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Abstract
The serine/threonine protein kinase B (PKB, also known as Akt) plays a pivotal role in diverse cellular
functions. Elevated expression of activated Akt has been detected in a wide variety of human cancers;
however, the mechanism of Akt protein stability regulation remains unclear. In this study, we showed
a strong correlation between the expression levels of an oncogenic peptidyl-prolyl cis/trans isomerase
Pin1 and levels of Akt phosphorylation at S473 in multiple cancer types (P<0.0001). Akt-pS473
status combined with Pin1 expression levels predicted a poorer prognosis than did either one alone
in patients with breast cancer (P = 0.0052). We further showed that Pin1 regulated Akt stability and
phosphorylation on S473 through the phosphorylated Thr-Pro motifs of Akt. These motifs are
conserved evolutionary and are required for the maintenance of Akt stability and its interaction with
Pin1. In addition, repressing Pin1 expression through either homologue Pin1 knockout or small
interfering RNA-mediated knockingdown compromised its ability to protect Akt from degradation.
Our results show how Akt protein stability is regulated by the peptidyl-prolyl cis/trans isomerase
Pin1 and highlight the importance of this oncogenic network in human disease pathogenesis.
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Introduction
The serine/threonine protein kinase B (PKB, also known as Akt) plays a pivotal role in diverse
cellular functions (Brazil et al., 2004; Yang et al., 2004; Testa and Tsichlis, 2005; Dummler
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and Hemmings, 2007). Activation of Akt requires phosphorylation of Akt at two critical sites:
one within the activation loop (T308 for Akt1) and the other with the C-terminus (S473 for
Akt1) (Alessi et al., 1996; Bellacosa et al., 1998; Chan and Tsichlis, 2001; Bayascas and Alessi,
2005; Du and Tsichlis, 2005; Sarbassov et al., 2005). Aberrant activation of the Akt pathway
has been widely implicated in human cancers (Luo et al., 2003; Testa and Tsichlis, 2005;
Bellacosa et al., 2005; Dillon et al., 2007; Dummler and Hemmings, 2007; Tokunaga et al.,
2008). As a direct downstream target of phosphatidylinositol 3-kinase (PI3K), elevated Akt
activation in human cancers can be a result of enhanced activation phosphorylation of Akt on
the Ser473 site because of enhanced PI3K activation resulting from the amplification/
overexpression of growth factor receptors (such as Her-2/neu, EGFR), somatic mutation of
ras oncogenes, somatic mutation as well as amplification/overexpression of PI3K (PI3CA or
p85 subunit), or the loss-of-function mutation (somatic or germ line) and decreased expression
(loss of heterozygosity or methylation) of a 3′ phosphatase PTEN (phosphatase with tensin
homology), which converts PIP3 to PIP2 and thus shuts off PI3K signaling (Luo et al., 2003;
Bellacosa et al., 2005; Guertin and Sabatini, 2005; Kang et al., 2005; Cully et al., 2006).
Amplification and overexpression, as well as somatic mutation (at a very low frequency) of
Akt itself, also contribute to the altered activation of Akt in human cancers (Bellacosa et al.,
2005; Soung et al., 2006; Carpten et al., 2007). Furthermore, altered expression of the Ser473-
specific protein phosphatase PHLPP (PH domain leucine-rich repeat protein phosphatase) also
affects Akt activity, because reduced PH domain leucine-rich repeat protein phosphatase in
certain cancer cell lines correlates with Akt activity (Gao et al.,2005; Brognard et al., 2007).
Although significant progress has been made in our understanding of the mechanisms
underlying Akt activation phosphorylation, particularly, on S473 at the hydrophobic motif
(Bhaskar and Hay, 2007), few reports have documented how Akt phosphorylation per se
regulates Akt stability in cells.

Recent identification and characterization of a peptidyl-prolyl cis/trans isomerase (PPIase),
Pin1, has led to the discovery of a new post-phosphorylation regulatory mechanism that may
modulate the balance between protein phosphorylation and dephosphorylation as well as
protein stability at the cellular level (Lu et al., 2006; Lu and Zhou, 2007; Yeh and Means,
2007; Finn and Lu, 2008; Takahashi et al., 2008). Pin1 has been shown to regulate the stability
of its substrate proteins, such as cyclin D1 and many others (Yeh et al., 2004; Lu et al.,
2006; Lu and Zhou, 2007; Yeh and Means, 2007). Pin1 is overexpressed in a wide range of
human cancers, and its overexpression closely correlates with the higher levels of cyclin D1;
inactivation of which could protect against breast cancer induced by oncogenic neu or ras
(Bao et al., 2004; Wulf et al., 2004; Lu and Zhou, 2007; Yeh and Means, 2007). As one of the
major downstream effectors of oncogenic neu and ras, the PI3K-Akt pathway is also a critical
regulator of cyclin D1 expression through Akt-mediated inhibition of the GSK3 and FOXO
proteins, which repress cyclin D1 expression or promote the degradation of cyclin D1 or both
(Muise-Helmericks et al., 1998; Kops and Burgering, 1999; Burgering and Medema, 2003;
Dillon et al., 2007). In addition, recent studies on mammary tumorigenesis in a Pin1 or Akt1
knockout setting unveiled a striking similarity in a dependence on either Pin1 or Akt1 for the
development of mammary adenocarcinomas in mouse mammary tumor virus (MMTV)-ErbB2/
neu, MMTV-v-Ha-Ras, or MMTV-polyoma middle T (PyMT) transgenic mice because
ablation of either Pin1 or Akt1 effectively blocks the induction of cyclin D1 by neu, ras, or
PyMT (Wulf et al., 2004; Maroulakou et al., 2007). Furthermore, many of the Pin1 substrates,
such p53, NFκB, cyclin D1, and β-catenin, are also under regulation by Akt (Cully et al.,
2006; Manning and Cantley, 2007).

