 2010), and is consistent with allosteric activation (Faesen et al., 2011). Finally, cotransfection experiments
confirmed that GMPS stimulates p53 deubiquitylation by USP7
in cells (Figure 2E).
p53 is a transcription factor that elicits many of its cellular
effects by controlling gene expression. Therefore, we determined the consequences of GMPS or USP7 depletion for the
expression of a number of well-characterized p53 target genes.
Reverse transcription quantitative PCR (RT-qPCR) revealed that
knockdown of GMPS or USP7 reduced induction of p21 and bax
after etoposide treatment (Figure 2F). In unstressed cells, loss of
GMPS hardly affected p53 target gene expression, but knockdown of USP7 caused upregulation of p21 and bax. Examination
of two genes that are repressed by p53, cdc6 and mcm6, yielded
a similar correlation between transcription and p53 levels
(Figure 2G). Depletion of USP7 or GMPS caused the loss of
p53-dependent transcriptional repression in the presence of
etoposide. In unstressed cells, repression of cdc6 and mcm6
was stronger upon USP7 knockdown but largely unaffected by
GMPS knockdown. Expression of a p53-independent control
gene, arp, remained unaffected by knockdown of either
GMPS, USP7, or p53. We also note that neither GMPS nor
USP7 depletion affected p53 mRNA levels, confirming that these
proteins control p53 posttranslationally.
In summary, following genotoxic stress, p53 is targeted by
GMPS-USP7, instead of by MDM2, resulting in its deubiquitylation and stabilization. Knockdown of endogenous GMPS shows

that it is strictly required for induced p53 stabilization. The effects
of GMPS and USP7 on p53 levels are reflected by changes in
expression of selective p53 target genes. We conclude that
GMPS regulates p53 stabilization by USP7.
Overexpressed GMPS and USP7 Cooperate to Induce
Cell Death
As described above, joined overexpression of GMPS and USP7
suffices for p53 stabilization in the absence of genotoxic stress
(Figures 2D and 2E). To extend these observations, we studied
the effects of ectopic expression of GMPS and USP7 on cell
viability and apoptosis. Whereas overexpression of either
USP7 or GMPS alone had only modest effects, concomitant
overexpression of both factors caused a striking amount of cell
death, as determined by trypan blue dye exclusion (Figure 3A).
To monitor apoptosis, we quantified the percentage of cells positive for cleaved caspase-3 (Figures 3B–3D). Again, overexpression of both GMPS and USP7 caused a strong increase in
apoptosis, while ectopic expression of either protein by itself
had only weak effects. Thus, GMPS and USP7 cooperate in
p53 stabilization, and their concomitant overexpression leads
to cell death.
These observations in human cells are reminiscent of the consequences of ectopic expression of GMPS and USP7 in the
developing Drosophila eye. Joined overexpression of GMPS
and USP7, but not that of either factor alone, causes severe defects in eye development (van der Knaap et al., 2010). As a result
of ectopic expression of GMPS-USP7, the fly eyes display prominent black necrotic patches, disorganized and missing ommatidia, and loss of bristles (compare Figures 3E and 3F). We
used this system to test if there was a genetic interaction between GMPS-USP7 and p53 in Drosophila. We used the
GAL4-UAS system (Brand and Perrimon, 1993) in combination
with the glass multimer reporter (GMR) to drive ectopic expression of Drosophila GMPS, USP7, or p53, predominantly in the
developing eye. Strikingly, in Drosophila kept at 25 C the combined GMR-driven expression of GMPS, USP7, and p53 resulted
in larval lethality (Figures 3E–3H). Ectopic expression of p53
alone affected eye development, but not viability. Thus, this genetic assay revealed a strong in vivo cooperation between
GMPS-USP7 and p53.
