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inhibitor, MG132 (10 pmol/L). Proteasomal inhibition results
in an increase of the 3 unstable mutants, K62R, M3M4 and
C136R, but not of the stable PTEN-mutant K125E and WT
PTEN (Fig. 2C and D). We then repeated the same experiment
in a breast cancer cell line, MCF-7. Similar to HEK-293 cells,
inhibition of proteasome by MG-132 results in elevated PTEN
protein levels only in cells expressing unstable mutants (K62R,
M3M4, and C136R) (Supplementary Fig. S1). Our results sug-
gest that certain missense PTEN mutants are degraded by the
proteasomal pathway.

Cells expressing missense PTEN mutants have elevated
proteasome activity in vitro

As we found different mutations leading to different PTEN
protein stability, we next sought to determine whether cells
expressing mutant PTEN with impaired protein stability would
have elevated proteasome activity, as we already detected in
PHTS-patient-derived lymphoblasts. Proteasome activity was
measured in MCF-7 and HEK-293 cells expressing various

PTEN mutations (Fig. 2E-G). Increased proteasome activity
was detected in both MCF-7 and HEK-293 cell lines expressing
PTEN-M3M4 and PTEN-C136R, which are unstable PTEN
mutants. In contrast, cells expressing PTEN-K62R and
PTEN-K125E showed similar proteasome activity with the WT
control, although PTEN-K62R is also an unstable PTEN mutant
(Fig. 2E and F).

Subcellular distribution of proteasome activity in cells
expressing PTEN variants

Several mutations in PTEN have been shown to cause
mislocalization (17-19). The relatively normal proteasome
activity in cells expressing the unstable PTEN-K62R mutants
prompted us to investigate proteasome activity at the subcel-
lular levels. Using confocal immunofluorescence microscopy,
we were able to define subcellular localization of the PTEN
mutants in MCF-7 cells. Both PTEN-K62R and PTEN-K125E are
predominantly nuclear localized, whereas PTEN-M3M4,
PTEN-C136R, and WT are predominantly cytosolic (Fig. 3A).

Figure 3. Subcellular distribution
of proteasome activity in cells
expressing PTEN variants. A,
confocal microscope analyses of
MCF-7 cells transfected with
FLAG-tagged WT or missense
mutant PTEN (M3M4, K62R,
C136R, and K125E). The
subcellular localization and
stability of the analyzed PTEN
mutants was labeled. B and C,
MCF-7 (B) and HEK-293 (C) cells
were fractionated. The cytosolic
(left) and nuclear (right) fractions
were analyzed for proteasome
activity, respectively. Columns,
mean from 3 experiments; bars,
SD. *, P < 0.05 versus PTEN-WT
control. The degree of fractionation
is shown in Supplementary Fig. S2.
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As nuclear proteasome activity accounts for a minimal
proportion of total activity (20), it is possible that activity
elicited by PTEN-K62R was too insignificant to create an
observable change in the whole cell readout. To directly
analyze proteasome activity in cytosolic and nuclear compart-
ments, we performed subcellular fractionation and measured
proteasome activity in both fractions. MCF-7 and HEK-293
cells overexpressing PTEN-M3M4 and PTEN-C136R showed
significantly increased proteasome activity only in the cytosol
but not in the nucleus. In contrast, overexpression of PTEN-
K62R led to significantly increased proteasome activity only in
the nucleus but not in the cytosol (Fig. 3B and C and Supple-
mentary Fig. S2).

Elevated proteasome activity in mice expressing mutant
Pten

To further show that PTEN-M3M4 is associated with
increased proteasome activity in vivo, we measured the activity
of the 20S proteasome in a Pter™™* knock-in murine model.
Heterozygous (Pten’””™?) mice express the Pten-M3M4
protein monoallelically. In comparison with WT littermate
controls, the 20S proteasome activity was increased by ap-
proximately 40% in the megencephalic brain tissues of the
heterozygous mice (Fig 4A). These observations prompted us
to further examine whether the ubiquitin levels were also
upregulated in Pren""""*M? heterozygous mice. Ubiquitin pro-
tein levels were compared in brain tissues pooled from two
Pten”""M3M heterozygous mice or from two Pren””"" litter-
mate controls. Strikingly, the megencephalic brains from the
Pien""M3M heterozygous mice showed significantly increased
ubiquitin abundance when compared with normocephalic
brains from WT controls (Fig. 4B, top). Decreased Pten levels,
together with elevated ubiquitinated PTEN levels, were also
confirmed in the brain tissues of the Pten""""*"* heterozygous
mice compared with those of the WT control littermates (Fig.
4B, middle and Fig. 4C). Thus, these data confirm our hypoth-
esis that proteasome activity can be elevated in MCF-7 cells,

HEK-293 cells, and in a mouse model that express PTEN
carrying specific mutations.