Given the close functional relationship between Akt and Pin1 as described above (Wulf et
al., 2004; Maroulakou et al., 2007), we asked whether Pin1 and Akt might interact with each
other and collaboratively regulate tumorigenesis. In the current report, we first explored
whether a pathological relationship exists between the expression of Akt and Pin1 in human

Liao et al. Page 2

Oncogene. Author manuscript; available in PMC 2009 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cancer by reviewing our earlier studies on cyclin D1 expression, Akt activation (pS473), and
Her-2/neu expression in a cohort of human breast cancer tissue samples (Lin et al., 2000; Xia
et al., 2004; Cha et al., 2005). We were able to unveil a strong correlation between the
expression levels of an oncogenic peptidylprolyl cis/trans isomerase Pin1 and levels of Akt
phosphorylation at S473 in this cohort of human breast cancer tissue samples as well as in
multiple cancer types from tissue microarray slides. We then investigated whether Pin1 and
Akt interact with each other by co-immunoprecipitation and glutathione-S-transferase (GST)
pull-down assay. Next, we mapped the motifs in Akt that are required for Akt interaction with
Pin1 by site-directed mutagenesis. We further explored how Akt stability and activation
phosphorylation are regulated by Pin1 through either homologous deletion of Pin1 or small
interfering RNAs-mediated knockdown of Pin1. We showed that phosphorylation of Akt at
the Thr-Pro motifs, which are required for its interaction with Pin1, is critical for the
maintenance of Akt protein stability and activation phosphorylation. Our findings will help to
understand the roles of Akt and Pin1 in oncogenesis and may open a new avenue for the
development of targeted therapeutics for human diseases with aberrant Akt activation.

Results
Pathological correlations between the expression levels of Pin1 and Akt-pS473 in human
cancers

To explore whether a pathological relationship exists between the expression of Akt and Pin1
in human cancer, we reviewed our earlier studies on cyclin D1 expression, Akt activation
(pS473), and Her-2/neu expression in a cohort of human breast cancer tissue samples (Lin et
al., 2000; Xia et al., 2004; Cha et al., 2005). As expected, we observed a close correlation
between the expression levels of Pin1 and cyclin D1 in these breast tumor tissues
(Supplementary Figure S1A). Interestingly, we also observed that the expression of Akt-pS473
was strongly correlated with Pin1 expression in this cohort (P<0.0001, Figures 1a and b) and
in different types of human tumor tissues as well (P<0.0001, Figure 1c; Supplementary Figure
S1B). The expression levels of Pin1 and Akt-pS473 were also associated with tumor stages in
human breast cancer (both P<0.05, Figure 1d). In addition, a combination of Akt-pS473 status
and Pin1 expression levels predicts a poorer prognosis than does either one alone in patients
with breast cancer (P = 0.0052, Figures 2a versus b–d). These results suggest the existence of
a clinical pathological link between Pin1 expression and Akt phosphorylation on S473.

Interactions between Akt and Pin1 are independent of Akt phosphorylation on either T308
or S473

Phosphorylation of proteins on serine or threonine residues preceding proline (pSer/Thr-Pro)
by various proline-directed protein kinases is a principal regulatory mechanism in cell
proliferation and transformation (Lu et al., 2006; Lu and Zhou, 2007; Yeh and Means, 2007).
To uncover whether Akt contains a phosphorylated Ser/Thr-Pro motif, we examined
phosphorylation of Akt at the Ser/Thr-Pro sites using a monoclonal antibody MPM2, which
recognizes specifically the phosphorylated Ser/Thr-Pro (pSer/Thr-Pro) motifs (Lu et al.,
1999). Immunoprecipitated Akt protein can be recognized by MPM2 antibody specifically,
and a protein immunoprecipitated with MPM2 antibody can also be recognized by a specific
antibody against Akt, suggesting that Akt contains pSer/Thr-Pro motifs (Figure 3a). As, most
MPM2 antigens can interact with the peptidyl-prolyl isomerase Pin1, which specifically
isomerizes the pSer/Thr-Pro peptide bond (Lu et al., 1999), we therefore tested whether Akt
associates with Pin1 in vivo by co-immunoprecipitation of endogenous Akt or Pin1. Akt was
detected in immunoprecipitated Pin1 proteins, and Pin1 was also detected in the protein
complex immunoprecipitated by an anti-Akt antibody (Figure 3b), suggesting that Akt and
Pin1 may interact with each other. To further characterize the interaction of Akt and Pin1, we
used GST-Pin1 fusion protein to pull down endogenous Akt protein. When examined, Akt was

