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Abstract

BACKGROUND & AIMS—The kinase Akt mediates resistance of pancreatic cancer (PaCa)
cells to death and is constitutively active (phosphorylated) in cancer cells. Whereas the kinases
that activate Akt are well characterized, less is known about phosphatases that dephosporylate and
thereby inactivate it. We investigated regulation of Akt activity and cell death by the phosphatases
PHLPP1 and PHLPP2 in PaCa cells, mouse models of PaCa, and human pancreatic ductal
adenocarcinoma (PDAC).

METHODS—We measured the effects of PHLPP overexpression or knockdown with small
interfering RNAs on Akt activation and cell death. We examined regulation of PHLPPs by growth
factors and reactive oxygen species, as well as associations between PHLPPs and tumorigenesis.

RESULTS—PHLPP overexpression inactivated Akt, whereas PHLPP knockdown increased
phosphorylation of Akt in PaCa cells. Levels of PHLPPs were greatly reduced in human PDAC
and in mouse genetic and xenograft models of PaCa. PHLPP activities in PaCa cells were down-
regulated by growth factors and Nox4 reduced nicotinamide adenine dinucleotide phosphate
oxidase. PHLPP1 selectively dephosphorylated Akt2, whereas PHLPP2 selectively
dephosphorylated Aktl. Akt2, but not Aktl, was up-regulated in PDAC, and Akt2 levels
correlated with mortality. Consistent with these results, high levels of PHLPP1, which
dephosphorylates Akt2 (but not PHLPP2, which dephosphorylates Akt1), correlated with longer
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survival times of patients with PDAC. In mice, xenograft tumors derived from PaCa cells that
overexpress PHLPP1 (but not PHLPP2) had inactivated Akt, greater extent of apoptosis, and
smaller size.

CONCLUSIONS—PHLPP1 has tumor suppressive activity and might represent a therapeutic or
diagnostic tool for PDAC.

Keywords
ROS; NADPH Oxidase; Apoptosis; Tumor Progression

Akt is a serine/threonine kinase that plays a major prosurvival role in cancer cells. Akt is
persistently active in pancreatic adenocarcinoma, a very aggressive cancer for which there is
no effective treatment available. Akt inhibition stimulates pancreatic cancer (PaCa) cell
death and sensitizes PaCa cells to gemcitabine chemotherapy and is therefore considered a
promising target for treatment of PaCa.1~# Among the 3 members of the Akt family, Akt2
has been implicated in several human malignancies, including ovarian, breast, and
PaCas.2°-9

Akt is activated through the receptor-mediated P13-kinase— dependent signaling pathway.
The termination of Akt signal is mediated by phosphatases. For a long time PTEN, which
dephosphorylates phosphatidylinositol-3,4,5 triphosphate, was considered the only
phosphatase to terminate Akt signaling.1? In many cancers PTEN is inactivated, because of
either aberrant expression or mutation. In the past several years, 2 novel serine
phosphatases, PHLPP1 and PHLPP2, were discovered to directly dephosphorylate and
inactivate Akt.11:12 PHLPPs specifically dephosphorylate Akt at Ser473; phosphorylation at
this site is critical for full Akt activity and its antiapoptotic function.1213 In colon and breast
cancers, PHLPP down-regulation is associated with high levels of phosphorylated Akt
(pAkt)_l4—16

Mechanisms through which cells regulate phosphatase activities are, in general, poorly
understood. Reactive oxygen species (ROS) are strong inhibitors of protein tyrosine
phosphatases (PTPs). We recently showed!’ that in PaCa cells, growth factor receptors
inhibit PTPs through ROS-dependent mechanisms. However, PHLPPs belong to the family
of serine/threonine phosphatases, which are usually insensitive to ROS. The effects of ROS
and growth factor receptors on PHLPPs have not been studied.

Here we show that PHLPP1 and PHLPP2 terminate Akt signaling and stimulate cell death
both in PaCa cell lines and in vivo in the orthotopic mouse PaCa model. Levels of PHLPPs
are greatly reduced in both human pancreatic ductal adenocarcinoma (PDAC) and mouse
PaCa models. PHLPP activities in PaCa cells are down-regulated through pathways
mediated by growth factors and ROS generated by reduced nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase. PHLPPs selectively regulate Akt isoforms;
PHLPP1 dephosphorylates Akt2, whereas PHLPP2 dephosphorylates Aktl. Further, the
effects of PHLPPs and Akt are isoform specific. In human PDAC, decreased levels of
PHLPP1, but not PHLPP2, correlate with shorter median survival. The strong association of
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PHLPP1 expression with survival of patients with PDAC is likely attributable to the fact that
Akt2, but not Aktl, mediates development of PDAC.