In contrast to wild-type p53, concomitant expression of the
p53-R155H mutant (Ollmann et al., 2000) and GMPS-USP7 did
not cause lethality. In fact, p53-R155H expression suppressed
the GMR>GMPS-USP7 eye phenotype (compare Figures 3F
and 3I), whereas ectopic expression of p53-R155H by itself did
not affect eye development (Figure 3J). The fly crosses discussed above were performed at 25 C. We repeated these experiments at room temperature, which resulted in milder phenotypes (Figures 3K–3P). At these less stringent conditions, the
coexpression of GMPS, USP7, and p53 still caused male
lethality, but females were viable. Concomitant expression of
p53, GMPS, and USP7 resulted in a strongly enhanced eye
phenotype, compared to GMR>GMPS-USP7 or GMR>p53 females. Moreover, concomitant expression of p53-R155H suppressed the GMR>GMPS-USP7 phenotype. We conclude that
GMPS-USP7 and p53 interact genetically in Drosophila. Combined with our earlier finding that Drosophila GMPS could
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Figure 2. GMPS and USP7 Are Required for p53 Stabilization after Genotoxic Stress
(A) Indirect immunofluorescence of U2OS cells, cultured in either the absence () or presence of etoposide (+ETO), after knockdown (KD) of GMPS or USP7.
Scrambled shRNA was used for mock KD. Cells were fixed and stained with antibodies against p53 (red). Nuclei were visualized by DAPI staining of DNA (blue).
(B) Immunoblot analysis of WCEs of cells treated as described above after KD of GMPS. Tubulin serves as a loading control.
(C) Immunoblot analysis after KD of USP7.
(D) Wild-type GMPS and the enzymatically defective GMPS-C114A mutant both stimulate p53 stabilization by USP7. U2OS cells were transfected with vectors
expressing flag-GMPS, flag-GMPS-C114A, or HA-tagged USP7 in the indicated combinations. Endogenous p53 and transfected proteins were detected by
immunoblotting.
(legend continued on next page)
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stimulate deubiquitylation of p53 by USP7 in vitro (van der Knaap
et al., 2005), these genetic results suggest that p53 acts downstream of GMPS-USP7. Thus, although details of the molecular
mechanisms involved might differ, the connection between
GMPS-USP7 and p53 is conserved from flies to man.
Genotoxic Stress Induces the Accumulation of Nuclear
GMPS
We wondered what molecular mechanism might underpin the
GMPS-mediated regulation of p53 stabilization by USP7.
Recently, we reported that the nucleotide biosynthetic enzyme
directly upstream of GMPS, IMPDH, also acts as a transcription
factor (Kozhevnikova et al., 2012). We found that cytoplasmicnuclear partitioning is a key part of the mechanism by which
IMPDH controls gene expression in response to cellular cues.
These findings prompted us to examine the subcellular localization of GMPS in either the absence or presence of etoposide
(Figure 4A). Immunofluorescence with antibodies directed
against GMPS (green), in parallel with DAPI staining of DNA
(blue), showed that the majority of GMPS is normally cytoplasmic, with only a minor portion in the nucleus. In the presence
of etoposide, however, there is a marked increase in nuclear
GMPS. Addition of the nuclear export inhibitor Leptomycin B
(LMB) to cells that were not exposed to etoposide caused a virtually complete transfer of GMPS from the cytoplasm to the
nucleus. These results indicate that GMPS shuttles in and out
of the nucleus but that active export normally outcompetes
import, so that GMPS is largely cytoplasmic at steady state.
Upon genotoxic stress, however, the balance shifts toward
import, resulting in the accumulation of GMPS in the nucleus,
although a substantial amount of GMPS remains cytoplasmic.
Nuclear GMPS is able to associate with USP7 and p53, which
are both nuclear proteins (Figures 4B and 4C). Blockage of
DNA damage signaling by inhibition of ATM and ATR kinases
attenuated the increase in nuclear GMPS after the addition of
etoposide (Figure S3). These results suggest that the subcellular
localization of GMPS is part of the switch that mediates p53 stabilization following genotoxic stress.
GMPS Mediates p53 Stabilization in Response
to Nucleotide Deficiency
A recent study suggested that nucleotide deficiencies promote
genomic instability in early stages of cancer development due
to DNA replication stress (Bester et al., 2011). In light of this
observation, it is an attractive idea that GMPS not only is a key
enzyme in nucleotide biosynthesis but also triggers a p53
response upon perturbed nucleotide synthesis. To test this
hypothesis, we treated cells with mycophenolic acid (MPA) to

cause an imbalanced nucleotide pool. MPA inhibits IMPDH,
leading to depletion of the GMPS substrate XMP. The resulting
lack of guanine nucleotides caused replicative stress, as indicated by the formation of gH2Ax foci (Figure 5A). The effect of
MPA was similar, albeit somewhat weaker, to the well-established DNA damage response after inhibition of ribonucleotide
reductase by hydroxyurea (HU), which also causes replicative
stress, or the induction of DNA breaks by etoposide. Importantly,
immunofluorescence showed a strong increase in nuclear
GMPS in response to the disruption of nucleotide synthesis
by MPA (Figure 5B). Concomitantly, there was a robust induction of p53 (Figure 5C). Immunoprecipitations revealed a transfer
of p53 from MDM2 to GMPS-USP7 after addition of MPA
(Figure S4), similar to what we observed in the presence of etoposide (Figure 1). Knockdown of GMPS or USP7 in MPA-treated
cells strongly reduced p53 protein levels, and a substantial
portion of the remaining p53 was cytoplasmic (Figure 5C).