Liao et al. Page 3

Oncogene. Author manuscript; available in PMC 2009 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pulled down by the wild-type Pin1 but not with GST or a mutant Pin1 (W34A), which disrupts
Pin1 from interacting with its substrate (Figures 3c and d). This interaction can also be detected
by using a purified recombinant human Akt1 protein (rhAkt1) and GST-Pin1 fusion protein,
suggesting the interaction is direct (Supplementary Figure S2A). As expected, the Pin1 pulled
down Akt protein was immunoreactive with the MPM2 antibody that recognized the pSer/Thr-
Pro motifs (Figure 3c). Interestingly, the Pin1-associated Akt protein was also phosphorylated
at both T308 and S473 (Figure 3c), which were not immediately followed by a proline residue.
We therefore investigated whether Akt phosphorylation at the T308 and S473 sites might be
required for its immunoreactivity with MPM2 and therefore its interaction with Pin1. This
possibility was ruled out as increases or decreases in pS473 and pT308 of Akt induced by
insulin-like growth factor -1 and a PI3K inhibitor LY294002, respectively, did not affect
MPM2 immunoreactivity of Pin1-associated Akt or Pin1/Akt association (Figure 3e). Thus,
Akt phosphorylation at the T308 and S473 sites was not required for its immunoreactivity with
MPM2 or its interaction with Pin1.

Phosphorylation of Akt at the Thr92-Pro and Thr450-Pro motifs are required for its interaction
with Pin1

To further address functionality of the Akt/Pin1 interaction and its relationship with
phosphorylation of the Ser/Thr-Pro motifs, we asked whether Pin1 and Akt interaction might
require phosphorylation of the Ser/Thr-Pro motifs. To this end, we mutated Ser/Thr to Ala in
the five Ser/Thr-Pro sites of human Akt1 (Supplementary Table 1). Single mutations of T312A,
S124A, and S422A did not attenuate Akt immunoreactivity with MPM2 antibody, their
expression levels (total Akt or HA-Akt1 in the whole cell lysate), or activation phosphorylation
on S473 and T308 sites (Figure 4a). A point mutation of either T92A or T450A did reduce Akt
immunoreactivity with MPM2 (Figure 4a), suggesting that phosphorylated T92-P93 and T450-
P451 motifs are responsible for MPM2 immunoreactivity. In addition, the expression levels
of both T92A and T450A mutants were reduced in the whole cell lysates (Figure 4a, lower
panel, lanes 3 and 7), which was further confirmed by another independent experiment in 293T
cells (Supplementary Figure S2B).

We then investigated whether these two sites might be important for the Akt-Pin1 interaction
by GST-Pin1 pull-down assay. Indeed, a GST-Pin1 pull-down assay of HA-tagged Akt1
proteins indicated that a single (T92A or T450A) mutation reduced Akt binding with GST-
Pin1 (Figure 4b), and the double mutation of T92A/T450A completely abolished the binding
activity (Figure 4b). It is worthwhile to mention that the double mutation of T92D/T450D
mimicking phosphorylation of T92 and T450 rescued its binding activity with GST-Pin1,
suggesting that phosphorylation of T92 and T450 was critical for its interaction with Pin1. This
result was further supported by phosphopeptide competition experiments (Figures 4c and d).
When T92 or T450 phosphopeptides or both were used to specifically compete GST-Pin1
binding with Akt, the T450 phosphopeptide partially competed GST-Pin1 binding with Akt
(Figure 4c, lane 2 versus 4, 5), whereas a T450 non-phosphopeptide did not compete with GST-
Pin1 binding with Akt (Figure 4c, lane 2 versus 6, 7).

The interaction of Pin1 with p53 is known (Zacchi et al., 2002) and was used in our study as
a control to indicate the specificity of a Pin1 phosphopeptide competition that affects Pin1/Akt
but not Pin1/p53 interaction (Figure 3c). Similarly, the T92 phosphopeptide also partially
competed GST-Pin1 binding with Akt (Figure 4d, lanes 1, 2 versus 3), and a combination of
the T92 and T450 phosphopeptides almost completely abolished Akt binding with GST-Pin1
(Figure 4d, lane 3 versus 10). Taken together, these results suggested that the interaction of
Akt with Pin1 depended on the phosphorylated Ser/Thr-Pro motifs (Thr92-Pro and Thr450-
Pro for human Akt1). Sequence alignment analysis revealed that the Thr92-Pro and Thr450-
Pro motifs were highly conserved in different Akt isoforms and species, from Caenorhabditis
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elegans to human (Supplementary Table 2). Consistently, a GST-Pin1 pull-down assay showed
that isoforms of human Akt2 and Akt3 could also be pulled down by GST-Pin1 (Supplementary
Figure S2C).