Materials and Methods

In Vivo Studies

Human PDAC and normal pancreatic tissue samples, as well as survival data, were collected
from patients undergoing surgery at the Ernst-Moritz-Arndt University.

Immunohistochemistry (IHC) for PHLPP1 and PHLPP2 was performed on samples from 40
patients, and analysis of pAkt, Aktl, and Akt2 was performed on samples from 28 patients.
PHLPP expression was classified as low (less than normal pancreas) or high (equal or higher
than in normal tissue). A Kaplan—Meier survival analysis and a log-rank test were performed
to compare the 2 groups.

Transgenic Pdx-1/Kras®12D and Pdx1-Cre/LSL Kras®12D/Trp53R172H mice developing
PDAC were described before.18 Tissue samples from these mice were analyzed by IHC.

An orthotopic xenograft model was performed as described before.1® A total of 5 x 106
control or lentiviral-transduced, MIA PaCa-2 cells overexpressing PHLPP1 or PHLPP2
(described in Supplementary Materials and Methods) were injected subcutaneously into the
flank of 2 donor nude mice. After 6 weeks, pancreatic tumors grown subcutaneously were
harvested, and tumor pieces (1 mm?3) were transplanted into the pancreas tail of recipient
nude mice.1® Mice were killed 6 weeks after transplant.

In Vitro Studies

The procedures for cell culture, immunoblotting and immunoprecipitation, small interfering
RNA (siRNA) and plasmid transfections, immunofluorescence, measurements of apoptosis,
necrosis, autophagy, and proliferation were as previously reported?%-23 and described in
detail in Supplementary Materials and Methods.

PHLPP Activity
Briefly, PHLPP1 and PHLPP2 were immunoprecipitated and their activities were measured
using pNPP as a substrate.11:17 All procedures were performed in an anaerobic chamber. To
determine the effects of ROS on phosphatase activity, PHLPP1 and PHLPP2
immunoprecipitates were incubated with 1 umol/L H,0, or 1 mmol/L dithiothreitol for 5
minutes before adding pNPP.

Statistical Analysis

The values are means + SE from at least 3 independent experiments. Statistical differences
were analyzed using Student t test, Kaplan—Meier survival analysis, log-rank test, and
Spearman correlation.
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PHLPP1 and PHLPP2 Dephosphorylate Akt in PaCa Cells

Immunofluorescence showed that both PHLPP1 and PHLPP2 colocalize with pAkt in MIA
PaCa-2 and PANC-1 cells (Figure 1A). There were differences in the intracellular
localization of PHLPP1 and PHLPP2; PHLPP1 localized both to the plasma membrane and
perinuclear area, whereas PHLPP2 only localized to the perinuclear area (Figure 1A).

To determine whether PHLPPs dephosphorylate Akt in PaCa cells, we used PHLPP siRNAs
or overexpression plasmids to transfect the cells and measured Akt phosphorylation at
Ser473, critical for Akt activation. Two different sSiRNAs against each of PHLPP1 and
PHLPP2 similarly and greatly (>3-fold) increased pAkt level in MIA PaCa-2 cells (Figure
1B). PHLPP1 and PHLPP2 siRNAs also increased pAkt in PANC-1 cells (Supplementary
Figure 1). Correspondingly, PHLPP1 and PHLPP2 overexpression decreased the level of
pAkt in MIA PaCa-2 (Figure 1C) and PANC-1 cells (Supplementary Figure 1B and C). Of
note, overexpression of either PHLPP decreased phosphorylation of the downstream Akt
substrates mTor, Foxo3a, and GSK-3p (Figure 1C). Interestingly, overexpression of
PHLPP1, but not PHLPP2, decreased pGSK-3a level (Figure 1C).