Nonsense mutations in PTEN affect protein stability and
proteasome activity

To study the effect of nonsense mutations on PTEN protein
stability and proteasome activity, we introduced the 2 most
common PHTS-related PTEN nonsense mutations (R233X and
R335X) into MCF-7 and HEK-293 cells. Western blot data from
both cell lines showed low to no observable PTEN-R233X and
R335X proteins in contrast to PTEN-WT (Fig. 5A and B, lanes 3
and 5). We next asked whether proteasomal degradation also
plays a role in the degradation of nonsense-mutant PTEN.
We compared protein levels by Western blot analysis after
transient transfection of FLAG-tagged PTEN-WT or PTEN-
R233X or -R335X into MCF-7 and HEK293 cells, in the presence
of proteasome inhibitor. Surprisingly, there was a significantly
increased amount of truncated protein following proteasome
inhibitor treatment in comparison with untreated cells (Fig. 5A
and B, lanes 4 and 6). Thus, these 2 nonsense PTEN mutants
may undergo some proteasome degradation, at least in vitro.

To confirm our observations in PHTS, we analyzed protea-
some activity in both cell lines to determine whether the
instability was associated with proteasome hypersensitivity.
Similar to our in vivo data, proteasome activity was inversely
correlated with protein levels and was significantly elevated in
comparison to the WT control (Fig. 5C and D). Such data
further validates our hypothesis that proteasome hyperactivity
is, in part, due to PTEN protein instability.

Both the intact protein phosphatase activity and the
steady-state of PTEN determine PTEN's inhibitory effect
on proteasome activity

The activated proteasome in PHTS-derived cells and animal
model prompted us to investigate the mechanism(s) by
which PTEN mutations lead to proteasome hyperactivity.
PTEN has both lipid and protein phosphatase activity
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Figure 4. Heterozygous Pten™®™ knock-in mice have hyperactive proteasomes and increased protein ubiquitination. A, protein was extracted from brain

tissues of PtenV" " and Pten™3M¥/WT

*, P < 0.05. B, elevated levels of ubiquitinated proteins and decreased Pten protein levels in Pten

male littermates (n = 2). Proteasome activity was quantified and expressed relative to that of the Pten"/™"T,

MSMAWT mouse brain tissues. C, elevated ubiquitination

of the Pten M3M4 mutant in the brain. The same brain tissues used in B were extracted to get whole-cell lysates and were then immunoprecipitated
with an anti-ubiquitin antibody and then immunoblotted with an antibody to PTEN.
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(21, 22). The lipid phosphatase activity of PTEN has been
shown to downregulate the phosphatidylinositol-3-kinase
(PI3K)/AKT pathway, whereas the protein phosphatase
activity of PTEN has been shown to regulate various cell
proliferation pathways, such as the mitogen activated pro-
tein kinase-ERK (MAPK/ERK) pathway (22). We hypothesize
that PTEN mutations may lead to upregulated proteasome
activity through 2 possible mechanisms. First, mutations
lead to loss of PTEN phosphatase activity and subsequent
activation of the PI3K/AKT and the MAPK/ERK pathways.
This may increase proteasome activity in cells harboring
such mutations. Second, mutations leading to misfolded
PTEN protein further induce proteotoxic stress. This will
also activate proteasomes. To answer this question unam-
biguously, FLAG epitope-tagged PTEN or empty vector were
expressed in MCF-7 cells. Proteasome activity assays show
that cells expressing WT PTEN had an 18% decrease of
proteasome activity when compared to cells expressing the
empty vector (P < 0.01; Fig. 6A, left). Western blot analysis
reveals PTEN suppressing both PI3K/AKT and MAPK/ERK
pathways (Fig. 6A, right).

