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Abstract
Phosphatase and tensin homolog (PTEN), deleted on chromosome 10, is a potent tumor suppressor.
PTEN expression is reduced in advanced bladder cancer and reduction correlates with disease stage.
To gain insights into the function of PTEN in human bladder cancer by identifying its binding
partners, we developed a novel IPTG inducible PTEN expression system and evaluated this system
in the PTEN null UMUC-3 human bladder cancer xenograft model. In this model, induction of PTEN
in vivo resulted in reduced tumor growth. We used mass spectrometry to identify PTEN interaction
partners in these cells, which identified known interaction partners Major Vault Protein (MVP) and
Paxillin as well as a novel interaction partner, TRK Fused Gene (TFG). In conclusion, using a
biologically relevant model system to dissect PTEN tumor suppressor function in human bladder
cancer, we identified three molecules important for many cellular functions in complex with PTEN.
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INTRODUCTION
The potent tumor suppressor Phosphatase and Tensin Homolog Deleted on Chromosome 10
(PTEN) acts as a moderator of the Phosphoinositol 3 Kinase / AKT signaling cascade (PI3K/
AKT pathway) [1]. The relevance for PTEN in human bladder cancer has recently been
reported. When expression levels in the cytoplasm as well as in the nucleus were assessed,
53% of tumors showed a lower PTEN protein expression in one or both of the assessed cellular
compartments. This loss of expression was as high as 94% in patients with advanced tumor
stages. The same study also showed the importance of PTEN in tumor formation as urothelial
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specific PTEN suppression by a Cre-loxP system increased spontaneous as well as chemically
induced transitional cell carcinomas. In summary this study emphasizes the multifaceted role
PTEN plays in tumor formation and progression [2].

To date there have been few studies reporting on PTEN expression systems in bladder cancers
where the mechanism of action of PTEN can be studied at a physiologically relevant expression
level. To address this gap in the literature and further expand our knowledge of PTEN function,
we sought to develop a novel inducible PTEN system in human bladder cancer. Here a system
was created where PTEN expression is controlled by IPTG, in the human bladder cancer cell
line UMUC-3, enabling reconstitution studies of PTEN at low physiological protein expression
levels. This inducible system would prevent supra physiological expression of the transgene,
causing potentially erroneous experimental endpoints. We show this model has biological
significance by its effect on tumor xenograft establishment and growth in bladder cancer.
Further we demonstrate utility of this model in a pilot study by identifying both known and
novel PTEN interaction partners by a mass spectroscopy (MS) based approach.

MATERIALS AND METHODS
Recombinant DNA techniques

PTEN Inducible system—Humanized LacI and the inducible SV40 promoter have been
described elsewhere [3]. The LacI cDNA was cloned into pIRESpuro2 (Clonetech, Mountain
View, CA, USA) at the Eco RI site. The CMV promoter in pcDNA3.1zeo (Invitrogen,
Carlsbad, CA, USA) was cut out with Nhe I and Nru I and substituted with the LacI suppressed
SV40 promoter. PTEN with a C-terminal hemagglutinin (HA) tag [4] was cloned at the Eco
RI site in this vector.

Cloning Putative PTEN binding partners—All tested proteins were cloned by RT-PCR
with primers provided in Supplementary Data Section and subsequently inserted in
pENTRdTOPO. The Gateway rfb-cloning cassette was put into pIRESpuro3 vector at the Bst
BI site, enabling it to accept constructs from pENTRdTOPO by recombination according to
manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). Furthermore, a 3xFLAG tag was
inserted between Eco RI and Bam HI, such that a C-terminal 3xFLAG fusion protein is created
after recombination. Clones were sequenced with the M13 forward (-20) and M13 reverse
primers.