It was recently reported in other cells that PHLPP1 and PHLPP2 differentially regulate
distinct Akt isoforms.11 To determine specificities of PHLPPs toward Akt isoforms in PaCa
cells, we measured the effects of PHLPP1 and PHLPP2 knockdowns on the levels of pAktl
and pAkt2 (Figure 1D). In these experiments, pAkt was immunoprecipitated from MIA
PaCa-2 cells transfected with PHLPP1 or PHLPP2 siRNAs, and the pAkt
immunoprecipitates were probed with antibodies against Aktl or Akt2. (Of note, there are
no specific antibodies against pAktl versus pAkt2 because the Akt isoforms are highly
homologous at the phosphorylation site.) We found that PHLPP1 siRNA knockdown
specifically increased pAkt2 but not pAktl, whereas PHLPP2 knockdown increased pAktl
but not pAkt2 (Figure 1D). Coimmunoprecipitation experiments further showed that
PHLPP1 and PHLPP2 selectively interact with the Akt isoforms; PHLPP1
coimmunoprecipitated with Akt2 but not with Aktl and, in contrast, PHLPP2
coimmunoprecipitated with Aktl but not Akt2 (Figure 1E). These results indicate that
PHLPP1 and PHLPP2 selectively dephosphorylate the 2 Akt isoforms; they also help
explain the finding (Figure 1C) that PHLPP1, but not PHLPP2, dephosphorylated GSK-3q,
which is a specific substrate of Akt2 but not Akt1.11

We next addressed the specificity of PHLPPs for the Akt relative to other kinases. In
addition to Akt, PHLPPs have been reported to dephosphorylate protein kinase C,24 which
belongs to the same AGC kinase family as Akt. In neurons, PHLPP1 down-regulated the
Ras-MEK/ERK pathway.2! However, in PaCa cells, PHLPPs did not affect the
phosphorylation status of either protein kinase C or ERK (Supplementary Figure 2). The
data indicate that knockdown of PHLPP1 or PHLPP2 decreases the expression levels of
ERKs (Supplementary Figure 2), the mechanism of which remains to be determined.
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Growth Factors Decrease PHLPP Activity in PaCa Cells

We next measured the kinetics of fetal bovine serum (FBS)-induced changes in pAkt levels
in both control cells and cells depleted of PHLPP1 or PHLPP2 (Figure 2A and B).
Knockdown of PHLPPs greatly up-regulated pAkt at all time points, as shown by
densitometry. Importantly, PHLPP depletion specifically up-regulated pAkt but not the total
Akt levels (Figure 2A and B).

Both serum and insulin growth factor | (IGF-I) markedly decreased PHLPP1 activities in
both cell lines; PHLPP2 activity was similarly inhibited in MIA PaCa-2 cells and somewhat
less in PANC-1 cells (Figure 2C, D, and F). Of note, inhibition of PHLPPs was detected as
early as after 15 minutes of incubation with growth factors and persisted for 48 hours of
observation (Figure 2C, D, and F). Importantly, growth factors inhibited PHLPP activities
without altering levels of PHLPPs (Figure 2A and B). Also, the amount of PHLPP
coimmunoprecipitated with Akt isoforms was the same at 25 minutes and 48 hours after
addition of FBS (Supplementary Figure 3).

While the PHLPP activities were persistently decreased, the FBS-induced increase in pAkt
was maximal at ~15 minutes (Figure 2A, B, and E) due to the transient receptor-mediated
stimulation of Akt phosphorylation by upstream kinases.25:26

Nox4 NADPH Oxidase Inhibits PHLPP1 Activity in PaCa Cells

We previously showed!”-27-29 that in PaCa cells, growth factors activate the Nox4 NADPH
oxidase and that Nox4-generated ROS inactivate PTPs, resulting in sustained activation of
the prosurvival Jak/STAT. Here we examined the effect of Nox4 NADPH oxidase on the
serine/threonine PHLPP phosphatases. siRNA knockdown of each of the NADPH oxidase
subunits Nox4 or p22, as well as the NADPH oxidase inhibitor DPI, all increased PHLPP1
activity in MIA PaCa-2 and PANC-1 cells (Figure 3A-C). Nox4 colocalized with PHLPP1
both in the perinuclear area and on plasma membrane (Figure 3D). Furthermore, knocking
down Nox4 or p22 or applying DPI decreased pAkt levels (Figure 3E), in accord with the
data from another group3® These findings, together with our published results,17:27-29
indicate that growth factors inhibit PHLPP1 activity in PaCa cells through activating Nox4
NADPH oxidase. Of note, neither the siRNA transfection nor DPI increased PHLPP1 level
while increasing PHLPP1 activity (Figure 3E). Thus, Nox4 NADPH oxidase inactivates
PHLPP1 in PaCa cells through inhibiting PHLPP1 phosphatase activity rather than affecting
its level.