Thus, p53 stabilization in response to inhibition of GMP synthesis
depends on GMPS. In other words, GMPS not only serves as a
biosynthetic enzyme, supporting cell proliferation, but is also
crucial for the checkpoint response to perturbed nucleotide
synthesis.
TRIM21 Sequesters GMPS in the Cytoplasm, Preventing
p53 Induction
Our results thus far suggest that nuclear accumulation of GMPS
is a key part of the switch that mediates p53 stabilization. Therefore, we set out to identify factors that might control the subcellular localization of GMPS. Mass spectrometric analysis of
GMPS-associated proteins identified TRIM21 (a.k.a. Ro52;
Table S1), an autoantigen associated with Sjögren’s syndrome
and systemic lupus erythematosus (SLE; Yoshimi et al., 2012;
Oke and Wahren-Herlenius, 2012). TRIM21 is a RING-finger E3
ubiquitin ligase that functions in innate and acquired immunity.
We used immunofluorescence imaging by confocal microscopy
to compare the localization of endogenous GMPS and TRIM21 in
unstressed cells (Figure 6A). In agreement with their physical
interaction, a substantial portion of GMPS (green) and TRIM21
(red) colocalized in the cytoplasm, displaying a punctate distribution. Moreover, costaining of GMPS with GRP94 suggested
association with the endoplasmatic reticulum (ER; Figure 6B).
In contrast, we detected no substantial colocalization with the
Golgi apparatus (Figure 6C). Thus, anchorage to the ER might
play a role in GMPS localization in the cytoplasm.
To investigate the effect of genomic stress on the TRIM21GMPS association, we immunopurified TRIM21 from cells
before or after treatment with etoposide or MPA (Figure 6D).
Immunoblotting revealed that in unstressed cells TRIM21 binds

(E) GMPS stimulates deubiquitylation of p53 by USP7. H1299 cells were transfected with vectors expressing p53, MDM2, and His6-ub in combination with HAUSP7 or flag-GMPS as indicated. After 48 hr, proteasome inhibitors MG132 and Lactacystin were added and 4 hr later WCEs were prepared and analyzed by
immunoblotting.
(F) Depletion of GMPS or USP7 affects p53 target gene expression. Following KD of GMPS, USP7, or p53 in U2Os cells in the presence or absence of etoposide,
RNA was isolated and gene expression determined by RT-qPCR. Gapdh was used for normalization. Changes in expression are presented as fold change relative
to mock treated cells. p21 and Bax are activated by p53. arp is a p53-independent control gene. Note that p53 mRNA levels are not affected by GMPS or USP7
depletion. Mean and standard deviations were derived from three independent biological replicates.
(G) Analysis of cdc6 and MCM6, which are repressed by p53.
See also Figure S2.
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Figure 3. GMPS and USP7 Cooperate In Vivo
and Interact Genetically with p53
(A) Concomitant overexpression of GMPS and USP7
causes apoptosis in human cells. Cell viability was
determined by trypan blue staining to identify the
portion of dead cells after transfection with an empty
vector (mock) or plasmids expressing GMPS or USP7.
(B) Cells positive for cleaved caspase-3 were quantified to determine the percentage of apoptotic cells.
Means and standard deviations were derived from
three independent biological replicates.
(C) Apoptotic cells marked by cleaved caspase-3
(green). Note the characteristic DAPI (blue) staining of
apoptotic nuclei.
(D) Representative examples of cleaved caspase-3positive cells in microscopic fields after overexpression of USP7 or GMPS.
