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TSPYL5 suppresses p53 levels and function by 
physical interaction with USP7
Mirjam T. Epping1,2, Lars A.T. Meijer3, Oscar Krijgsman4,5, Johannes L. Bos3, Pier Paolo Pandolfi2 and René Bernards1,6

We have previously reported a gene expression signature that 
is a powerful predictor of poor clinical outcome in breast 
cancer1. Among the seventy genes in this expression profile 
is a gene of unknown function: TSPYL5 (TSPY-like 5, also 
known as KIAA1750). TSPYL5 is located within a small region 
at chromosome 8q22 that is frequently amplified in breast 
cancer, which suggests that TSPYL5 has a causal role in breast 
oncogenesis2,3. Here, we report that high TSPYL5 expression 
is an independent marker of poor outcome in breast cancer. 
Mass spectrometric analysis revealed that TSPYL5 interacts 
with ubiquitin-specific protease 7 (USP7; also known as 
herpesvirus-associated ubiquitin-specific protease; HAUSP). 
USP7 is the deubiquitylase for the p53 tumour suppressor4 and 
TSPYL5 reduces the activity of USP7 towards p53, resulting 
in increased p53 ubiquitylation. We demonstrate that TSPYL5 
reduces p53 protein levels and inhibits activation of p53-
target genes. Furthermore, expression of TSPYL5 overrides 
p53-dependent proliferation arrest and oncogene-induced 
senescence, and contributes to oncogenic transformation in 
multiple cell-based assays. Our data identify TSPYL5 as a 
suppressor of p53 function through its interaction with USP7.

The p53 tumour suppressor is essential for cell-cycle arrest and apop-
tosis after genotoxic stress5,6. p53 is also required for the induction 
of senescence after oncogene activation, which is considered to be a 
mechanism to prevent tumourigenesis5. One of the major roles of p53 
is to activate transcription of a wide range of target genes to exert its 
cancer prevention function7. p53 is tightly regulated, mainly at the level 
of protein stability, to allow rapid protein accumulation and activation 
after DNA damage. Homeostatic p53 levels under normal conditions 
are low owing to the actions of several ubiquitin ligases that mark p53 
for ubiquitin-dependent degradation by the 26S proteasome8. p53 ubiq-
uitylation is reversible and the deubiquitylase USP7 has been demon-
strated to catalyse the removal of ubiquitin chains from p53 (ref. 4). The 

p53 network is complex and many factors contribute to the control and 
activation of this tumour suppressor5,6.

Gene expression profiling has been used to generate gene signatures 
that can predict the clinical outcome of breast cancers patients1,9–11. These 
signatures are based on microarray analysis of primary tumours and 
are predictive of a short interval to distant metastases. The genes in 
such multi-gene predictors can vary from 2 to over 100, which together 
form a ‘prognostic signature’. The genes that comprise such prognostic 
signatures represent signalling pathways that are essential for cell cycle, 
invasion, metastasis and angiogenesis1. TSPYL5 is among the genes in 
the MammaPrint 70-gene prognostic expression signature that predicts 
clinical outcome of breast cancer1. TSPYL5 is a member of the testis-spe-
cific protein, Y‑encoded-like (TSPY‑L) family of genes, whose functions 
are currently unknown. The genomic location of the TSPYL5 gene is 
chromosome 8q22, a region that is frequently amplified in breast cancer 
(Fig. 1b)2,3. Genomic gain of this region has been detected in 21–27% of 
primary breast tumour samples and is associated with a higher propen-
sity of metastatic recurrence2,3.

To address the role of TSPYL5 in breast cancer, we investigated whether 
TSPYL5 is an independent marker of disease outcome using a consecu-
tive series of 295 primary breast carcinomas with long clinical follow-up 
for which microarray gene expression data are publicly available9. We 
randomly split this series into a training set of 152 tumours and a vali-
dation set of 143. Using the training set, we determined the expression 
level of TSPYL5 that yielded the largest difference in survival between 
the TSPYL5high and TSPYL5low groups. We then investigated whether this 
TSPYL5 expression threshold was also prognostic for disease outcome in 
the validation set. Figure 1a indicates that high TSPYL5 mRNA expres-
sion levels are correlated with shortened distant metastasis-free survival 
in the validation set (P = 0.0063; n = 143), indicating that TSPYL5 as a 
single marker is prognostic for disease outcome in breast cancer.

Gene expression analysis has allowed the identification of molecular 
subtypes of breast carcinoma with distinct clinical outcomes12. To investi-
gate whether TSPYL5 was differentially expressed among these molecular 
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subtypes, we determined the subtypes of the 295 breast cancers13 and 
measured TSPYL5 expression. TSPYL5 expression was highest in basal-
like breast cancers (Supplementary Information, Fig. S1). Consistent 
with the hypothesis that TSPYL5 is a poor prognosis marker, basal-like 
tumours have the worst prognosis among the molecular subtypes12.