Cell culture and transfection, Western Blots, In vitro and in vivo bladder cancer cell growth
and Statistical Analysis procedures

These approaches and procedures are standard and have been described in detail in
Supplementary Data Section

Immunoprecipitations and Mass Spectrometry (MS) analysis
18μg of DNA and 56μl FuGene was used to transfect a 70% confluent 150mm plate and
incubated for 48 hours with 1mM IPTG before harvested in 500μl lysis buffer (see above)
including protein and phosphatase inhibitors (Sigma, St. Louis, MO, USA)). The lysates were
incubated for 2 hours with covalently conjugated anti-HA agarose beads (Sigma, St. Louis,
MO, USA) and washed in lysis buffer four times. For MVP control precipitations covalently
linked ProteinG sepharose or IgG-linked agarose nonspecific control, was utilized. LRP56
mouse monoclonal antibody was used for precipitating endogenous MVP (Abcam, Cambridge,
MA, USA). For MS analysis, co-precipitated proteins were eluted with 500mM LiCl for 30
minutes at 4°C. MS/MS analysis was performed using a Finnigan LCQ Deca ion trap mass
spectrometer (ThermoElectron, San Jose, CA) as previously described [5], with the following
changes. The samples were reduced with DTT at 52°C for one hour and then alkylated with
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iodoacetamide for 1 hour at room temperature in the dark. A subsequent trypsin digest was
performed in ammonium bicarbonate buffer (100 mM pH 8-8.5) prior to analysis.

RESULTS
IPTG induces PTEN protein expression at physiological levels and alters AKT
phosphorylation

To facilitate biologically relevant PTEN binding partner discovery, an inducible expression
system was constructed (Figure 1A) in the PTEN null human bladder cancer cell line UMUC-3.
PTEN-HA fusion protein was expressed under the control of an IPTG inducible SV40 promoter
and single cell clones were created through limiting dilutions. These were screened for PTEN-
HA induction by western blot analysis (Figure 1B). Maximum induction was reached at 1mM
IPTG and further increased concentration did not lead to higher PTEN-HA expression (Figure
1C).

The downstream effects of PTEN induction was evaluated by incubating the cells for 24 hours
in complete media with 1mM IPTG, and transferred to serum free media for 24 hours before
harvest. The phosphorylation levels of AKT308T was compared between parental and PTEN
induced cells. AKT phosphorylation was reduced after PTEN induction in cells expressing
PTEN-HA, but not in LacI parental cells, indicating that IPTG in itself has no effect on the
PI3K / AKT pathway and that PTEN-HA is functional in UMUC-3. Further, serum withdrawal
has no effect on AKT phosphorylation levels if PTEN is not expressed (Figure 1D). Clones
with both low baseline PTEN-HA expression and high PTEN expression with IPTG induction,
were selected for further investigation.

IPTG induced PTEN expression does not suppress in vitro cell growth but is sufficient for
xenograft tumor suppression

Clone 42, met the criteria outlined above and was named UM42wt. We further evaluated this
clone for in vitro and in vivo consequences of PTEN reconstitution. Clonal cell lines shown
in Figure 1B were analyzed for proliferation rate after PTEN induction in 10 % and 2 % serum.
No growth retardation was observed after IPTG induction in any of the analyzed cell lines (data
not shown). Data for UM42wt and LacI parental is shown in Figure 2A. To evaluate whether
PTEN re-expression would be associated with a biologically relevant vivo phenotype, UM42wt
cells were injected subcutaneously in nude mice after overnight induction by 1mM IPTG
(Figure 2B). As seen in Figure 2C, all tumor-bearing mice without PTEN induction had
rapidly increasing tumor burdens. One mouse in IPTG fed animals also showed rapid tumor
growth, whereas two mice showed a slower increase. In addition, two IPTG fed mice showed
tumors initially, which later became not palpable. These two mice were not given more IPTG
after day 60, and kept for an additional 180 days, without any signs of tumor reoccurrence (data
not shown). The difference in tumor growth in vivo between the first and second group,
receiving water alone or water with 10mM IPTG, respectively, is statistically significant (p-
value=0.01). From these data, we conclude that the described LacI/IPTG controlled PTEN
inducible system in UM42wt is sufficient for suppression of AKT phosphorylation in vitro and
tumor suppression in vivo and thus constitutes an excellent system for the discovery of
functionally important PTEN binding partners.