(E–P) GMPS-USP7 and p53 interact genetically in
Drosophila. Phenotype due to ectopic expression of
GMPS and USP7 is enhanced by overexpression of
wild-type p53 but suppressed by mutant p53-R155H.
Expression of Drosophila GMPS, USP7, or p53 was
controlled by the GMR enhancer (GMR >), which
drives transcription in the developing eye but to a
lesser extent also in other tissues. Upper panels are
regular photographs, and lower panels are scanning
electron micrographs. Females are depicted. Crosses
were performed at 25 C (more stringent) or at room
temperature (RT20 C–21 C; milder). The combined
GMR-driven expression of GMPS, USP7, and p53 at
25 C resulted in larval lethality of both males and
females (G). At RT, females that overexpress GMPS,
USP7, and p53 survive (M), but males die.

that TRIM21 might sequester GMPS in the
cytoplasm. To test this idea, we used shRNA
to deplete endogenous TRIM21 and determined the effect on GMPS localization and
GMR>Gmps
GMR>Gmps
p53 levels, in the absence of genomic stress
GMR>Gmps
GMR>
>Usp7
GMR>p53
GMR
>Usp7
(Figure 6E). Knockdown of TRIM21 caused
>Usp7
p53-R155H
>p53-R155H
>p53
translocation of GMPS from the cytoplasm
to the nucleus, and a substantial increase
RT
in the levels of endogenous p53. ImporK
L
N
O
P
M
tantly, stabilization of p53 after TRIM21
knockdown was dependent on GMPS,
because it was lost after concomitant
knockdown of GMPS. These observations
were confirmed by quantification of p53
immunofluorescence signals (Figure 6F).
Likewise, protein blotting analysis showed
increased p53 levels after TRIM21 knockdown (Figure 6G). However, concomitant
depletion of GMPS reversed this effect, indiGMR>Gmps
GMR>Gmps
GMR>Gmps
GMR>
>Usp7
GMR
>Usp7
GMR>p53
cating that TRIM21 acts through GMPS. We
>Usp7
p53-R155H
>p53-R155H
>p53
note that neither USP7 nor p53 depletion
affected GMPS subcellular localization (Figures S5A and S5B). Moreover, no gH2Ax
GMPS, but not USP7 or p53. However, following addition of foci were detected upon TRIM21 depletion, suggesting that
etoposide or MPA, the interaction between TRIM21 and GMPS GMPS relocalization and p53 stabilization were not triggered
could no longer be detected. These results raised the possibility by DNA damage (Figure S5C). Collectively, these results indicate
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Figure 4. Genotoxic Stress Induces Nuclear Accumulation of GMPS
(A) Subcellular distribution of GMPS in response to genotoxic stress or Leptomycin B (LMB). Indirect immunofluorescence of U2OS cells that were either
mock treated () or cultured in the presence of etoposide (+ETO) for 24 hr or
with Leptomycin B (LMB) for 4 hr. Cells were stained with antibodies against
GMPS (green), and nuclei were visualized by DAPI staining (blue).
(B) Costaining of GMPS (green) and USP7 (red).
(C) Costaining of GMPS (green) and p53 (red).
See also Figure S3.

that TRIM21 regulates p53 negatively by sequestering GMPS in
the cytoplasm.
Ubiquitylation by TRIM21 Controls GMPS Subcellular
Localization
Mass spectrometric analysis of endogenous ubiquitylated proteins, immunopurified using an antibody that recognizes the
lysine-ε-glycine-glycine (K-ε-GG) ubiquitylation remnant after
protease digestion, revealed the presence of GMPS. K182 was
identified as the likely site of GMPS ubiquitylation (Figure 7A).
As TRIM21 is an E3 ubiquitin ligase, we considered the possibility that ubiquitylation might play a role in controlling the
subcellular localization of GMPS. To monitor ubiquitylation of
GMPS by TRIM21, we coexpressed flag-GMPS, TRIM21, and
His6-tagged ubiquitin (ub) in cells (see Figures S6A and S6B for
details). Subcellular fractionation followed by immunoblotting revealed that cytosolic, but not nuclear, GMPS was ubiquitylated
in these cells (Figure 7B). To determine the role of TRIM21 in
GMPS ubiquitylation, we coexpressed flag-GMPS and His6tagged ubiquitin in cells and monitored the effect of TRIM21
depletion. Immunoblotting revealed a loss of GMPS ubiquitylation after knockdown of TRIM21 (Figure 7C). The migration of
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Figure 5. GMPS Is Required for p53 Stabilization in Response to
XMP Depletion
(A) Indirect immunofluorescence of U2OS cells that were either mock treated
() or incubated in the presence of mycophenolic acid (+MPA), hydroxy urea
(+HU), or etoposide (+ETO). Cells were stained with antibodies against gH2Ax
(red).