To gain insight into its function, we searched for proteins that interact 
with TSPYL5 in MCF7 human breast cancer cells that had 8q22 ampli-
fication. We expressed a tagged (3 × Flag–biotin) TSPYL5 protein in 
these cells and purified TSPYL5-containing protein complexes using a 
tandem affinity purification method (Fig. 1c). TSPYL5-associated pro-
teins were identified by liquid chromatography mass spectrometry/mass 
spectrometry (LC–MS/MS; see Methods). One of the proteins that was 
present in purified TSPYL5 complexes, but not in control purifications, 
was USP7 (Supplementary Information, Fig. S2). Given the known func-
tion of USP7 as the deubiquitylating enzyme (deubiquitylase) for p53 

(ref. 4), we focused our attention on USP7 as an interactor of TSPYL5. 
We first confirmed the physical interaction between Flag–TSPYL5 and 
endogenous USP7 in MCF7 breast cancer cells and in primary human 
fibroblasts (Fig. 1d and Supplementary Information, Fig. S3a). We also 
observed an interaction between endogenous USP7 and endogenous 
TSPYL5 (Fig. 1e). USP7 contains a central catalytic core domain and 
amino‑terminal and carboxy‑terminal domains, which were tested 
separately for their ability to bind TSPYL5. In immunoprecipitations of 
cells transfected with various GFP–USP7 domains, TSPYL5 selectively 
bound to the N‑terminal domain (amino-acid residues 1–208) of USP7 
(Fig. 1f, g). The USP7 N‑terminus was sufficient for the interaction with 
TSPYL5, which is of interest because this region of USP7 is also required 
and sufficient for the interaction between USP7 and p53 (Supplementary 
Information, Fig. S3b)14. Therefore, it is conceivable that TSPYL5 com-
petes with p53 for binding to the same region of USP7. Consistent with 
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Figure 1 TSPYL5 is a poor-prognosis marker in breast cancer and binds to 
USP7. (a) Kaplan–Meier plot of distant metastasis-free survival of breast 
cancer patients (n = 143) with low (n = 84) or high (n = 59) TSPYL5 gene 
expression in the validation set. (b) Schematic representation of TSPYL5 
location on chromosome 8q22, a region of recurrent amplification in breast 
cancer. (c) Summary of protocol used to purify TSPYL5 from MCF7 cells with 
stable expression of 3 × Flag–biotin–TSPYL5. Mass spectrometric analysis 
identified USP7 as a TSPYL5-binding protein. (d) MCF7 cells were infected 
with retrovirus encoding Flag–TSPYL5 or empty vector (EV; as a control). 
Cell lysates were immunoprecipitated with anti-Flag antibodies and analysed 
by western blot using anti-USP7 and anti-Flag antibodies. (e) TSPYL5 was 

immunoprecipitated from PC3 cells with an antibody against TSPYL5 and 
the western blots were stained with anti-USP7 and anti-TSPYL5 antibodies. 
IgG; immunoglobulin G. (f) Schematic representation of USP7 domains fused 
to GFP that were used for the interaction analysis in g (FL; full-length). (g) 
Lysates of cells transfected with plasmids encoding Flag–TSPYL5 and the 
indicated GFP–USP7 domains (as defined in f) were immunoprecipitated 
with anti-Flag antibody and analysed by western blotting. (h) Lysates of cells 
transfected with plasmids encoding Flag–p53, Myc-USP7 and either TSPYL5 
or empty vector were immunoprecipitated with anti-Flag antibody and analysed 
by western blotting.Uncropped images of blots are shown in Supplementary 
Information, Fig. S6.
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this hypothesis, we found that the interaction between USP7 and p53 is 
impaired in the presence of TSPYL5 (Fig. 1h).

To determine how the interaction between TSPYL5 and USP7 affects 
p53 ubiquitylation, we expressed exogenous TSPYL5 and treated the cells 
with the proteasome inhibitor MG132 (CBZ-LLL) to allow ubiquitylated 
species of p53 to accumulate. Expression of TSPYL5 increased ubiquityla-
tion of p53, but co-expression of USP7 neutralized this effect (Fig. 2a and 
Supplementary Information, Fig. S3c). The effects of USP7 on p53 are com-
plex, as USP7 also interacts with MDM2, the ubiquitin ligase for p53 (refs 
15, 16). To investigate how these effects converged on p53 ubiquitylation, 
we co-expressed p53, MDM2, USP7 and TSPYL5 and studied p53 ubiq-
uitylation. Figure 2b indicates that TSPYL5 also increased ubiquitylation 
of p53 in the presence of MDM2. This observation suggests that TSPYL5 
functions primarily as an inhibitor of the deubiquitylation of p53 by USP7. 
Given this finding, expression of TSPYL5 would be predicted to lead to a 
reduction in p53 protein levels. Indeed, transfection of plasmids expressing 
TSPYL5 into U2OS cells, which have wild-type p53, caused a significant 
decrease in endogenous p53 protein levels (Fig. 2c). As expected, USP7 
expression increased steady-state p53 levels (Fig. 2c). TSPYL5 decreased 

p53 protein levels in a dose-dependent manner in the presence of USP7, 
and similarly suppressed the levels of the p53 downstream targets p21CIP 
and MDM2 (Fig. 2d). To test if the effect of TSPYL5 on p53 was depend-
ent on USP7, we expressed TSPYL5 in cells with USP7 RNA interference 
(RNAi). After treatment with the DNA damage-inducing drug cisplatin 
to stabilize p53, the reduction in p53 levels through TSPYL5 expression 
were again seen, but not in cells with USP7 knockdown (Supplementary 
Information, Fig. S4a). This indicates that TSPYL5 inhibits p53 stabiliza-
tion in an USP7-dependent manner.