Phosphorylation of Akt1 on T92-Pro and T450-Pro motifs (Akt1-T92A/T450A) is critical for
the maintenance of Akt stability

We noticed that mutation of either T92 or T450 affected expression levels of Akt protein by
either immunoprecipitation (Figure 4a) of HA-tagged Akt1 or western blot of HA-Akt1 in the
whole cell lysates (Figure 4a, lower panel; Supplementary Figure S2A). Given that
phosphorylated Thr-Pro motifs are critical for Akt interaction with Pin1 and that Pin1-mediated
cis/trans conformational modifications have been reported to affect stability of its substrate
proteins (Lu et al., 2006; Lu and Zhou, 2007; Yeh and Means, 2007), we investigated whether
the Thr/Ser-Pro motifs of Akt are required for the maintenance of its stability. To this end, we
transfected complementary DNA (cDNA) constructs with either alanine or an aspartic acid
substitution of Akt on Thr92 and/or Thr450 into 293 cells, respectively. When examined, the
levels of total Akt protein as well as activation phosphorylation on S473 sites in mimicking
phosphorylation mutants (T92D, T450D, and T92D/T450D) were slightly higher than those
of the wild-type Akt (Figure 5a, lanes 3, 5, and 8 versus 2). Similarly, the immunoreactivity
against the MPM2 antibody was also slightly higher in the aspartic acid mimicking
phosphorylation mutants than they were in the alanine mutants. Again, the alanine mutants
(T92A, T450A, and T92A/T450A) expressed lower levels of Akt proteins than wild-type Akt
(Figure 5a, lanes 4, 6, 7, and 9 versus 2), which is consistent with the data shown in Figure 4a.
Together, the data suggest that the T92A/T450A mutant may be unstable (Figure 5a).

To test whether the unstable Akt1 mutant is because of the protein half-life alteration, we did
a cycloheximide chase labeling to assay the protein stability of wild-type Akt1 and Akt1-T92A/
T450A (Akt-AA) double mutant. Compared with wild-type Akt1, the double mutant Akt1-AA
protein level was reduced much faster (<30 min) than was wild-type Akt1 (>6 h) (Figures 5b
and c). The results suggest that the phosphorylated Thr-Pro motifs of Akt are critical for the
maintenance of Akt stability.

As phosphorylation of Akt on the Thr92- and Thr-450-Pro motifs is required for both
interaction with Pin1 and maintenance of Akt stability, we then investigated whether Pin1
affects the stability of Akt protein. To this end, we examined the expressing levels of Akt total
protein in Pin1 wild type and Pin1 null mouse embryonic fibroblasts (MEFs) in the presence
or absence of insulin-like growth factor-1 stimulation. Indeed, reduced levels of total Akt
protein were detected in Pin1-null MEF cell lysates with or without stimulation of insulin-like
growth factor-1 (Figure 5d). Similarly, reduced levels of Akt total protein were also detected
when Pin1 expression was knocked down by specific small interfering RNAs against Pin1
(Supplementary Figure S3). As experimental controls, the expression levels of cyclin D1, but
not β-actin, were also reduced on knocking down Pin1 expression (Supplementary Figure S3).
These results indicate that Pin1 is required for the maintenance of Akt protein stability in
vivo.

Discussion
Our results show that phosphorylation of Akt on both Thr92-Pro and Thr450-Pro motifs is
critical for the maintenance of Akt stability. Phosphorylation of Akt on these Thr-Pro motifs
renders cis/trans conformational modifications that are catalyzed by the prolyl isomerase Pin1,
deletion or inactivation of which will result in Akt degradation. In addition, loss of Akt
phosphorylation on the Thr-Pro motifs by double mutation of T92 and T450 sites also results
in a labile Akt mutant protein.
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The biological activities as well as the oncogenic activities of Akt are largely dependent on
phosphorylation at T308 and S473 residues (for human Akt1). Until recently, few reports have
documented how Akt protein stability is regulated by its phosphorylation (Bhaskar and Hay,
2007; Manning and Cantley, 2007). Earlier studies by Bellacosa et al. (1998) showed that in
serum-starved cells, Akt is constitutively phosphorylated at Ser124 and Thr450, which is
independent of PI3K; neither serum starvation nor treatment of cells with the PI3K inhibitor
Wortmannin interferes with phosphorylation of these sites. In addition, inactive mutation of
these two sites into Ala (S124A and T450A) only marginally inhibits the activation of Akt by
growth factors; therefore, it has been proposed by Tsichlis et al. that phosphorylation of Akt
on these sites is the first step for a full activation of Akt (Alessi et al., 1996; Chan et al.,
1999; Chan and Tsichlis, 2001). Consistent with their study, in our current report, we also
observed that mutation of Ser124-Pro motif to Ala124-Pro did not affect Akt protein stability
and activation phosphorylation. Rather, we found that mutation of both T92- and T450-Pro
motifs to Ala (T92A/T450A) drastically reduced Akt stability. Thus, we uncovered a plausible
molecular mechanism that contributes to the regulation of Akt stability.