Next, we investigated the effects of the PISK/AKT and
MAPK/ERK signaling pathways on proteasome activity. We
first treated MCF-7 cells with the AKT inhibitor, perifosine (23).
Although perifosine can significantly decrease P-AKT, it clearly
had no obvious effect on proteasome activity (Fig. 6B). Sim-
ilarly, transfection of the active AKT1 (MyrAKT, i.e., AKT1 fused
with an N-terminal myristoylation signal sequence) failed to
change proteasome activity (Fig. 6C). Surprisingly, when MCF-
7 cells were treated with the MAPK/ERK inhibitor-PD98059,
proteasome activity was suppressed in a dose-dependent
manner (13% decrease at 5 umol/L; *, P < 0.05; 27% decrease
at 10 pmol/L; **, P<0.01. Fig. 6D). This also mimicked the effect
of PTEN-WT transfection in the same cell line. Thus, it is the
protein, but not the lipid, phosphatase activity of PTEN that

contributes, at least in part, to the inhibitory effect of PTEN on
proteasome activity.

We further investigated the impairment of the lipid and
protein phosphatase activity of PTEN by different mutations.
By using P-AKT as a surrogate of the PI3K pathway, we showed
impaired lipid phosphatase activity in PTEN-K125E, C136R,
M3M4, R233X and R335X. Similarly, by using P-ERK as a
surrogate of the MAPK/ERK pathway, we found impaired
protein phosphatase activity in PTEN-C136R, M3M4, R233X
and R335X (Fig. 6E). Interestingly, all the 4 PTEN mutants that
have impaired protein phosphatase activity (C136R, M3M4,
R233X and R335X) were associated with increased proteasome
activity (see Fig. 1D, Fig. 2E and F).

Discussion

In the present study, we found increased proteasome activity
in lymphoblast cells from PHTS patients and in cell lines
expressing germline or somatic PTEN nonsense and missense
mutations. The instability of both the nonsense and mis-
sense PTEN mutants can be rescued by blocking proteasome
activity through a proteasome inhibitor, MG-132, whose
clinical analog, bortezomib has already been used to treat
patients with multiple myeloma (24) or patients with mantle
cell lymphoma (25). In addition, our study revealed that
certain PTEN missense or nonsense mutations that affect
proper PTEN folding and/or protein phosphatase activity
are associated with elevated proteasome activity in PHTS
patient-derived cells and in breast cancer cells. Taken
together, we propose that there are 2 mechanisms for
gain-of-function proteasomic activity by PTEN mutations.
PTEN mutations that impair the protein phosphatase activ-
ity will effect enhanced proteasome activity through uncon-
trolled MAPK/ERK pathway, whereas PTEN mutations that
impair PTEN protein stability will activate proteotoxic stress
and induce proteasome activity. Those 2 effects can be
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Figure 6. Both intact protein phosphatase activity and the steady-state of PTEN determine PTEN's inhibitory effect on proteasome activity.

A, expression of PTEN suppresses proteasome activity and inhibits the PI3K/AKT and MAPK pathways. MCF-7 cells were transfected with PTEN or
the empty vector. Cells were harvested after 24 hours for proteasome activity (left) and Western blot analysis (right). B, inhibition of the AKT pathway
does not significantly alter proteasome activity. MCF-7 cells were treated with the AKT inhibitor, perifosine (0, 5, and 10 umol/L), for 24 hours. Cells
were then harvested for proteasome activity assay (left) and Western blot analysis (right). C, expression of constitutively active AKT1 (MyrAKT)
does not alter proteasome activity. Proteasome activity of MCF-7 cells expressing MyrAKT or a control vector (left) for 24 hours. Western blot
analysis for basal levels of AKT and P-Akt in MCF-7 cells expression of MyrAKT or a control vector (right). D, inhibition of the MAPK pathway
significantly decreases proteasome activity. MCF-7 cells were treated with a mitogen-activated protein kinase (MAPK) inhibitor, PD98059 (0, 5, and
10 umol/L), for 24 hours. Cells were then harvested for proteasome activity assay (left) and Western blot analysis (right). E, PTEN mutations lead
to changes in PTEN stability and the PISK/AKT, MAPK/ERK signaling pathways. MCF-7 cells were transiently transfected with FLAG-tagged
WT or mutant PTEN (left). Cells were then harvested after 24 hours for FLAG-PTEN, P-AKT, and P-ERK by Western blotting. Normalization of
FLAG-PTEN, P-AKT, and P-ERK of cells expressing mutant PTEN to those of cells expressing PTEN-WT (right). The expression of each

protein was normalized to the GAPDH control, and the relative protein levels were normalized to those of the WT control. F, model of the
mechanisms through which mutant PTEN enhances proteasome activity. PTEN mutations that impair the protein phosphatase activity of