(B) MPA induces accumulation of nuclear GMPS. Cells cultured in the absence
() or presence of MPA were stained with antibodies against GMPS (green).
(C) GMPS and USP7 are required for p53 induction by MPA. Indirect immunofluorescence of p53 (red) in U2OS cells cultured in the presence of MPA,
following KD of GMPS or USP7.
See also Figure S4.

ubiquitylated GMPS suggests that it is mainly monoubiquitylated. Mass spectrometric analysis of immunopurified flagGMPS confirmed K182 as the major site of GMPS ubiquitylation
by TRIM21 (Figure S6C). In summary, TRIM21, which is required
for the cytoplasmic sequestration of GMPS, binds and ubiquitylates GMPS at K182.
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Figure 6. TRIM21 Counteracts p53 Stabilization through Cytoplasmic Retention of GMPS
(A) GMPS and TRIM21 colocalize in the cytoplasm of unstressed cells. Confocal microscopic imaging of GMPS (green) and TRIM21 (red) by indirect immunofluorescence.
(B) Confocal imaging of GMPS (green) and the ER marker GRP94 (red), suggests substantial colocalization.
(C) No strong association of GMPs (green) with the Golgi apparatus, detected with a fluorescent conjugate of lectin GS-II (red).
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(E) Depletion of TRIM21 suffices for GMPS-dependent induction of p53. Shown is confocal imaging of cells after KD of TRIM21, GMPS, or both TRIM21 and
GMPS. Endogenous proteins were detected by indirect immunofluorescence: p53 (red), GMPS (green), or TRIM21 (turquoise).
(F) Quantification of p53 immunofluorescence, plotted as fold change relative to mock-treated cells. Mean and standard deviations were derived from three
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(G) Immunoblot analysis of WCEs of cells treated as described above.
See also Figure S5.
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To test whether ubiquitylation of K182 is important for the subcellular localization of GMPS, we mutated this residue to arginine
(R), which cannot be ubiquitylated. Transfection studies revealed
that, whereas wild-type GMPS was predominantly cytoplasmic,
GMPS-K182R was nuclear (Figure 7D). These results suggest
that ubiquitylation of K182 is required for the cytoplasmic targeting of GMPS. Finally, we wondered whether the activity of USP7
might counteract ubiquitylation, to promote the nuclear retention
of GMPS. Indeed, overexpression of USP7 in this experimental
system resulted in a nuclear, rather than cytoplasmic, localization of GMPS (Figure 7E). This change in subcellular targeting
was dependent on the deubiquitylation activity of USP7,
because the catalytically inactive USP7C223S mutant failed to
drive GMPS from the cytoplasm to the nucleus. Indeed, wildtype USP7, but not USP7C223S, deubiquitylated GMPS in these
cells (Figure 7F). Thus, the balance between ubiquitylation and
deubiquitylation of GMPS K182 is an essential part of the mechanism that determines its subcellular localization (Figure 7G).
DISCUSSION
In this study we found that the nucleotide biosynthetic enzyme
GMPS is a crucial relay of p53 stabilization after genomic stress.
GMPS, in turn, is regulated by the cytoplasmic ubiquitin ligase
TRIM21. Normally, most GMPS is sequestered in the cytoplasm, which might involve anchorage to the ER. Ubiquitylation
of GMPS by TRIM21 is crucial for its cytoplasmic retention. This
way, GMPS is kept separated from USP7 and p53 in the
nucleus. Here, MDM2 binds and ubiquitylates p53, marking
it for export from the nucleus and degradation by the proteasome. USP7 counteracts autoubiquitylation of MDM2, thereby
promoting p53 degradation. Genomic stress triggers the
accumulation of GMPS in the nucleus, where it stimulates deubiquitylation of p53 by USP7. We conclude that the TRIM21GMPS-USP7 molecular cascade controls p53 stabilization in
response to DNA damage or nucleotide deprivation. Thus,
GMPS, a classic biosynthetic enzyme that enables cell growth
and DNA replication, is also a crucial relay of cell proliferation
restriction by p53.