The Thr450-Pro motif is not only conserved within the Akt family and among different species
but also in other AGC kinases such as PRK2, p70S6K, PKA, and PKC family. Structurally,
the Thr450 residue happens to be located in the ‘turn motif’, which anchors the C-terminus
hydrophobic motif at the top of the upper lobe of the kinase domain, with the phosphorylated
threonine residues at the apex of a tight turn (Newton, 2003). Although mutation of this residue
(T450) to alanine (T450A) did not dramatically affect Akt stability, activation phosphorylation,
and kinase activity, as showed in thise study as well as recent reports by other groups
(Facchinetti et al., 2008; Ikenoue et al., 2008), mutation of a conserved site in PKA as well as
a compensating site in PKC βII destabilizes the kinase domain and abolishes kinase activity
of PKA and PKC βII. Similarly, knockdown or knockout components of mTORC2 kinase (for
example, Rictor and Sin1) drastically reduced the stability of PKCα protein, but not the stability
of Akt, as showed by Ikenoue et al. and Facchinetti et al., even though mTORC2 has been
shown as a ‘turn motif’ kinase for both PKC and Akt (T450) (Facchinetti et al., 2008; Ikenoue
et al., 2008). The differences between the stability of PKC and Akt in response to knockdown
of mTORC2 indicate that additional mechanisms may be involved in the regulation of Akt
stability (that is, phosphorylation or dephosphorylation of T450 alone is not sufficient to either
stabilize or destabilize Akt). Alternatively, compensating site(s) may exist for the stabilization
of Akt.

As the PKA and family members of PKC do not have a PH domain, which has an inhibitory
effect on activation phosphorylation of Akt, we speculate that mutation of T450 alone in Akt
is not sufficient to destabilize the kinase domain as in PKA or PKC. We also think that
phosphorylation of Akt on the T92 residue in the PH domain of Akt may release the inhibitory
effect of PH domain on the kinase domain through binding with Pin1, whereas phosphorylation
of Akt on the T450 residue in the turn motif may be critical not only for the folding and
maturation of the Akt protein but also for the access of the S473 kinase in the hydrophobic
motif by a likely conformational modification catalyzed by Pin1. Therefore, mutation of both
T92A and T450A in Akt1 generates an inactive, labile Akt mutant, as both active sites in the
kinase domain and the hydrophobic motif will be blocked and presumably inaccessible to
upstream kinases and the prolyl isomerase Pin1.

Taken together, the current report uncovers that phosphorylation of Akt on Thr92- and Thr450-
Pro motifs is critical for the maintenance of Akt stability and activation. As discussed above,
phosphorylation of Akt at T450 site has been identified earlier by mass spectrum and the kinases
that phosphorylate Akt on this site have also been reported recently (Facchinetti et al., 2008;
Ikenoue et al., 2008); however, kinases that phosphorylate Akt on the T92-Pro are still
unknown. Therefore, identification of additional kinases that phosphorylate Akt on the Thr92-
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Pro and/or Thr450-Pro motifs and further elucidation of the mechanisms of Akt
phosphorylation at the Thr-Pro motifs will be important for future directions. Furthermore, the
findings described in this report also open a new avenue for the design of targeted interventions
of aberrant Akt activation for the treatment of human diseases, such as cancer.