We tested the effect of TSPYL5 depletion using siRNA (Fig. 2f), and 
found that endogenous p53 was increased in MCF7 cells with knockdown 
of TSPYL5 (Fig. 2e and Supplementary Information, Fig. S4c). Nutlin‑3 is 
a small molecule drug that disrupts the physical interaction between 
p53 and MDM2, which causes activation of p53 function17. Exposure 
of TSPYL5-knockdown cells to increasing concentrations of Nutlin‑3 
caused a further increase in p53 protein levels (Fig. 2e). Consequently, 
the p53-targets p21CIP and GADD45A were induced further by TSPYL5 
knockdown on treatment with Nutlin‑3 (Fig. 2g). The levels of MDM2 
were not affected under these conditions (Supplementary Information, 
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Figure 2 TSPYL5 increases p53 ubiquitylation and suppresses p53 protein 
levels. (a) PC3 cells were transfected with plasmid encoding p53 and were 
co-transfected with plasmids encoding USP7, TSPYL5 (T5) or USP7 and 
TSPYL5. Cells were treated with proteasome inhibitor MG132 and lysates 
were analysed for p53 ubiquitylation by western blotting with an anti‑p53 
antibody. (b) Lysates of 293 cells transfected with plasmids encoding the 
indicated proteins were immunoprecipitated with an anti‑p53 antibody and 
analysed for ubiquitylation by western blotting with an anti‑p53 antibody. 
(c) U2OS cells were transfected with plasmids encoding USP7 or TSPYL5 
and lysates were immunoblotted for p53. (d) U2OS cells were transfected 
with plasmid encoding Myc–USP7 and increasing concentrations of plasmid 

encoding Flag–TSPYL5 and were immunoblotted for p53, p21CIP and MDM2. 
(e) Western blot analysis of MCF7 cells transfected with TSPYL5 siRNA after 
treatment with the indicated concentrations of Nutlin‑3 for 24 h. Short and 
longer exposures are shown. (f) Left: qRT–PCR analysis of TSPYL5 mRNA 
levels in MCF7 cells transfected with TSPYL5 siRNA. Relative mRNA levels 
were normalized to GAPDH (mean ± s.d.; n = 3). Right: western blot analysis 
of PC3 cells transfected with siRNA against luciferase (Luc siRNA), TSPYL5 
or USP7. (g) Western blot analysis of MCF7 cells transfected with TSPYL5 
siRNA, without treatment or after treatment with increasing concentrations 
of Nutlin‑3. Uncropped images of blots are shown in Supplementary 
Information, Fig. S6.
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Fig. S3d). MCF7 cells with TSPYL5 RNAi had higher levels of p53 after 
treatment with cisplatin than did control cells, and had increased PARP 
cleavage, indicative of apoptosis (Supplementary Information, Fig. S4d, 
g). We also observed that TSPYL5 RNAi increased the abundance of 
p53 after treatment with cisplatin in ZR75‑1 breast cancer cells, another 
cell line that carries the 8q22 amplicon (Supplementary Information, 
Fig. S4e). Together, these data indicate that TSPYL5 suppresses p53 pro-
tein levels by increasing ubiquitin-mediated proteolysis. Furthermore, 
the finding that TSPYL5 affects p53 also in the presence of Nutlin‑3 and 
cisplatin, two drugs that disrupt the p53–MDM2 interaction, suggest 
that the observed effects of TSPYL5 on p53 are not mediated indi-
rectly through MDM2. Consistent with this, knockdown of TSPYL5 
also increased p53 levels in HeLa cells, in which the HPV E6-associated 
protein E6AP serves as the main p53 ubiquitin ligase, instead of MDM2 
(Supplementary Information, Fig. S4f)18.

To further investigate the effects of TSPYL5 on p53 function, we stably 
expressed TSPYL5 in ST.HdhQ111 cells: primary mouse neuronal cells 
conditionally immortalized by a temperature-sensitive mutant of SV40 
large T antigen19. ST.HdhQ111 cells proliferate rapidly at the permissive 
temperature (32 °C), but enter into a p53-dependent senescence-like 
arrest when shifted to the non-permissive temperature (39 °C)19. On 
shift to the non-permissive temperature, we observed a reduced abun-
dance of p53 protein in cells expressing TSPYL5, compared with control 
cells infected with empty vector (Fig. 3a). Consequently, the induction 
of the p53 target gene Bax was suppressed by expression of TSPYL5 
(Fig.  3b). TSPYL5 was localized in the nucleus and in the cytosol, 

whereas p53 remained strictly nuclear (Fig. 3a). The levels of p19ARF 

protein were low in control cells and high in both TSPYL5-expressing 
cells and cells with shRNA against p53 (Fig. 3b), consistent with the 
known reciprocal relation between p53 and p19ARF (ref. 20). Hence, 
TSPYL5 functions downstream of p19ARF, which is consistent with the 
hypothesis that TSPYL5 acts through USP7 to suppress p53.