PTEN will have enhanced proteasome activity through uncontrolled upregulation of the MAPK/ERK pathway, whereas PTEN mutations

that impair the stability will activate the proteotoxic stress pathway and induce proteasome activity. Those 2 effects can be additive if mutations
have both defects.
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additive in mutations that have both defects. The detailed
mechanisms have been illustrated in Fig. 6F.

PTEN is a 403-amino acid protein with 2 major functional
domains: an N-terminal domain encompassing exons 1-6 and
a C-terminal domain encompassing exons 6-9 (26). According
to The Human Gene Mutation Database (www.hgmd.cf.ac.uk/),
approximately 50% of PTEN mutations are missense or non-
sense mutations. Thus, understanding the pathogenic effects
of PTEN missense/nonsense mutations will benefit patients
who harbor such mutations. Here, we show that 3 missense
mutations (K62R, M3M4, C136R) and 2 common nonsense
mutations (R233X, R335X) exhibit enhanced proteasomal deg-
radation of PTEN providing a mechanism for their impaired
protein stability. Such quantitative loss of PTEN results in the
functional insufficiency of protein function. Compared with
missense PTEN mutations, the 2 common nonsense mutations
are highly unstable, as PTEN protein cannot be detected if
proteasomal activity is not inhibited. This may suggest the
proteasomal degradation of missense mutant PTEN is incom-
plete whereas the degradation of nonsense mutant PTEN is
complete. An alternative explanation might be that the mis-
sense mutants studied here are subject to proteasomal deg-
radation secondary to misfolding, whereas these 2 common
nonsense mutations result in protein, which undergoes both
nonsense-mediated decay (C. Eng, unpublished observations)
and proteasomal degradation.

We additionally show that PHTS patients with certain
PTEN nonsense or missense mutations have highly activated
proteasomes in their derived lymphoblast cells. Moreover,
MCF-7 breast cancer cells and HEK-293 cells expressing
these missense mutant PTEN (PTEN-M3M4, C136R) and
nonsense mutant PTEN (PTEN-R233X and PTEN-R335X)
proteins, all showed increased proteasome activity com-
pared to the same cell lines expressing the PTEN-WT
control. We believe that our results here identify a potential
intrinsic link between presumably misfolded mutant PTEN
and the elevated proteasome activity. Interestingly, patients
with PHTS with destabilizing PTEN mutations and protea-
some hyperactivity are more susceptible to develop neuro-
logic symptoms such as mental retardation and autism than
patients with normal proteasome activities. In addition to
PHTS, PTEN is mutated in patients with autism spectrum
disorders (ASD). Rodriguez-Escudero and colleagues iden-
tified distinctive functional patterns among PTEN mutations
found in tumors and in the germline of patients with PHTS
and ASD. They revealed that ASD-associated hereditary
PTEN mutations did not substantially abrogate PTEN activ-
ity in vivo, whereas most of PHTS-associated mutations did
(27). By studying neurologic symptoms in patients with
PHTS, our results do suggest that PTEN stability and sub-
sequent proteasome activity may be another factor that
influences neurologic phenotypes in PHTS.

Missense mutations may affect not only protein instability
but intracellular localization. Our studies have revealed that
localization of mutant PTEN contributes to total and subcel-
lular proteasome activity. PTEN is predominantly localized in
the cytosol. Cells overexpressing the cytosolic-localized
mutant PTEN-M3M4 and PTEN-C136R have very robust pro-