To test whether ROS directly affect PHLPP1 activity, we examined the effect of H,O, on
PHLPP1 immunoprecipitates (Figure 3F). PHLPP1 was immunoprecipitated from cells
cultured without and with growth factors, H,O, was added to the immunoprecipitates, and
PHLPP1 activities were measured 5 minutes later. The activity of PHLPP1
immunoprecipitated from cells cultured without growth factors was high and was
dramatically (>70%) reduced by the addition of H,0,, indicating a direct inhibitory effect of
ROS on PHLPP1 activity. Differently, the activity of PHLPP1 immunoprecipitated from
cells cultured with FBS was low and was little affected by H,0,.
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The explanation for the observed difference in the effect of H,O, on PHLPP1 activity in
PaCa cells cultured without versus with growth factors is that the cellular ROS levels differ
in these conditions, resulting in different levels of PHLPP1 activity. In the absence of
growth factors, the activity of NADPH oxidase and thus cellular ROS level are relatively
lowl7:27-29 and not sufficient to inhibit phosphatase activity in PaCa cells. Therefore, in
these conditions PHLPP1 activity is relatively high, and the inactivating (oxidizing) effect of
exogenous H,O, on PHLPP1 is quite dramatic (Figure 3F). Differently, in cells cultured
with growth factors the NADPH oxidase activity is relatively high, resulting in high ROS
level and a markedly decreased phosphatase activity.17-27-2% Therefore, PHLPP1
immunoprecipitated from cells cultured with FBS has low activity, and the addition of H,0O,
has little effect (Figure 3F). Correspondingly, addition of the reducing agent dithiothreitol
(which restores the active, nonoxidized form of phosphatasel-27-2%) to PHLPP1
immunoprecipitates obtained from cells cultured with FBS increased PHLPP1 activity
(Figure 3F).

Interestingly, neither Nox4 NADPH oxidase inactivation (Supplementary Figure 4) nor
H,0, (data not shown) had any effect on PHLPP2 activity, indicating that the 2 PHLPP
isoforms are differentially regulated by ROS.

PHLPP Overexpression Stimulates PaCa Cell Death

Overexpression of either PHLPP1 or PHLPP2 increased apoptotic DNA fragmentation in
both MIA PaCa-2 and PANC-1 cells cultured with and without growth factors (Figure 4A).
The stimulation of apoptosis was more pronounced with overexpression of PHLPP1
compared with that of PHLPP2 (Figure 4A). In accord with these data, knockdown of Akt2
potentiated apoptosis to a greater extent than that of Aktl (Supplementary Figure 5A).
Knockdown of both Aktl and Akt2 isoforms increased DNA fragmentation to the same
extent as PHLPP overexpression (Supplementary Figure 5B). The effects of PHLPP
overexpression and Akt siRNA knockdown on apoptosis were not additive, indicating a
common pathway (Supplementary Figure 5B).

In both MIA PaCa-2 (Figure 4B) and PANC-1 (not shown) cells, PHLPP overexpression
also increased the percentage of cells permeable for PI, which include AnV*/P1* cells,
representing late apoptosis associated with secondary necrosis, and AnV~/P1* cells with
primary necrosis.?2 Both PHLPPs stimulated autophagy in PaCa cells (Figure 4C). In MIA
PaCa-2 cells, the effects of PHLPP1 and PHLPP2 on autophagy were of the same
magnitude; in PANC-1 cells, PHLPP1 increased autophagic vacuoles to a greater extent than
PHLPP2 (Figure 4C).

The results in Figure 4 show that PHLPP overexpression overcomes the resistance of PaCa
cells to death, both in the presence and absence of growth factors. Surprisingly, we did not
detect any significant effect of PHLPP overexpression on MIA PaCa-2 cell proliferation
(Figure 4D).
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PHLPP1 Expression in PDAC Negatively Correlates With Patients' Survival

PHLPPs were highly expressed in normal mouse pancreas, and their levels were greatly
decreased in the Kras®12P and Kras®12D/Trp53R172H genetic mouse models of PDAC
(Figure 5). Further, the results in Figure 5 indicate that PHLPP1 and PHLPP2 levels time-
dependently decrease with PanIN development in Kras®12P mice.

IHC showed that PHLPPs were also highly expressed in normal human pancreas, both in
acinar and ductal but not stromal cells (Figure 6A). In human PDAC, PHLPPs were confined
to cancer but not to stromal cells (Figure 6A). Intracellular localizations of PHLPP1 and
PHLPP2 were different. PHLPP1 showed both membrane and perinuclear staining, whereas
PHLPP2 was only localized to the cytosol (Figure 6B). Of note, these differences in
PHLPP1 and PHLPP2 cellular localizations were similarly observed in normal human
pancreas and PDAC (Figure 6B) and PaCa cell lines (Figure 1A).