To test p53 transcriptional activity, we used a CDKN1A promoter-
driven luciferase construct, one of the best-characterized p53 target 
genes. TSPYL5 strongly inhibited p53-dependent transcription of 
both this reporter (Fig.  3c) and a second p53-dependent luciferase 
reporter21 (PIG3-luciferase, Supplementary Information, Fig.  S5a). 
Moreover, the mRNA levels of five bona fide p53 target genes (meas-
ured by quantitative reverse transcriptase PCR; qRT–PCR) were lower 
in TSPYL5- ST.HdhQ111 cells at 39 °C than in control cells (Fig. 3e). 
TSPYL5 also reduced p53 target gene mRNA levels in human fibroblasts 
with an activated p53 response owing to expression of a RASV12 onco-
gene (Fig. 3f). Importantly, the level of p53 mRNA was not affected by 
TSPYL5, supporting the hypothesis that suppression of p53 by TSPYL5 
is post-transcriptional (Fig. 3g). When the p53 reporter gene assays were 
repeated in the presence of the Nutlin‑3, we found that TSPYL5 still 
strongly inhibited PIG3-luciferase activity (Fig. 3d). As Nutlin‑3 is an 
inhibitor of MDM2, this result again suggests that the TSPYL5–USP7 
complex acts directly on p53 and not indirectly through an effect on 
MDM2. Consistent with this, TSPYL5 could strongly suppress the 
PIG3-luciferase reporter in cells in which MDM2 had been removed 
by RNAi (Supplementary Information, Fig. S5b). In addition, TSPYL5 
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Figure 3 TSPYL5 inhibits p53 transactivation and target gene transcription.  
(a) Cytosolic and nuclear fractionation of ST.HdhQ111 cells that were 
infected with retrovirus encoding Flag–TSPYL5, empty vector or p53 
shRNA at the restrictive temperature of 39 °C. (b) Western blot analysis 
of ST.HdhQ111 cells cultured at 32 °C or 39 °C. (c) CDKN1A-promoter 
luciferase assay in U2OS cells transfected with plasmid encoding TSPYL5 
or shRNA against GFP or p53 (mean ± s.d.; n = 3). (d) PIG3-luciferase 
reporter assay for p53 transactivation in U2OS cells transfected with plasmid 
encoding TSPYL5 after treatment with the indicated concentrations of 

Nutlin‑3 for 24 h (mean ± s.d.; n = 3). (e) qRT–PCR analysis of p53 target 
genes in ST.HdhQ111 cells, infected with empty vector, retrovirus encoding 
TSPYL5 or p53 shRNA, at 39 °C. Relative mRNA levels were normalized to 
β‑actin (mean ± s.d.; n = 3). (f, g) qRT–PCR analysis of p53 target genes (f) 
and p53 mRNA (g) in human BJ fibroblasts with an inducible RASV12-ER, 
after treatment with tamoxifen to activate RASV12. The cells were infected 
with retrovirus encoding Flag–TSPYL5, empty vector or p53 shRNA. Relative 
mRNA levels were normalized to β‑actin (mean ± s.d.; n = 3). Uncropped 
images of blots are shown in Supplementary Information, Fig. S6.

4 � nature cell biology  advance online publication  

© 2010 Macmillan Publishers Limited.  All rights reserved. 

 



L E T T E R S

repressed PIG3-luciferase induction by treatment of cells with cisplatin 
(Supplementary Information, Fig. S5c). Together, these data indicate that 
MDM2 is not required for the effects of TSPYL5 on p53.

To test the functional consequences of TSPYL5 overexpression, we used 
a TSPYL5 expression vector in several cellular assays in which the p53-
dependent effects on cell proliferation, senescence and transformation 
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have been well-characterized. In the ST.HdhQ111 cells, the temperature 
shift to 39 °C induced a p53-dependent senescence-like arrest19 (Fig. 4a, 
b). Stable expression of TSPYL5 in these cells allowed a bypass of the cell 
cycle arrest at 39 °C, and continued proliferation was observed. This effect 
of TSPYL5 on cell proliferation was shown both in clonogenic assays 
(Fig. 4a) and in cell proliferation assays (Fig. 4b). Next, we expressed 
TSPYL5 in BJ human diploid fibroblasts (HDF) that harboured an induc-
ible RASV12 oncogene (RASV12-ER)22. Activation of RASV12 by treatment 
of the cells with 4‑hydroxy-tamoxifen (OHT) triggered RASV12-induced 
senescence, which was effectively prevented by expression of TSPYL5 
(Fig. 4c, d). We also expressed TSPYL5 in TIG3/16i cells, which are HDF-
immortalized by hTERT and have a shRNA targeting CDKN2A23. Acute 
overexpression of RASV12 in TIG3/16i cells resulted in oncogene-induced 
senescence (OIS), but expression of TSPYL5 prevented this arrest (Fig. 4e). 
To further substantiate the effect of TSPYL5 on OIS, we used a BRAFV600E 
oncogenic allele to induce proliferation arrest in TIG3/16i fibroblasts. 
TSPYL5 was able to override the BRAFV600E-induced senescence and pre-
vented induction of senescence-associated beta-galactosidase expression 
in the cells (Fig. 4f). We confirmed that TSPYL5 was bound to USP7 
in TIG3/16i cells before and after the override of BRAFV600E -induced 
senescence (Supplementary Information, Fig.  S3a). We used human 
mammary epithelial cells (HMEC) to investigate if TSPYL5 could also 
prevent RASV12-induced senescence in breast epithelium-derived cells. In 
human mammary epithelial cells (HMECs) harbouring RASV12-ER24, we 
observed growth arrest and morphological senescence when cells were 
cultured in media containing tamoxifen. Also in these cells, TSPYL5 con-
ferred resistance to RASV12-induced senescence and allowed continued 
proliferation (Supplementary Information, Fig. S4b).