teasome activity in whole-cell lysates and the cytosolic com-
partment when compared to cells overexpressing other PTEN
mutants or WT PTEN. In contrast, K62R and K125E, which are
nuclear mislocalized PTEN mutants, have very different pat-
terns of proteasome activity. The PTEN-KI125E protein,
although nuclear mislocalized, is relatively stable consistent
with the accompanying normal proteasome activity, suggest-
ing that it may not be a major substrate of the ubiquitin-
proteasome system. To our surprise, the K62R-mutant protein,
which is both unstable and nuclear mislocalized, shows rela-
tively normal proteasome activity in whole-cell lysates but
elevated nuclear proteasome activity when compared with the
WT control cells and cells expressing other PTEN mutants.
Therefore, mislocalized mutant PTEN seems to only induce
proteasome activity in the compartment where it is degraded.
Nuclear predominant mutant PTEN (e.g., K62R) induces nucle-
ar proteasome activity, whereas cytosolic predominant mutant
PTEN (e.g., PTEN-M3M4) induces cytosolic proteasome activ-
ity. Indeed, the nuclear ubiquitin-proteasome system is
responsible for the proteasomal degradation of many short-
lived nuclear proteins (28). For instance, MyoD, which is a
nuclear transcription factor that is pivotal in skeletal muscle
differentiation, is degraded by the nuclear proteasome system
(29). Increased nuclear proteasome activity is associated with
stress and drug resistance in solid tumors (30). Further studies
are needed to elucidate the specific mechanism and patho-
genesis of the proteasome hyperactivity induced by nuclear
mislocalized mutant PTEN-K62R.

One major goal of this study was to elucidate the mechan-
isms of proteasome activation in PTEN mutant cells. A detailed
molecular and functional analysis shows that the inhibition of
MAPK activation by PD98059 led to suppressed proteasome
activity, whereas no effect was observed with inhibition of the
AKT activation by perifosine. (Fig. 6). We revealed that both
PTEN-WT overexpression and PD98059 treatment only sup-
pressed proteasome activity by approximately 20% in MCF-7
(Fig. 6A), whereas in the same cell line expressing unstable
PTEN mutants (such as PTEN-M3M4 and PTEN-C136R;
see Fig. 2E), the latter induced more than 50% increase of
proteasome activity when compared with cells expressing
PTEN-WT. Therefore, it is plausible to conclude that PTEN
mutants most likely cause proteasome hyperactivity via 2
different mechanisms, namely, induction of proteotoxic stress
and loss of protein phosphatase activity.

The proper turnover of the mutant PTEN protein by protea-
somes may have essential meaning. In both human and mouse
model, PTEN dose predisposes to cancer susceptibility (7, 31).
Patients with PTEN mutations that encode unstable proteins
will result in PTEN dosage effects, whereas patients with PTEN
mutations that encode stable proteins may result in a dom-
inant-negative state. In addition, some mutations that abolish
PTEN's phosphatase activity may still have PTEN'S tumor
suppressor effects (32). Truncated PTEN can also change the
binding ability to microRNAs that affect PTEN protein levels
(33).

Proteasome hypersensitivity may be a hallmark of human
cancers. Chen and colleagues reported that the activity of
proteasomes was increased in more than 90% of primary
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breast cancer tissue specimens. In contrast, no activation
was observed in benign solid tumors (11). Another study
revealed increased proteasome subunit protein expression
and proteasome activity in colon cancer (34). In cancer cells,
intrinsic stress response pathways are frequently activated.
Accumulation of misfolded PTEN protein may lead to pro-
teotoxic stress (35). This can lead to progressive cellular
dysfunction such as activation of prosurvival pathways and
proliferation pathways (such as heat shock factors). In
recent years, proteasome inhibitors have been increasingly
developed and tested in human cancers. Thus, our study has
some impact on clinical practice by underscoring protea-
some inhibitors in the treatment of breast and other cancers
with proteasome-related PTEN instability. Indeed, 2 protea-
some inhibitors (bortezomib and BU-32) have been tested to
be effective in cultured breast cancer cells and in breast
cancer xenografts (36, 37).

In conclusion, we identified that proteasome hyperactivity
and proteotoxic stress may be a common phenomenon in
patients with PHTS with different PTEN nonsense or missense
mutations, at least in certain subsets. Our observations here
may also explain why there only exists loose genotype-pheno-
type correlation in PHTS: seemingly disparate types and loca-
tions of mutations result in proteins with common fates, in this
situation, protein instability and proteasome hyperactivity. We
also found that relative proteasome hyperactivity can be
affected by PTEN protein stability, protein phosphatase activ-
ity, and subcellular localization. These data contribute to a
better understanding that PTEN nonsense and missense muta-
tions have multiple deleterious effects, and the combination of
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