The expression of both PHLPP1 and PHLPP2 dramatically decreased in PDAC as compared
with normal pancreas (Figure 6A). Differently and in agreement with previous reports,20:23
Akt phosphorylation was barely detectable in normal pancreas but greatly increased in
PDAC (Figure 6A). Further, the level of pAkt inversely correlated with survival in the
cohort of patients with PDAC we investigated (Figure 6C). We found an inverse correlation
between PHLPP expression (for both isoforms) and the level of pAkt in patients with PDAC
(Figure 6D). Most strikingly, the decrease in PHLPP1 level in human PDAC highly
correlated (P < .009) with shorter survival for patients with PDAC (Figure 6C and
Supplementary Table 1); in contrast, there was no correlation between PHLPP2 level and
patients' survival (Figure 6C).

An explanation for these different roles of PHLPP1 and PHLPP2 in PDAC is provided by
our finding that PHLPP1 and PHLPP2 selectively target the 2 Akt isoforms in PaCa cells;
PHLPP1 specifically dephosphorylates Akt2, whereas PHLPP2 dephosphorylates Aktl
(Figure 1). Our data indicate that the roles of Aktl and Akt2 in PDAC are different; Akt2
was up-regulated in 77% of pancreatic tumors in the PDAC patient cohort we investigated,
whereas Aktl level was elevated in only 18% of tumors (Figure 6E and F). Strikingly, the
median survival of patients with PDAC with high Akt2 levels (in the cohort under study)
was 16 months versus 44 months for those with low Akt2 expression. In contrast, there was
no difference in the median survival time between patients with high and low Aktl
expression (Supplementary Table 2).

Thus, our findings suggest that the strong association of PHLPP1 expression with survival
of patients with PDAC (Figure 6C) is due to the fact that Akt2, which is a substrate for
PHLPP1 (but not Aktl, which is targeted by PHLPP2), mediates development of PDAC.
The role of Akt2 in development of PaCa is also supported by data in the literature.2:>8.13

PHLPP1, But Not PHLPP2, Overexpression Drastically Reduces Tumor Growth and
Stimulates Apoptosis in the Orthotopic Model of PaCa

We next examined the effects of PHLPP1 and PHLPP2 overexpression in the orthotopic
mouse model of PaCa (Figure 7).
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We compared the orthotopic xenograft PaCa models that we developed using control MIA
PaCa-2 cells (WT-MIA) versus MIA PaCa-2 cells stably overexpressing PHLPP1 (PHLPP1-
MIA) or PHLPP2 (PHLPP2-MIA). The cells were generated by lentiviral transduction
(Supplementary Materials and Methods). IHC confirmed that the tumors derived from
PHLPP1-MIA cells had higher PHLPP1 and lower pAkt levels than tumors in WT-MIA
mice (Figure 7A). The first indication of the antitumorigenic effect of PHLPP1 was that
subcutaneous engraftment of PHLPP1-overexpressing cells in the donor mice resulted in
tumor formation in only 50% of mice, whereas engraftment of control (WT-MIA) cells
induced tumor formation in 100% of mice. Further, the tumors in PHLPP1-MIA xenograft
mice were >3 times smaller (Figure 7B) and had >5 times more apoptotic cells than tumors
in the WT-MIA model (Figure 7C). There was no difference in proliferation of tumor cells
between the PHLPP1-MIA and WT-MIA orthotopic models (Figure 7C). Differently,
overexpression of PHLPP2 had a lesser inhibitory effect on pAkt and did not affect tumor
weight and volume and apoptotic death of tumor cells. These data support our findings that
the PHLPP1/Akt2, but not PHLPP2/Akt1, pathway mediates development of pancreatic
tumors.

Discussion

Our results establish an important role for the serine/threonine protein phosphatases
PHLPP1 and PHLPP2, antagonizing Akt activity in PaCa. We show that both PHLPPs
colocalize with and dephosphorylate Akt in PaCa cells. PHLPP1 overexpression down-
regulated pAkt in the orthotopic mouse model. Furthermore, expression of PHLPPS in
human PDAC and mouse genetic and orthotopic models of PaCa inversely correlated with
Akt phosphorylation level.