Materials and methods
Cell lines, cell lysate, primary antibodies, and chemicals

The Pin1 wild type and knockout MEFs were obtained as a kind gift from Dr Kunping Lu
(Harvard Medical School, Boston, MA, USA). Mouse Akt1 (−/−) MEFs were obtained from
Dr Nissim Hay (University of Illinois, Chicago, IL, USA). The rest of the cell lines used were
routinely maintained in this laboratory. Rabbit polyclonal antibodies against phospho-Akt
(Ser-473, Cat. No. 9271, Cat. No. 2967, and Cat. No. 4058; Thr-308, Cat. No. 9275 and Cat.
No. 4056; Ser-473, IHC Specific, Cat. No. 9277; Thr-450, Cat. No. 9267), non-phosphorylated
total Akt (Cat. No. 9272), and a monoclonal mouse anti-human phospho-Akt (Ser-473, Cat.
No. 4051), and cyclin D1 (DCS6, Cat. No. 2926) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Immobilized Akt antibody agarose beads for
immunoprecipitation of Phospho-Akt (Ser-473, McAb, Cat. No. 9272) and total Akt1 (Akt1,
C-20, goat polyclonal, Cat. No. sc-1618) were obtained from Cell Signaling and Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA), respectively. Monoclonal antibodies against
phosphorylated Ser/Thr-Pro motif (MPM2 antibody, Cat. No. 05−368) and rabbit polyclonal
antibodies against Pin1 (Cat. No. 07−091) were obtained from Upstate (Lake Placid, NY,
USA). A monoclonal mouse antibody against human α-Tubulin (clone B-5−1−2, Cat. No.
T5168) or rabbit polyclonal antibodies against β-actin were used as a loading control for
western blot; both antibodies were purchased from Sigma (St Louis, WA, USA). To detect
HA-tagged proteins, a monoclonal anti-HA antibody was used (Boerhinger Mannheim,
Indianopolis, IN, USA; Cat. No.1583816). PI3K inhibitors (Wortmannin and LY294002) were
from Calbiochem (EMD Biosciences, Inc., La Jolla, CA, USA). Cycloheximide was purchased
from Calbioche. Pin1-specific small interfering RNAs (Cat. No. LQ-003291−00) and non-
specific control small interfering RNAs (Cat. No. D-001140−01−05) were purchased from
Dpharmacon Inc. (Lafayette, CO, USA).

Plasmids and site-directed mutagenesis
To detect the expression of exogenous Akt proteins (wild type or mutants), the full length of
the human Akt1 cDNA was subcloned into pcDNA6A vectors (Invitrogen, Carlsbad, CA,
USA) with a hemagglutinin (HA) epitope tag. All Akt1 mutants with point mutations of the
Ser/Thr-Pro motifs were generated by a QuikChange site-directed mutagenesis kit (Cat. No.
200514 and 200523, Stratagene, La Jolla, CA, USA) according to the protocol provided by the
manufacturer. The full length of the human Pin1 cDNA was subcloned into pcDNA3 vectors
(Invitrogen). The pcDNA1-Pin1 mutants (W34A and R68,69A), pGEX-2TK-GST-Pin1, GST-
Pin1 mutants (W34A, R68,69A), and Escherichia coli bacteria were obtained from Xiao Z and
Zheng H (Boston University School of Medicine). All DNA constructs were sequenced to
confirm the mutation as well as to verify the accuracy of the full-length cDNA sequence.

Western blot
To detect expression levels of Pin1 and Akt proteins as well as Akt phosphorylation on different
sites, standard western blot analysis was performed. MEFs (with or without either Pin1 or Akt
knockout), human embryonic kidney (HEK) 293 cells, and breast cancer (MDA-MB-231,
MDA-MB-453, and MDA-MB-468) cells were all maintained in 10% bovine serum containing
Dulbecco modified Eagle's medium (DMEM) supplemented with penicillin and streptomycin
at 37 °C under humidified atmosphere with 5% CO2. Cells were washed twice with cold PBS
and lysed in a lysis buffer A containing 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA,
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10 mM NaF, 1% Nonidet P-40 (NP-40), 1.0 mM phenylmethylsulfonyl fluoride, 1.0 mM sodium
orthovanadate (NaVO3), and 1.5% aprotinin. The cell extracts were cleared by centrifugation,
and the protein concentration was determined using a Bio-Rad (Hercules, CA, USA) protein
assay reagent and analyzed in a spectrophotometer using bovine serum album (Sigma) as the
protein standard. Aliquots of protein were resolved by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) and transferred to nitrocellulose membranes (Millipore
Corp., Bedford, MA, USA) using standard procedures. The membranes were then subjected
to western blotting, and the blots were developed with the enhanced chemiluminescence system
(Amersham Pharmacia Biotech, Piscataway, NJ, USA).

Immunoprecipitation
To detect whether endogeneous Akt and Pin1 interacts with other, a co-immunoprecipitation
experiment was performed. Exponentially growing breast cancer MDA-MB-468 cells
maintained in Dulbecco modified Eagle's medium, as described above, were washed twice
with ice-cold PBS and lysed by sonication in modified RIPA (radioimmunoprecipitation) B
buffer, which contains 50 mM Tris–HCl (pH 7.4), 0.5% NP-40, 0.25% sodium deoxycholate,
1 mM ethylene glycol tetraacetic acid, and a cocktail of protease inhibitors. After centrifugation
of the cell lysate at 14 000 × g in a pre-cooled centrifuge for 30 min, cell pellet was discarded
and supernatant was transferred to fresh centrifuge tube. The supernatant was pre-cleared by
incubation with 100 μl of protein G agarose bead slurry (50%, Roche Diagnostics, Indianapolis,
IN, USA, Cat No. 1134515) per 1 ml of cell lysate at 4 °C for 30 min on an orbital shaker.
Aliquot of pre-cleared supernatant adjusted to a concentration of 4 mg/ml was incubated with
anti-Akt1 (total Akt), anti-Pin1, and anti-phosphorylated Ser/Thr-Pro motif antibody (MPM2),
respectively, at 4 °C overnight on an orbiter shaker. Capture the immunocomplex by adding
100 μl protein G agarose bead slurry and gently shacking for 1 h at 4 °C. Collect the agarose
beads by pulse centrifugation and discard the supernatant and wash the beads three times with
800 μl ice-cold RIPA B buffer. Resuspend the agarose beads in 60 μl 2× sample buffer and
mix gently. Boil the agarose beads for 5 min to dissociate the immunocomplexes from the
beads. The beads were collected by centrifugation and SDS–PAGE is performed with the
supernatant. The association of Pin1 in the anti-Akt immunocomplex or the association of Akt
in the anti-Pin1 as well as anti-MPM2 immunocomplex was determined by western blot.