Mass Spectroscopy reveals a large number of potential binding partners
To identify new interaction partners to the tumor suppressor PTEN, we induced PTEN-HA
expression in UM42wt and immunoprecipitated PTEN-HA. Although a small amount of PTEN
was eluted by this method, coprecipitated proteins were readily eluted as shown in Figure 3.
Cells not expressing PTEN (LacI parental) were used as negative controls for the
immunoprecipitation, and eluates from these HAdirected precipitates were also analyzed by
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mass spectroscopy. Four separate PTEN-HA precipitations were analyzed, as well as two
negative pull downs from LacI parental cells. A list of over 400 proteins was generated and
prioritized for further investigation as described in Supplementary Data Section.

The most predominant protein identified of these 21 was the Major Vault Protein (MVP). There
were 34 peptides identified in three of the four precipitations, where 12 were separate peptides,
covering 20% of the protein (Figure 4A). It is evident from these data that the use of negative
control experiments and the generation of independent datasets are of high value to prioritize
the large number of proteins that are identified by the mass spectroscopy technique, and that
manual verification of this data is also of utmost importance.

Three interaction partners are verified by immunoprecipitations
The 21 potential interaction partners shown in Table 1 (Supplementary Data Section) were
selected for further analysis and fourteen were successfully cloned and FLAG-tagged as
described in the Materials and Methods section (Table 2, Supplementary Data Section). Briefly,
primers were designed to the 21 target cDNAs, and used in RT-PCR reactions utilizing cDNA
from UMUC-3 cells. 17 of these PCR reactions produced a product at the right size. Primers
that had not produced a PCR product after the third attempt were excluded from subsequent
analysis. These PCR products were cloned into pENTR vector and sequenced. Fourteen clones
were verified in this manner as the correctly cloned cDNA (Table 2, Supplementary Data
Section). When three independent clones from a RT-PCR reaction had failed to produce the
correct insert, they were excluded from the study. Immunoprecipitations with anti-HA
antibodies were made from UM42wt cells transiently transfected with expression clones of the
potential interaction partners as well as cells not expressing PTEN-HA as a negative control.
FLAG expression in these precipitations was detected by western blotting.

Out of the fourteen cloned interaction partners two did not express any protein detectable under
western conditions (HNRPH3 and C1QBP) utilizing the anti FLAG antibody. Another five
candidates (SFRS1; CFL1; G3BP; SYNCRIP; NPM and TUBB2C) exhibited significant pull
downs in cells lacking PTEN expression, indicating that they were false positive candidates.
Three candidates (EWS, TNRC6B and ACTG2) were not detected in the HA-PTEN pulldowns
and the results from the Mass Spectometry detections could hence not be confirmed. Three
proteins, the major vault protein (MVP) (Figure 4B) TRK-fused gene (TFG) (Figure 4C) and
Paxillin (PXN) (Figure 4D) were not detected in the negative control blot and were detected
in the pulldowns where PTEN were present and were hence confirmed as real direct or indirect
interaction partners to PTEN.