Growth factors (serum and IGF-1) inhibited activities of PHLPPs. We have previously
shown17:27-29 that, in PaCa cells, growth factors inactivate PTPs (such as LMW-PTP1/)
through a Nox4 NADPH oxidase—dependent mechanism. Specifically, we showed that FBS
and IGF-I cause nuclear factor kB-dependent transcriptional up-regulation of the p22
subunit of the Nox4 NADPH oxidase, resulting in its activation and increase in ROS.28 In
turn, ROS inactivate PTPs, maintaining the activation of the pro-survival Jak/STAT
pathway.1’ The present study indicates that Nox4 NADPH oxidase inactivates the serine/
threonine phosphatase PHLPP1, suggesting the following chain of events: growth factors
up-regulate p22, resulting in NADPH oxidase activation and an increase in cellular ROS; in
turn, ROS inactivate PHLPP1, resulting in pAkt up-regulation.

Of note, the current paradigm31:32 s that regulation by ROS is unique to PTPs (such as
LMW-PTPL7) due to specific structure of their catalytic center. The importance of our
results is that they show inactivation of a serine/threonine phosphatase by ROS.
Furthermore, the results reveal a novel mechanism through which growth factors activate
Akt: by inhibiting PHLPPs, which terminate Akt signaling.

PHLPP isoforms have the same domain structure and ~50% sequence homology.1! PHLPP1
and PHLPP2 both decreased phosphorylation of Akt and its downstream targets mTor,
Foxo3a, and GSK-3p, and both stimulated PaCa cell death. However, our data indicate that

Gastroenterology. Author manuscript; available in PMC 2015 August 21.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

NITSCHE et al.

Page 9

the properties of PHLPP1 and PHLPP2 are not identical. (1) The PHLPP isoforms have
different intracellular localizations in PaCa cells; PHLPP1 localizes to both the perinuclear
area and the plasma membrane, whereas PHLPP2 predominantly localizes to the perinuclear
area. (2) PHLPP1, but not PHLPP2, is regulated by ROS and the Nox4 NADPH oxidase. (3)
PHLPP1 and PHLPP2 regulate distinct Akt isoforms; PHLPP1 selectively dephosphorylates
Akt2, whereas PHLPP2 dephosphorylates Aktl. PHLPP1 has a greater proapoptotic effect
than PHLPP2.

Compared with normal pancreas, levels of PHLPPs were much lower in both human PDAC
and mouse Kras®12D and Kras®12D/Trp53R172H genetic models of PaCa. Thus, PaCa is
associated with down-regulation of PHLPP. Furthermore, we found that high PHLPP1 (but
not PHLPP2) levels strongly correlated with better survival of patients with PDAC in the
cohort under study, suggesting a possible prognostic value for PHLPP1. The strong
association of PHLPP1 expression with survival of patients with PDAC is likely due to the
fact that Akt2, which is a selective substrate for PHLPP1, mediates development of PDAC.
Indeed, Akt2 but not Aktl was up-regulated in a majority of tumors in the cohort of patients
with PDAC. Median survival of the patients with PDAC inversely correlated with tumor
Akt2 level, whereas there was no such correlation for Aktl. Our results are in accord with
data in the literature2>7-9:33 indicating that Akt2 is highly expressed and could be a
prognostic marker in PDAC. In contrast, the role of Aktl in pancreatic tumorigenesis is
questionable; recent data34 even suggest that Akt1 expression is associated with favorable
prognosis in PaCa. The reasons for the different roles of Akt2 and Aktl in PDAC, and why
up-regulation of Akt2 in PDAC is greater than Akt1, are unknown and require further
investigation.

In accord with the results in human PDAC, we found that PHLPP1, but not PHLPP2,
overexpression greatly suppressed pancreatic tumorigenesis in the orthotopic mouse model
of PaCa. PHLPP1, but not PHLPP2, overexpression dramatically stimulated apoptotic death
of tumor cells, providing a mechanism for the in vivo antitumorigenic effect of PHLPP1.
Again, the reasons for the different role of PHLPP1/Akt2 and PHLPP2/Aktl pathways in the
orthotopic model remain to be determined.