To determine which Ser/Thr-Pro motif of Akt responsible for the immunoreactivity to the anti-
MPM2 antibody as well as its involvement in Akt interacting with Pin1, exogenous HA-tagged
Akt plasmid constructs were transfected into either Akt1 (−/−) MEFs or HEK293 cells with
FuGene 6 (Cat. No. 1814443, Roche). Proteins were pre-cleared through the addition of normal
mouse immunoglobulin G (IgG) and immunoprecipitated by anti-HA antibody by a similar
immunoprecipitating procedure as described above.

Glutathione-S-transferase pull-down assay
To further determine whether exogenous human Pin1 protein may also interact with wild-type
Akt protein as well as Akt protein with a point mutation in the Ser/Thr-Pro motifs, a GST pull-
down assay was used. Again, AKt1 (−/−) MEF cells after transfection with HA-tagged human
Akt1 (wild type or mutants) in pcDNA6A vector for 36 h or MDA-MB-468 cells maintained
in Dulbecco modified Eagle's medium were washed with ice-cold PBS and lysed by sonication
in HEPES buffer (HEPES-KOH, pH 7.5, 10 mM KCl, 10 mM MgCl2, and 0.5 mM dithiothreitol).
Cell lysates were centrifuged at 10 000 r.p.m. for 30 min, and the supernatants were then
transferred to a fresh tube. Aliquots of cell lysates (typically 200 μg of lysate/reaction) were
incubated with purified recombinant human GST-Pin1 or GST-Pin1 mutant fusion proteins
(2.5 μg per reaction), with or without phospho-T92 and/or Phospho-T450 peptide (1−5 μg per
reaction) competition, at 4°C for 3 h or a specified time. GST proteins were then brought down
by Glutathione Sepharose 4B beads (Amersham Biosciences, Piscataway, NJ, USA) and
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washed with PBS three times and eluted with fresh elution buffer (Amersham Biosciences).
Bacterial-expressed GST proteins were purified by using a Bulk GST purification kit (Cat. No.
27−4570−01, Amersham Biosciences) following the instructions provided by the
manufacturer.

Cycloheximide pulse-chase experiment
To monitor changes in the stability of the wild-type Akt1 and the double mutant Akt1 (T92A/
T450A), expression constructs of pcDNA-6A HA-tagged wild-type Akt1 (Akt1-WT, 2.5 μg)
and a double mutant Akt1-T92A/T450A (Akt1-AA, 10 μg) were transfected into HEK 293
cells by using the Lipofectamine reagent (Invitrogen). Owing to the lower-level expression of
the Akt1-T92A/T450A double mutant, a quadrupled amount (10 μg) of plasmid DNA of this
mutant was used to secure a detectable level of this double mutant at the starting point.
Cycloheximide chase experiments were performed on cells transfected (as indicated above)
with cycloheximide (20 μg/ml) added to the culture 24 h after transfection (time 0). Proteins
were prepared at the indicated times (chasing time 0−8 h), and equal amounts were subjected
to immunoprecipitate with anti-HA antibody and followed with immunoblot analysis. A
monoclonal anti-HA antibody detected expression of HA-tagged Akt1 at various time points
after exposure to cycloheximide; β-actin was used as a loading control.

Tissue microarray and immunohistochemistry
Tissue microarry slides (HistoArray #IMH-371, IMH-326∼8, 3/BA2, IMH-304/CB2, and
VA1) were purchased from IMGENEX (San Diego, CA, USA). Detailed information about
each slide is available on-line at (http://www.imgenex.com/tissue_array). Slide procession and
immunohistochemistry staining were performed according to the manufacturer's protocol and
as described earlier (Liao and Hung, 2003). One representative slides per case was evaluated
with the antibodies mentioned above. The intensities of staining seen in different areas of the
same slide were analyzed according to criteria described earlier (Liao and Hung, 2003).