To further verify these interactions reciprocal precipitations with FLAG were also performed
for these 3 proteins and HA detected. MVP-FLAG was the only interaction partner that pulled
down PTEN-HA in detectable levels (Figure 4E). We also investigated whether endogenous
levels of MVP expression were enough to detect in PTEN pulldowns. To verify that MVP was
detected in the PTEN-HA pull-down due to a specific (although not necessarily direct)
interaction with PTEN we also included a control antibody precipitation. In this experiment,
the endogenous MVP was detected only in cells expressing PTEN-HA, and not in cells that
were negative for PTEN, showing that PTEN-HA expression is necessary for the MVP pull
down to occur, but the FLAG tag is not, indicating that the interaction is specific (Figure
4E) We conclude from these experiments that PTEN and MVP are part of the same protein
complex in UM42wt cells and that our screen for interaction partners indeed identified
verifiable candidates.
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DISCUSSION
The study of tumor suppressors is complicated by the fact that their exogenous introduction in
a cancer cell population in vitro is susceptible for the direct selection against transfected cells
by the very nature of the gene product. One way of circumventing this problem is to utilize an
inducible system regulating the expression of the transgene. Here we modified the inducible
SV40 / humanized LacI system previously developed for transgenic mouse models [3]. The
system has advantages for this application such as low background expression, high
inducibility above background and an inexpensive inducing agent that is amenable to both in
vitro and in vivo use. In addition to the data presented, comparison of PTEN expression in
IPTG treated UM42wt cells to that in five normal human urothelium samples by total protein
concentration normalized western blotting, indicated that PTEN expression in UM42wt was
within the same range as in the human samples (Herlevsen and Theodorescu, unpublished
data). By inducing PTEN in UMUC-3 cells we show a reduced basal level of AKT
phosphorylation at Threonine308. This reduction in AKT phosphorylation is presumed to
translate to a significant reduction in AKT activity that is reflected by decreased tumorigenicity
of the UM42wt clone.

Studies have previously revealed several PTEN protein interaction partners. For instance, the
MAGI2 and MAGI3 multi PDZ-containing membrane localized proteins, with suggested
scaffold properties [6;7]. PTEN contains a PDZ-binding domain at its Carboxy-terminal end,
and the regulation of PTEN is thought to be dependent on phosphorylation near these sites
[8;9]. Therefore the study of interaction partners has the potential to shed light on the regulation
of PTEN activity. Through immunoprecipitations and subsequent MS analysis of the eluates
from PTEN precipitations a panel of putative PTEN interaction partners was identified. One
of the proteins identified in our screen was MVP, the major constituent of the vault complex
which is the largest known ribonuclear complex. MVP constitutes about 70% of the molecular
mass of the vault structure [10] and the structural integrity of vaults is dependent on MVP
expression. Clinical observations suggest the importance of MVP in the intrinsic drug
resistance phenotype [11]. Most importantly, MVP expression is in many cases a significant
and independent predictor of drug response [11]. While no direct function for MVP has been
described, reports suggest nuclear translocation of target proteins such as PTEN [12], nuclear
exclusion of chemotherapeutic drugs [13] and as a scaffold protein downstream of the EGFR
[14]. The PTEN / MVP interaction has been previously observed in a yeast two hybrid system,
and co-immunoprecipitations have been performed in human cancer cells [12].

Paxillin is a phosphoprotein with multiple protein interaction domains and a well documented
role in integrin based cellular adhesion and migration [15]. Paxillin has previously been
detected in PTEN pulldowns [16]. However, it is not clear whether this interaction is due to a
simultaneous interaction of PTEN and Paxillin with the Focal Adhesion Kinase (FAK), or
whether the molecules interact directly with each other. Interestingly, FAK was not detected
in our studies (Table 1, Supplementary Data Section). Phosphoinositol lipids have a central
and well documented role in cell migration, and PTEN as a regulator of these intermediate
signaling molecules has a central role in this process [17]. However the proposed role of PTEN
as a protein phosphatase to FAK also has profound implications and relevance to cell migration
and adhesion [18]. Taken together, the possibility that Paxillin and PTEN are part of the same
molecular complex seems reasonable. Further studies would be needed to characterize the
nature of such complexes.