As a final assay, we assessed the oncogenic potential of TSPYL5. We 
took advantage of the finding that primary human fibroblasts can be 
transformed by the introduction of a combination of genetic elements: 
hTERT, SV40 small t antigen, RASV12, CDKN2A shRNA and p53 shRNA25. 
We generated primary human BJ fibroblasts expressing the first four 
genetic elements, and investigated whether TSPYL5 could replace p53 
shRNA in this assay. Expression of TSPYL5 allowed the cells to form 
colonies in soft agar, which is a hallmark of transformation, albeit with 
reduced efficiency when compared with cells expressing p53 shRNA  
(Fig. 4g). In summary, TSPYL5 can override senescence-like prolifera-
tion arrest and oncogene-induced senescence, as well as contribute to 
transformation, demonstrating that TSPYL5 can act as a negative regula-
tor of p53 function.

We identify here TSPYL5 as a novel protein that physically interacts 
with USP7 and suppresses p53. Functionally, TSPYL5 resembles the 
viral Epstein-Barr nuclear antigen 1 (EBNA1) protein, which also inter-
acts physically with USP7 to suppress p53 function by displacement of 
p53 from USP7 (refs 26, 27). Similarly to TSPYL5, EBNA1 binds to the 
N‑terminus of USP7, which is the domain of USP7 known to interact with 
p53 (refs 14, 26). Hence, TSPYL5 and EBNA1 share a common mecha-
nism of competitive binding to the USP7 N‑terminus to inactivate p53. 
That TSPYL5 phenocopies the effects of the EBNA1 viral oncoprotein 
is consistent with the oncogene-like activity of TSPYL5 described here. 
TSPYL5 is one of the genes in the 8q22 breast cancer amplicon, and we 
show that TSPYL5 is an independent poor prognosis marker in breast can-
cer. Consistent with this, mutation of p53 itself is also a predictor of poor 
prognosis in breast cancer28,29. Based on these observations, it might be 
predicted that there is an inverse correlation between TSPYL5 expression 

and TP53 mutation in breast cancer, as overexpression of TSPYL5 leads 
to functional TP53 inactivation in breast cancer. However, in the series of 
295 breast tumours we examined, no such correlation was found (data not 
shown). This may be explained by our finding that RNAi against TP53 in 
all assays is more efficient in inhibiting p53 than expression of TSPYL5 
(Figs 3 and 4 and Supplementary Information, Figs S4 and S5). Therefore, 
a continued selection pressure to mutate TP53 may persist in breast cancer 
cells, even in tumours with high TSPYL5 expression. Moreover, binding of 
TSPYL5 to USP7 may affect other proteins that are regulated by USP7. A 
recent study of Usp7 in vivo indicates that regulation of p53 is an impor-
tant, albeit not the only, function of Usp7 (ref. 30). Usp7-knockout mice die 
during early embryonic development between embryonic days E6.5 and 
E7.5, and Usp7-knockout embryos show p53 activation. However, con-
comitant deletion of p53 only partially rescues the developmental pheno-
type in Usp7-knockout embryos, as Usp7;p53 double knockout embryos 
are still embryonic lethal30. This result is also consistent with the notion 
that Usp7 has additional targets besides p53.

Finally, there may be an additional selective advantage of 8q22 
genomic gain in breast cancer, as this region also harbours metadherin 
(MTDH), a gene that mediates metastasis and chemoresistance3, and 
the genes LAPTM4B and YWHAZ, which contribute to chemotherapy 
resistance2. The presence of these genes in the same amplified region 
provides a plausible explanation for the higher risk of clinical progres-
sion associated with the presence of this amplicon.

METHODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/naturecellbiology/

Note: Supplementary Information is available on the Nature Cell Biology website
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Methods
Patient data and statistical analysis. Tumours from 295 women with primary 
invasive breast cancer were selected from the fresh-frozen tissue bank of the 
Netherlands Cancer Institute (NKI) and used for microarray analysis as described 
previously9. All microarray data and patient data can be downloaded at: http://
bioinformatics.nki.nl/data.php. Study design, patient selection, RNA isolation 
from tumour material, histopathological analyses, clinical annotation and clinical 
interpretation were as described9. TSPYL5 expression was qualified as the log2 
intensity ratio with respect to a standard pool of breast cancers. Cut-off deter-
mination was performed using a random split of the series into a training set 
and a validation set. Using the training set we determined the expression level 
of TSPYL5 that yielded the largest difference in survival between the TSPYL5high 
and TSPYL5low groups. To evaluate the prognostic value of TSPYL5 expression 
we performed univariate Kaplan–Meier analysis using the logrank test in the sta-
tistical programming language R, version 2.11.1 and the Bioconductor ‘Survival’ 
package31. P‑values < 0.05 were considered significant.