In summary, PHLPP1 and PHLPP2 are potent negative regulators of Akt activation in PaCa.
Activities of PHLPPs are inhibited in PaCa cells through growth factor and ROS-dependent
mechanisms. PHLPP1 and PHLPP2 selectively inactivate the 2 Akt isoforms; PHLPP1
dephosphorylates Akt2, whereas PHLPP2 dephosphorylates Aktl. The levels of PHLPPs are
much lower in PaCa than in normal pancreas. Low PHLPP1, but not PHLPP2, levels
correlate with shorter survival time of patients with PDAC, likely because higher expression
of Akt2 (but not Aktl) is associated with PDAC. PHLPP1, but not PHLPP2, overexpression
suppresses tumor growth and stimulates apoptosis in the ortothopic mouse model, indicating
that the antitumorigenic effect of PHLPPL1 is through promating cancer cell death. The
results elucidate the mechanisms by which PaCa cells inactivate PHLPPs, indicate a tumor-
suppressive role for PHLPP1, and suggest PHLPP1 as a target for therapeutic approaches
and a potential diagnostic tool in PDAC.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The phosphatases PHLPP1 and PHLPP2 inactivate Akt in PaCa cells. PHLPP1

dephosphorylates Akt2, and PHLPP2 dephosphorylates Aktl. (A-E) MIA PaCa cells and (A)
PANC-1 cells, (A and E) nontransfected or (B-D) transfected, were cultured with 15% FBS,
and the (A) cellular localization and (B-E) levels of PHLPP1 and PHLPP2, pAkt (at
Ser473), pmTor, pGSK-3a, pGSK-3p, pFoxo3a, and total Akt, Aktl, and Akt2 were
measured by (A) immunofluorescence and (B-E) immunoblotting. (A) Cells were
immunostained using primary antibodies against PHLPP1, PHLPP2 (green), and pAkt (red),
and secondary antibodies were conjugated with Alexa 488 or 594. The sections were
counterstained with 4/,6-diamidino-2-phenylindole (DAPI) and analyzed by confocal
microscopy. Images are representative of at least 100 cancer cells analyzed. (B-D) Cells
were transfected with (B and D) control, PHLPP1, or PHLPP2 siRNAs or (C) control,
PHLPP1, or PHLPP2 overexpression plasmids, and the efficiency of transfections was
confirmed by immunoblotting. In this and other figures, the blots were reprobed for GAPDH
to confirm equal loading. In B, 2 lanes (1a and 1b; 2a and 2b) indicate 2 different sSiRNAs
used for, respectively, each of PHLPP1 and PHLPP2. In D, cells were transfected with
PHLPP1 or PHLPP2 siRNA, and lysates were subjected to immunoprecipitation with pAkt
antibody that immunoprecipitates all isoforms of pAkt. Immunoprecipitates were probed
with isoform-specific antibodies against total Aktl or total Akt2. The equal levels of Aktl
and Akt2 in the original lysates were confirmed by immunoblotting. The intensities of Akt
and pAkt bands were quantified by densitometry (right panelsin B-D). (E) Lysates were
subjected to immunoprecipitation with antibodies against total Aktl or Akt2 and probed for
Aktl, Akt2, PHLPP1, and PHLPP2. In B-E, the immunoblots and immunoprecipitations are
representative of 3 independent experiments, which all gave similar results. In this and other
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figures, values are means + SE from at least 3 independent experiments. *P < .05, **P <,
01, and ***P < .001 versus control cells (ie, transfected with control siRNA or plasmid).
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Figure2.
Serum (FBS) and IGF-I1 inhibit activities of PHLPP1 and PHLPP2 in PaCa cells. (A-E) MIA

PaCa-2 and (F) PANC-1 cells, nontransfected or transfected with control or PHLPP1 or
PHLPP2 siRNA, were depleted of growth factors for 48 hours and then cultured with and
without 15% FBS or 100 ng/mL IGF-I for (A-E) indicated times or (F) 48 hours. (A, B, and
E) Levels of PHLPP1 and PHLPP2, pAkt, and total Akt were measured by immunoblotting.
The intensities of Akt and pAkt bands were quantified by densitometry, and pAkt/Akt ratios
were calculated (bottom panelsin Aand B). (C, D, and F) Activities of PHLPP1 and
PHLPP2 were measured in their immunoprecipitates and normalized to those in the
immunoprecipitates from cells cultured without growth factors (GF). *P < .05, **P < .01,
and ***p < .001 versus (C and D) 0 minutes or (F) no growth factors.
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Figure 3.
Nox4 NADPH oxidase negatively regulates PHLPP1 activity in PaCa cells. (A-F) MIA