No less than four proteins in the final gene set are proteins that are known to recombine in
human tumors and form oncogenic chimeras. The EWS, FUS NPM and TFG genes share the
common characteristic of having very low complexity regions. Such proteins could therefore
be prone to give false positive results in precipitation assays such as those presented here. It is
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therefore interesting and intriguing that one of these proteins, TRK-fused gene (TFG), did not
show any co-precipitation with the HA antibody in cells that did not express PTEN-HA, and
was one of the three molecules that were confirmed as PTEN protein interaction partners in
our study. To our knowledge this interaction is novel. As a consequence of its role in
carcinogenesis as a chimera with predominantly TRK or ALK kinases [19] the gene has been
predominantly studied as a chimera with these proteins. Initially TFG has been shown to
interact with SH3 domains of Src, PLCgamma, and the p85 phosphatidylinositol 3-kinase
subunit in Xenopus laevis [20]. TFG has recently been reported to interact with several proteins
in human cell lines, such as SHP-1, TANK and NEMO and is suggested to function in the
NFkappaB pathway [21]. It will be interesting to explore the presence and potential role for
PTEN in such complexes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Development of the PTEN inducible bladder cancer cell system
A) A novel PTEN inducible vector system was created by cloning the humanized LacI
suppressor gene in the mammalian bicistronic expression vector pIRESpuro2. A SV40
promoter with a short lac operator sequence was inserted in pcDNA3.1zeo to control the
expression of PTEN-HA. Expression of LacI suppresses expression of PTEN, which can be
induced by incubation with 1mM IPTG. B) Western blot showing PTEN-HA expression of a
representative subset of clones utilizing HA.11 mouse monoclonal antibody at the indicated
IPTG concentrations (mM). C) Western blotting of clone 42 showing the range of expression
after overnight incubation with indicated concentrations of IPTG (μM). D) Western blot of
clone 42 showing downstream PTEN signaling effect. PTEN-HA inducible cells, or Lac I
parental, were induced with IPTG for 48 hours.
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Figure 2.
Biochemical and in vivo functional validation of the PTEN inducible bladder cancer cell system
A) In vitro growth curves. DNA was measured as surrogate measure of cell numbers, each data
point represents the average of two wells measured in duplicates, and error bars are standard
deviations of these four measurements. Similar data was observed in two separate experiments.
A.U.: arbitrary fluorescent units from CyQuant analysis. B) Western blot showing the induction
of PTEN-HA at the time of injection. Tubulin (Tub) shown to indicate equal loading. C) Tumor
burden per mouse expressed as tumor volume. Ten mice divided into two groups were injected
with non-treated UM42wt cells (control, dashed lines) or IPTG treated UM42wt cells that
expressed high levels of PTEN-HA at the time of injection (data not shown). The mice receiving
the IPTG treated cells (IPTG treated, solid lines) were given 10mM IPTG in their drinking
water throughout the duration of the experiment.
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Figure 3.
Total protein and HA-western blotting on HA immunoprecipitations and elutions for mass
spectrometric analysis
A) SyproRuby stained gel. Precipitations were performed with HA-antibodies covalently
linked to Sepharose beads. The whole cell lysate (WCL) is compared before and after IP. The
beads were washed four times after incubation in the WCL, and eluted as described. After
elutions the beads were boiled in SDS loading buffer and loaded for comparison. B) Western
blot with HA-antibodies. The heavy and light chains from the precipitating antibodies are
indicated with HC and LC respectively.
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Figure 4.
Mass spectrometric identification of Major Vault Protein (MVP), Paxillin (PXN) and TRK-
fused gene (TFG) as PTEN binding partners
A) The amino acid sequence of MVP is aligned with the different peptides (red lines) identified
in the MS-based screen for PTEN interacting proteins. 12 distinct peptides, with 100%
homology to MVP primary amino acid sequence were found, covering 20.2% of the protein.
B) Western blot showing HA and FLAG immunoprecipitation results. UM42wt cells were
transfected with MVP-FLAG fusion protein, induced with 1mM IPTG to express PTEN for
48 hours, and subjected to immunoprecipitations with antibodies against the HA and FLAG
tags. A partial clearance of HA and FLAG tagged proteins were observed after comparing the
whole cell lysates (WCL) with the supernatant after immunoprecipitation (WAI). PTEN-HA
was detected in the MVP-FLAG precipitation, and MVP-FLAG was detected in the PTEN-
HA precipitations. (-) indicates empty lanes. C and D) Precipitations as described in B)
transfected with indicated constructs. E) Cells were induced with 1mM IPTG for 48 hours prior
to harvest, and precipitated with anti HA, anti MVP or nonspecific mouse IgG antibodies.
Precipitates were western blotted against the MVP protein.
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