USP7 has emerged as a potential target for anticancer therapy
(Nicholson and Suresh Kumar, 2011). It is pertinent to note, however, that the role of USP7 in cancer appears to be context
dependent and impinges on multiple tumor suppression pathways. Inactivation experiments in mice confirmed that regulation

of p53 is a crucial, but not the only, function of USP7 (Kon et al.,
2010, 2011). Targeting of USP7 by the viral EBNA1 protein or
cellular TSPYL5 suppresses p53 function (Saridakis et al.,
2005; Epping et al., 2011). USP7 activity may promote tumor
suppression in breast cancer through the p53 pathway (Epping
et al., 2011). In contrast, USP7 has been implicated in the inactivation of tumor suppressors PTEN (Song et al., 2008) and
p16INK4a (Maertens et al., 2010). Inhibition of USP7 overcomes
resistance to the proteasome inhibitor bortezomib in multiple
myeloma cells (Chauhan et al., 2012). Finally, our results suggest
that genotoxic drugs or nucleotide depletion induces GMPSdependent stabilization of wild-type p53 by USP7. Thus, targeting USP7 might be a double-edged sword that may either inhibit
or stimulate different tumor suppressor pathways, depending on
the type of cancer or what additional drugs are used.
We identified TRIM21 as a key regulator of the cytoplasmicnuclear partitioning of GMPS, which is part of the switch controlling p53 stabilization. TRIM21 is associated with the autoimmune
diseases SLE and Sjögren’s syndrome (Yoshimi et al., 2012; Oke
and Wahren-Herlenius, 2012). In the immune system, TRIM21
controls interferon and proinflammatory cytokine expression
via ubiquitylation of interferon-regulating transcription factors
and the NF-kB inhibitor IKKb. Recently, TRIM21 was implicated
as the ubiquitin ligase responsible for C/EBPa degradation in
lung cancer (Grandinetti et al., 2011). Thus, TRIM21 acts as a
cytoplasmic ubiquitin ligase that regulates the activity of pivotal
transcription factors. Although speculative, our results hint at a
possible molecular connection between nucleotide homeostasis, autoimmune disease, inflammation, and cancer. Supporting
this notion, SLE and Sjögren’s syndrome patients have an
increased risk for selective cancers, in particular non-Hodgkin’s
lymphoma (Bernatsky et al., 2013). Moreover, during inflammation nucleotides are secreted out of the cell, creating imbalances
in the intracellular nucleotide pool (Eltzschig et al., 2012).
Thus, the TRIM21-GMPS-USP7-p53 connection might be part
of a shared molecular mechanism underlying these diverse
processes.
Accurate genome duplication requires cells to balance proliferation and nucleotide synthesis (Bester et al., 2011; Reichard,
1988; Xu et al., 2008). Our results suggest that GMPS links nucleotide biosynthesis and the p53 tumor suppressor pathway.
These findings may reflect a more general involvement of metabolic enzymes in gene control. IMPDH, the enzyme directly
upstream of GMPS, is also a transcription factor that couples

(B) Cytoplasmic, but not nuclear, GMPS is ubiquitylated. Nuclear and cytosolic fractions were prepared from cells transfected with vectors expressing flagGMPS, His6-ub, and HA-TRIM21. Cell fractions were analyzed by immunoblotting. See also Figures S6A and S6B.
(C) TRIM21 is required for GMPS ubiquitylation. Immunoblot analysis of WCEs of cells transfected with vectors expressing flag-GMPS and His6-ub, following
mock KD or KD of endogenous TRIM21.
(D) Mutation of K182 to arginine (K182R) causes the transfer of GMPS from the cytoplasm to the nucleus. Cells were transfected with vectors expressing
HA-TRIM21, His6-ub, and either wild-type flag-GMPS or flag-GMPS-K182R. Flag-GMPS (green) was detected with anti-flag antibodies.
(E) USP7 promotes nuclear accumulation of GMPS. Indirect immunofluorescence of cells transfected with vectors expressing flag-GMPS, HA-TRIM21, His6-ub,
no additional factors (), HA-USP7, or the catalytically inactive HA-USP7C223S.