Plasmids, reagents and antibodies. TSPYL5 cDNA was generated by PCR from a 
human breast tumour cDNA pool and cloned, resulting in the plasmids pcDNA3.1-
TSPYL5 and pCR3-CMV-Flag–TSPYL5. The pBabePuro retroviral vector was 
modified to express N‑terminal tags for tandem affinity purification of TSPYL5. 
The biotinyl tag MASSLRQILDSQKMEWRSNAGGS32 was cloned into pBabePuro 
and three Flag tags were added to the BamHI site upstream of the biotinyl tag to 
generate the empty vector. TSPYL5 was cloned into the EcoRI site downstream 
of the tags, resulting in the pBabePuro-3  ×  Flag-Nbio–TSPYL5 retroviral plas-
mid. The BirA biotin ligase was cloned into MSCVneo. MCF7 cells were infected 
with both retroviruses and selected in puromycin and neomycin, and these cells 
were used for TSPYL5 protein purification. The Myc–USP7 construct was a gift 
from B. Burgering (Utrecht University, Netherlands). Plasmids encoding USP7 
domains were generated by PCR and cloned into the pEGFP vector. Flag–p53 
and Flag–MDM2 were generated by cloning the respective cDNAs into pCR3-
CMV-Flag. The siRNA pools specific to TSPYL5 and USP7 were purchased from 
Dharmacon. TSPYL5 siRNA target sequences were: 5ʹ-GUACUGAGCUACUU
AAACA-3ʹ, 5ʹ-GAUAAUCAACGAAGAAUUG-3ʹ, 5ʹ-GAAUAUGGGUGUGGU
CCUU-3ʹ and 5ʹ-CAGCUAGCAUCCUUUCUGA-3ʹ. USP7 siRNA target sequences 
were: 5ʹ-CUAAGGACCCUGCAAAUUA-3ʹ, 5ʹ-GUGGUUACGUUAUCAA
AUA-3ʹ, 5ʹ-UGACGUGUCUCUUGAUAAA-3ʹ and 5ʹ-GAAGGUACUUUAAG
AGAUC-3ʹ. The target sequence in the pRetroSuper‑p53 shRNA vector against 
human p53 was 5ʹ-GACTCCAGTGGTAATCTAC-3ʹ and against mouse p53 was 
5ʹ-GTACATGTGTAATAGCTCC-3ʹ. In the pRetroSuper-MDM2 shRNA vector the 
target sequence against MDM2 was 5ʹ-GATGATGAGGTATATCAAG-3ʹ. The pro-
teasome inhibitor MG132 (CBZ-LLL) and 4‑hydroxy-tamoxifen were obtained from 
Sigma and Nutlin‑3 was purchased from Cayman Chemical. MG132 was used at 10 
μM final concentration for 4–6 h. Antibodies against p53 (DO‑1; 1:1,000), p21CIP 
(F5; 1:1,000), GADD45A (H‑165; 1:1,000), Bax (N‑20; 1:1,000), Myc (9E10; 1:1,000), 
TSPYL5 (N‑15; 1:400), MDM2 (SMP14; 1:500), PCNA (PC10; 1:1,000), HSP90α/β  
(H‑114; 1:1,000) and α‑tubulin (TU‑02; 1:1,000) were from Santa Cruz Biotechnology. 
The USP7 antibody (1:4,000) was from Bethyl Laboratories, the p19ARF antibody 
(1:1,000) was from Abcam, the HA (16B12; 1:1,000) antibody was from Covance, the 
GFP antibody was from Invitrogen (1:1,000), the PARP antibody (46D11; 1:1,000) 
was from Cell Signaling, and the antibodies against Flag (M2) (1:4,000) and actin 
(1:4,000) were from Sigma.

Protein purification and mass spectrometry. MCF7 cells were lysed in lysis buffer 
(50 mM Tris at pH 7.5, 10% glycerol, 5 mM MgCl2, 75 mM NaCl, 0.2% NP‑40, 
protease inhibitor cocktail EDTA-free (Complete, Roche), 10 mM NaF, 0.2 mM 
Na3VO4, 2.5 mM sodium pyrophosphate and 2.5 mM sodium β‑glycerophosphate) 
for 30 min and the lysates were centrifuged and incubated with anti-Flag M2 
affinity gel (Sigma). The immunoprecipitates were washed with wash buffer 
(50 mM Tris at pH 7.5, 5 mM MgCl2, 75 mM NaCl, 0.1% NP‑40, protease inhibi-
tor cocktail EDTA-free (Complete, Roche), 10 mM NaF, 0.2 mM Na3VO4, 2.5 mM 
sodium pyrophosphate and 2.5 mM sodium β‑glycerophosphate) and eluted using 
160 ng μl–1 3 × Flag peptide (Sigma) in wash buffer. The eluates were incubated 
with streptavidin magnetic beads (NEB) and the precipitates were washed with 
wash buffer, eluted in Laemmli sample buffer and separated on Bis-Tris gradient 
gels (NuPAGE Novex, Invitrogen). The gels were stained with SimplyBlue Safe 
Stain (Invitrogen) and whole gel lanes were excised, sliced into smaller pieces and 

subjected to in-gel trypsinization followed by LC–MS/MS analysis.