PaCa-2 and (A and F) PANC-1 cells, nontransfected or transfected with control, Nox4, or
p22 siRNA, were cultured for 48 hours with (A, C-E) 15% FBS or (B) 100 ng/mL IGF in
the presence or absence of 10 pmol/L DPI. (A and B) PHLPP1 activity was measured in
PHLPP1 immunoprecipitates as in Figure 2 and normalized to that in cells transfected with
control siRNA or cultured without DPI. *P < .05, **P < .01, and ***P < .001 versus cells
transfected with control siRNA or cultured without DPI. (C and E) Transfection efficiencies
and the levels of pAkt, Akt, and PHLPP1 were measured by immunoblotting. Representative
of 3 independent experiments, which all gave similar results. (D) Nontransfected MIA
PaCa-2 cells were stained for PHLPP1 (green) and Nox4 (red) and analyzed by confocal
microscopy. Each image is representative of at least 50 cancer cells. (F) PHLPP1 was
immunoprecipitated from cells cultured without and with FBS, as indicated; 1 pmol/L H,0,
or 1 mmol/L dithiothreitol (DTT) was added to the immunoprecipitates for 5 minutes and
phosphatase activities were measured. **P < .01, ***P < .001 versus activity of PHLPP1
without H,0, (left panel) or without ETT (right panel).
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Figure4.
PHLPP1 and PHLPP2 overexpression increases PaCa cell death. MIA PaCa-2 and PANC-1

cells were transfected with control, PHLPP1, or PHLPP2 plasmids or subjected to double
transfection with PHLPP1 or PHLPP2 and LC3-GFP plasmids. Cells were grown for 48
hours without growth factors (no GF) or with 15% FBS or 100 ng/mL IGF-I (IGF). (A)
Apoptosis was quantified by measuring DNA fragmentation with the Cell Death ELISA Kkit.
(B) Necrosis was measured as the percentage of propidium iodine (PI)-positive cells. (C)
Autophagy was quantified in cells overexpressing LC3-GFP as the percentage of cells with
more than 5 LC3 dots per cell. (D) Proliferation was measured by 3H-thymidine uptake. *P
< .05 versus cells transfected with control plasmids, #P < .05 versus cells transfected with
PHLPP2 plasmid.
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Figure5.
PHLPP1 expression correlates with tumor development in pancreatic mouse cancer models.

PHLPP1 and PHLPP2 IHC was performed on pancreatic tissue samples from Kras®12P and
Kras®12D/Trp53R172H mice at different stages of tumor development. The images were
visualized with light microscopy and are representative of 3 different mice for each
condition. Scale bar = 50 pm.
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PHLPP1 expression correlates with survival of patients with PDAC. (A, C-F) IHC and (B)
immunofluorescence were performed on human normal pancreas and PDAC tissue samples

using primary antibodies against PHLPP1, PHLPP2, pAkt, Aktl, or Akt2 and
biotinstreptavidin-peroxidase system (A and E; hematoxilin counterstain) or secondary

antibodies conjugated with Alexa 488 (B). Scale bar = 50 um. (C) Forty PDAC samples
were grouped as high and low PHLPP1 or PHLPP2 or pAkt expression, and a Kaplan—Meier
survival analysis and a log-rank test were performed. (D) Correlations between PHLPP and
pAkt levels were calculated on 28 PDAC samples using Spearman rank correlation test. (F)
Percentage of tumors with high or low Aktl and Akt2 expression were quantified in 28

PDAC samples.
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Figure7.
PHLPP1, but not PHLPP2, overexpression inhibits tumor growth and stimulates apoptosis in

the orthotopic xenograft mouse model of PaCa. Orthotopic xenograft PaCa models were
developed using control MIA PaCa-2 cells (WT-MIA) or lentiviral-transduced MIA PaCa-2
cells stably overexpressing PHLPP1 (PHLPP1-MIA) or PHLPP2 (PHLPP2-MIA). Mice
were killed 6 weeks after transplant of the xenograft. (A) PHLPP1 and PHLPP2 and pAkt
levels were analyzed with IHC using a biotin-streptavidin-peroxidase system. (B) Tumor
volume and weight were normalized to those in WT-MIA, the values for which were,
respectively, 2.0 + 0.3 cm3 and 3.5 + 0.8 g (means + SE from 14 WT-MIA mice). (C)
Apoptosis and proliferation were quantified with terminal deoxynucleotidyl transferase—
mediated deoxyuridine triphosphate nick-end labeling and Mib1 staining, correspondingly,
in 10 fields per tumor. Values are means + SE (n = 60). *P < .05 versus ***P < .001; ****p
<.0001 WT-MIA (n = 6 mice per group).

Gastroenterology. Author manuscript; available in PMC 2015 August 21.