(F) USP7 deubiquitylates GMPS. Immunoblotting analysis of GMPS in WCEs from cells treated as described above.
(G) Model summarizing our results. GMPS is essential for cell proliferation, as it converts XMP into GMP, a precursor of DNA and RNA. Normally, TRIM21 binds
and ubiquitylates GMPS to keep it predominantly cytoplasmic. Genomic stress or nucleotide deprivation triggers the release of GMPS and its accumulation in the
nucleus, where it is deubiquitylated by USP7. Nuclear GMPS drives the formation of a GMPS-USP7-p53 complex, leading to p53 stabilization through GMPSactivated deubiquitylation by USP7.
See also Figure S6.

468 Molecular Cell 53, 458–470, February 6, 2014 ª2014 Elsevier Inc.

Molecular Cell
GMP Synthase Mediates p53 Stabilization

gene expression to cellular state (Kozhevnikova et al., 2012). We
propose that during evolution selective biosynthetic enzymes,
linked to DNA replication and cell proliferation, have been
enlisted to safeguard against aberrant cell divisions. These
dual function enzymes may provide novel opportunities for therapeutic intervention in cancer and other diseases.
EXPERIMENTAL PROCEDURES
Cell-Based Assays
Antibodies and oligonucleotides are described in the Supplemental Experimental
Procedures. For KDs, U2OS and TIG-3 cells were transduced with the appropriate lentiviruses expressing selective shRNAs, using standard procedures.
Etoposide (5 mg/ml) or MPA (5 mg/ml) was added 3 days after viral transduction,
and cells were analyzed 24 hr later. U2OS, TIG-3, and H1299 cells were transfected using Fu-Gene (Roche), whereas 293T cells were transfected using polyethylenimine (Sigma), according to manufacturer’s instructions. Cells were
analyzed 48 hr after transfection. For the analysis of p53 ubiquitylation (Figure 2D),
proteasome inhibitors MG132 (5 mM) and Lactacystin (500 nM) were added 4 hr
before cells were harvested. Immunofluorescence was performed using standard methods. See the Supplemental Experimental Procedures for details.
Drosophila Strains and Genetics
Fly stock maintenance and crosses were performed using standard procedures. The GMR > GMPS-USP7 strain has been described (van der Knaap
et al., 2010; line 2091). The UAS-p53 (P{UAS-p53.Ex}) and UAS-p53-R155H
(P{UAS-p53.R155H.Ex}) lines were acquired from the Bloomington stock center (stock numbers 8418 and 8419), and have been described (Ollmann et al.,
2000). Crosses were performed at either 25 C or at RT (20 C–21 C).
RNA Isolation and Analysis
Total RNA was extracted from U2OS cells using the SV total RNA isolation kit
(Promega). cDNA was synthesized from 1 mg of total RNA by using random
hexamers and Superscript II RNase H-reverse transcriptase (Invitrogen).
Quantitative real-time PCR (MyIQ; Bio-Rad) was performed with SyBr green
I. gapdh was used for normalization. See the Supplemental Experimental Procedures for details.
Biochemical Procedures
WCEs were prepared from cells lysed in NET/0.1% buffer (see Supplemental
Experimental Procedures). A total of 4–5 mg of WCEs, prepared from 5 3
106 cells, was incubated with 100 mg of antibodies cross linked to protein A
Sepharose beads. After 3 hr incubation at 4 C, beads were washed several
times with excess of NET/200 mM NaCl/0.1% NP40. Bound proteins were
eluted with glycine buffer (pH 2.5), concentrated by TCA precipitation, and
then dissolved in 13 SDS loading buffer. Proteins were resolved by SDSPAGE, eluted, processed, and analyzed by nanoflow liquid chromatographytandem mass spectrometry. For coimmunoprecipitations 1 3 106 cells
were used. To identify ubiquitylated peptides, proteins were digested with
Lys-C and trypsin. DiGly-containing peptides were enriched using the
PTMScan ubiquitin remnant motif (K-ε-GG) antibody bead conjugate (Cell
Signaling Technology) and analyzed with nanoflow LC-MS/MS on a Q Exactive
(Thermo Scientific) mass spectrometer. Data analysis was performed using
MaxQuant. See the Supplemental Experimental Procedures for details.
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