Immunoprecipitation and western blotting. For immunoprecipitation, cells 
were lysed as described above for protein purification and the lysates were incu-
bated with anti-Flag M2 affinity gel (Sigma). After washing with wash buffer, the 
immunoprecipitates were separated on 9% SDS–PAGE (sodium dodecyl sulfate 
polyacrylamide gel electrophoresis) gels. Proteins were transferred to polyvinyli-
dine difluoride membranes (Immobilon P, Millipore) and the blots were probed 
with the indicated antibodies. Immunoprecipitations of p53 and USP7 were per-
formed using IP buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 0.1% NP‑40, 1 mM 
EDTA and a protease inhibitor cocktail; Complete, Roche). For western blotting, 
cells were lysed in Ripa buffer (50 mM Tris at pH 8.0, 150 mM NaCl, 1% NP‑40, 
0.5% deoxycholic acid, and 0.1% SDS) supplemented with protease inhibitors 
(Complete, Roche).

Cell culture and luciferase assays. All cells were cultured in DMEM (Dulbecco’s 
Modified Eagle Medium) supplemented with 10% fetal calf serum (FCS) and 
maintained at 37 °C, except for ST.HdhQ111 cells, which were maintained at 
32 °C or 39 ° C as indicated. ST.HdhQ111 cells are mouse neuronal cells that 
harbour a temperature-sensitive mutant of the SV40 Large T (LT) oncogene19. 
BJ‑RASV12-ER cells contained an MSCVBlast-RASV12-ER fusion construct that 
was activated by treatment of cells with 4‑hydroxy-tamoxifen (OHT)22. TIG3/16i 
fibroblasts were immortalized by expression of hTERT and contained a CDKN2A 
shRNA construct, as described23. BJ or TIG3/16i cells were infected with TSPYL5 
retrovirus and subsequently with MSCVBlast-RASV12 or MSCVBlast-BRAFV600E 
retrovirus and selected in blasticidin. HMEC cells harbouring RASV12-ER were 
cultured in serum-free MEGM medium (Lonza) and senescence was induced on 
treatment with tamoxifen24. Retroviral supernatants were generated by transfec-
tion of Phoenix packaging cells with retroviral plasmids.

For reporter assays, U2OS cells were transfected with 0.5 ��������������������μ�������������������g of reporter-luci-
ferase, 10 ng CMV-renilla and 3 μg of the indicated expression plasmids using 
calcium phosphate precipitation. The indicated ligands were added 48 h after 
transfection and assays were done 72 h after transfection. Normalized luciferase 
activities shown represent ratios (mean ± s.d. of triplicates) between firefly luci-
ferase values and renilla luciferase internal control values and were measured 
using the dual reporter luciferase assay system (Promega).

Quantitative RT–PCR. Total RNA was extracted using the Trizol reagent (Invitrogen) 
and 1 μg RNA was used to prepare first-strand cDNA using the SuperScriptII 
polymerase (Invitrogen). Quantitative real-time PCR reactions were performed 
using SYBR Green master mix (Applied Biosystems) in the 7500 Fast Real-Time 
PCR System (Applied Biosystems). Relative mRNA levels of each gene shown were 
normalized to the expression of the housekeeping genes GAPDH or β‑Actin.

List of the primers used for quantitative PCR: TSPYL5 fwd: 5ʹ-GCCCAGCTC
TGCTTTTACAC-3ʹ, TSPYL5 rev: 5ʹ-GCATCTCAAGCTTCTCCTGG-3ʹ; Actin B 
fwd: 5ʹ-CCTGGCACCCAGCACAA-3ʹ, Actin B rev: 5ʹ-GCCGATCCACACGGA
GTACT-3ʹ; GAPDH fwd: 5ʹ-AAGGTGAAGGTCGGAGTCAA-3ʹ, GAPDH 
rev:, 5ʹ-AATGAAGGGGTCATTGATGG-3ʹ; p53 fwd: 5ʹ-GCTTTCCAC
GACGGTGAC-3ʹ, p53 rev:, 5ʹ-GCTCGACGCTAGGATCTGAC-3ʹ; CDKN1A (p21) 
fwd: 5ʹ-TGCGTTCACAGGTGTTTCTG-3ʹ, CDKN1A (p21) rev: 5ʹ-GTCCACTGG
GCCGAAGAG-3ʹ; GADD45A fwd: 5ʹ-GAGAGCAGAAGACCGAAAGGA-3ʹ, 
GADD45A rev: 5ʹ-CACAACACCACGTTATCGGG-3 ;ʹ MDM2 fwd: 5ʹ-GGCAGGG
GAGAGTGATACAGA-3ʹ, MDM2 rev: 5ʹ-GAAGCCAATTCTCACGAAGGG-3ʹ. 
Mouse genes: Cdkn1A (p21) fwd: 5ʹ-CCTGGTGATGTCCGACCTG-3ʹ, Cdkn1A 
(p21) rev: 5ʹ-CCATGAGCGCATCGCAATC-3ʹ; Btg2 fwd: 5ʹ-ATGAGC
CACGGGAAGAGAAC-3ʹ, Btg2 rev: 5ʹ-GCCCTACTGAAAACCTTGAGTC-3ʹ; 
Bax fwd: 5ʹ-TGAAGACAGGGGCCTTTTTG-3ʹ, Bax rev: 5ʹ-AATTCGCCGGA
GACACTCG-3ʹ; Noxa fwd: 5ʹ-GCAGAGCTACCACCTGAGTTC-3ʹ, Noxa rev: 
5ʹ-CTTTTGCGACTTCCCAGGCA-3ʹ; Mdm2 fwd: 5ʹ-GGCAGGGGAGAGTG
ATACAGA-3ʹ, Mdm2 rev: 5ʹ-TCCAACGGACTTTAACAACTTCA-3ʹ; Actin B 
fwd: 5ʹ-GGCTGTATTCCCCTCCATCG-3ʹ, Actin B rev 5ʹ-CCAGTTGGTAACAA
TGCCATGT-3ʹ.