Statistical analysis
Statistical analysis was carried out using SPSS, version 10.0. Fisher's exact and Student's t-
tests were applied to assess the statistical significance of the associations between expression
of Pin1, Akt, and various clinicopathologic variables. Correlations were calculated according
to Spearman rank correlation. Univariate survival analysis was carried out according to
Kaplan–Meier method, whereas differences in survival curves were assessed with the log-rank
test (Mantel–Cox test) using SSPS 12.1 software. All P-values were two sided, and P<0.05
was considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Elevated expression of Pin1 correlates with expression of Akt-ps473 in tumor tissues. (a) A
representative immunohistochemical staining of Pin1, cyclin D1, Akt-pS473 protein
expression in human breast cancer. (b) Correlations between the expressions of Pin1 and Akt-
pS473 in breast cancer. (c) Co-expression of Akt-pS473 and Pin1 in different types of tumors.
(d) Expression of Akt-pS473 and Pin1 correlates with tumor stages in human breast cancer.
L, low (immunoreactive score 0 and 1+); H, high (score 2+ and 3+)
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Figure 2.
Expression levels of Pin1 and Akt-pS473 and their correlations with prognosis of patients with
breast cancer. (a) Difference of survival rate between low levels versus high levels of Pin1 and
Akt-pS473 phosphoryation expression in patients with breast cancer. (b) Difference of survival
rate between low levels versus high levels of Pin1 expression in patients with breast cancer.
(c) Difference of survival rate between high levels of Pin1//low levels of Akt-pS473 and low
levels of Pin1//high levels of Akt-pS473 expression in patients with breast cancer. (d)
Difference of survival rate between low levels versus high levels of Akt-pS473 phosphoryation
expression in patients with breast cancer.
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Figure 3.
Interactions between Pin1 and Akt proteins. (a) Immunoprecipitated Akt can be recognized by
anti-MPM2 antibody and vice versa. (b) Co-immunoprecipitation of endogenous Akt and Pin1
proteins in breast cancer MDA-MB-468 cell lysate. Approximately 4 mg of whole cell lysate
was used for each co-immunoprecipitation, and about 50 μg of whole cell lysate (WCL) was
loaded as control. (c) Precipitation of Akt by (glutathione-S-transferase) GST-Pin1 fusion
protein pull-down assay (right panel) and (d) gel staining of purified GST, GST-Pin1, and
GST-Pin1 (W34A) fusion proteins (left panel). (e) Co-immunoprecipitation of Pin1 and Akt
proteins in MDA-MB-468 cells in the presence or absence of insulin-like growth factor (IGF)-1
(50 ng/ml) for 2 h and with or without addition of PI3 K inhibitor LY294002 (LY, 20 μm). IP,
immunoprecipitation; WB, western blot; MPM2, antibody against phosphorylated Ser/Thr-Pro
motifs.
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Figure 4.
Phosphorylation of Akt on the T92-Pro and T450-Pro sites is critical for the interaction between
Pin1 and Akt. (a) Point mutation analysis of Akt Ser/Thr-Pro motifs identifies that mutation
of T92 or T450 to T92A or T450A reduces Akt immunoreactivity toward anti-phosphorylated
Ser/Thr-Pro motif antibody, MPM2, and anti-phospho-Akt antibodies (pS473 and pT308) in
Akt1 (−/−) mouse embryonic fibroblasts (MEF) cells. (b) A (glutathione-S-transferase) GST-
Pin1 pull-down assay of HA-tagged wild-type human Akt1 or Akt1 with mutation of T92 or
T450 or both. (c) GST-Pin1 pull-down assay of Akt in MDA-MB-468 cell lysate in the presence
or absence of peptide competition with phosphorylated or non-phosphorylated T450 peptide
as well as non-specific phosphopeptides (N.S. peptide A, B, and C). (d) GST-Pin1 pull-down
and competition with a phosphorylated T92 peptide and/or T450 peptide.
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Figure 5.
Phosphorylation of Akt on the T92- and T450-Pro motifs is critical for the maintenance of Akt
stability. (a) Relative Akt protein and phosphorylation levels on the Thr-Pro motifs were
measured by anti-Akt antibody, anti-MPM2 antibody, and a phosphospecific antibody against
the phosphorylated Thr450-Pro motif of human Akt1 (Akt-pT450). Expression of tubulin in
the whole cell lysate (10% of input) was used as an input loading control for the IP. Fold
changes of Akt-total and Akt-pS473 levels of each Akt mutant were normalized with that of
the levels of wild-type Akt. (b) Cycloheximide chase of exogeneous, HA-tagged wild-type
human Akt1 (Akt1-WT), and Akt1-T92A/T450A (Akt1-AA). (c) Quantification of Akt
proteins from three independent experiments with cycloheximide chasing. WT, wild-type
Akt1; AA, Akt1-T92A/T450A mutant. (d) Basal and IGF-1 stimulated Akt protein and
activation phosphorylation at T308 and S473 sites in Pin1 wild type (+/+) or Pin1 (−/−) MEFs.
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