31.	Gentleman, R. C. et al. Bioconductor: open software development for computational 
biology and bioinformatics. Genome Biol. 5, R80 (2004).

32.	de Boer, E. et al. Efficient biotinylation and single-step purification of tagged transcrip-
tion factors in mammalian cells and transgenic mice. Proc. Natl Acad. Sci. USA 100, 
7480–7485 (2003).
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Figure S1 TSPYL5 expression in breast cancer molecular subtypes. Boxplot showing TSPYL5 expression in five molecular subtypes of breast cancer 
(N=295 patients)13.
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Figure S2 Identification of USP7 as a TSPYL5-interacting protein. Amino acid sequence of USP7 with the seven unique peptides identified by LC-MS/MS in 
TSPYL5-containing complexes highlighted in grey.

Epping et al., Supplementary Fig. 2 
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Figure S3 Interaction between TSPYL5 and USP7. a, Western blot analysis 
of TSPYL5 immunoprecipitates (IP) from TIG3/16i human fibroblasts (i) 
and TIG3/16i cells expressing BRAFV600E that had been rescued from 
oncogene-induced senescence by expression of TSPYL5 (ii), as shown in 
Fig. 4f. b, Lysates of 293 cells transfected with  GFP-USP7 (1-208) and 
either flag-p53 or flag-TSPYL5 were immunoprecipitated with anti-flag 
antibody and analysed by western blotting. Both p53 and TSPYL5 interacted 

with the N-terminus of USP7. c, 293 cells transfected with flag-p53, 
HA-ubiquitin and TSPYL5 or USP7 were analysed for ubiquitination after 
treatment with MG132 by immunoprecipitation using an anti-flag antibody 
and western blotting with an anti-HA antibody. d, MCF7 cells transfected 
with TSPYL5 siRNA were treated with Nutlin-3 for 24 hrs and the lysates 
were immunoblotted for MDM2. Uncropped images of blots are shown in 
Supplementary Information, Fig. S6. 
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Figure S4 Regulation of p53 levels by TSPYL5 is USP7-dependent. a, The 
effect of TSPYL5 on p53 levels in U2OS cells was tested in the presence of 
USP7 RNAi. The cells were treated with cisplatin (4 μg/ml) to stabilize p53 
prior to immunoblotting for p53, USP7, flag-TSPYL5 and HSP90. b, HMEC 
cells with stable expression of RASV12-ER were infected with empty vector 
(EV), flag-TSPYL5, or p53 shRNA (shp53) and cultured in the absence or 
presence of tamoxifen (OHT). c,  Western blot showing TSPYL5, p53 and 

USP7 levels in MCF7 cells transfected with four independent siRNAs against 
TSPYL5. d-f, MCF7 (d)  ZR75-1 (e) and HeLa (f) cells were transfected 
with TSPYL5 siRNA and treated with cisplatin (4 μg/ml) for 24 hrs prior to 
immunoblotting for p53. g, MCF7 cells were transfected with TSPYL5 siRNA 
and treated with cisplatin (10 μg/ml) for 16 hrs prior to immunoblotting for 
PARP (116 kDa) and cleaved PARP (89 kDa). Uncropped images of blots are 
shown in Supplementary Information, Fig. S6. 
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Figure 5 TSPYL5 inhibits p53-dependent transcriptional activation. PIG3-luciferase reporter assays for p53-mediated transactivation in U2OS cells 
transfected with CMV-TSPYL5 or shRNAs targeting GFP or p53 (a), or MDM2 shRNA (b), or after treatment with cisplatin for 24 hrs (c) (mean ± s.d.).

Epping et al., Supplementary Fig. 5 
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Figure S6 Full scans
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Figure S6 continued
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Figure S6 continued
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Figure S6 continued
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Figure S6 continued
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Figure S6 continued
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Figure S6 continued

© 2010 Macmillan Publishers Limited.  All rights reserved. 

 



s u p p l e m e n ta ry  i n f o r m at i o n

www.nature.com/naturecellbiology	 13

Figure S6 continued
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Figure S6 continued
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