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ABSTRACT OF THE DISSERTATION

PHLPP Phosphatase Regulation of Growth Factor Signaling

by

Matthew Jeffrey Niederst

Doctor of Philosophy in Biomedical Sciences
University of California, San Diego, 2011

Professor Alexandra C. Newton, Chair

Over the last several years, the PHLPP protein phosphatases have emerged as
critical regulators of cell signaling. The two PHLPP genes, PHLPP1 and PHLPP2 were
originally characterized as hydrophobic motif phosphatases for Akt and PKC. By
dephosphorylating these kinases, PHLPP1 and PHLPP2 suppress their proliferative and
anti-apoptotic activities. Here, we expand the PHLPP family of enzymes with the
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cloning of a third member, PHLPP1β. In addition, we identify the Ras/ERK pathway as
a novel target of PHLPP activity, and reveal that PHLPP regulation of this pathway is
mediated through control of EGF receptor levels. Finally, we explore the role of PHLPP
as a tumor suppressor by sequencing PHLPP1 in CLL patient samples. Together, these
studies further our knowledge of the PHLPP family of phosphatases and provide
additional evidence in support of a prominent role for PHLPP in controlling growth
factor signaling and suppressing tumor growth.
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Chapter 1
PHLPP Phosphatases: Past & Present

1

2
Protein phosphorylation has evolved as a means to rapidly alter protein activity,
interactions, localization, and stability. The addition/removal of phosphate groups is
essential for the proper regulation of a myriad of critical cellular processes. Processes
such as cell division, migration, energy metabolism, and apoptosis are just a few
examples of cell functions that can either be subtly tweaked or grossly modified by
phosphorylation. Protein kinases are the enzyme family responsible for the addition of
phosphate groups and are vital to the maintenance of cellular homeostasis. Equally
important are protein phosphatases, the class of enzymes tasked with phosphate removal.
The significance of exquisite regulation of protein phosphorylation/dephosphorylation is
underscored by the vast number of diseases that result from misregulation of
kinase/phosphatase function. Growth factor signaling pathways serve as an excellent
example of a series of phosphorylation/dephosphorylation events that critically regulate
the processes of proliferation and apoptosis. Deregulation of many of the components of
growth factor activated pathways has been well chronicled in a plethora of diseases
including nearly every type of cancer.
Over the last several years, the Newton lab has discovered a novel phosphatase
family named the PHLPP phosphatases, and have begun to characterize PHLPP
phosphatase control of several major protein phosphorylation pathways. This thesis is an
expansion of that work, providing further characterization of the PHLPP family of
phosphatases by cloning the third PHLPP isoform, identifying an additional signal
transduction pathway that is controlled by PHLPP, and studying the role of PHLPP in
disease, namely Chronic Lymphocytic Leukemia (CLL).
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PHLPP Family of Phosphatases
The PH domain Leucine-Rich Repeat Protein Phosphatases (PHLPP) family of
phosphatases contains three members, the alternatively spliced PHLPP1α and PHLPP1β,
and a second gene product PHLPP2 (Figure 1.1). The PHLPP isoforms share a
conserved domain structure: A Pleckstrin Homology (PH) domain followed by a series
of Leucine-Rich Repeat (LRR) domains, a PPM family Ser/Thr phosphatase catalytic
domain, and a PDZ-binding motif at the C-terminus (PHLPP1β and PHLPP2 also contain
a putative Ras Association (RA) domain near their N-termini). The phosphatase domains
of PHLPP1/2 most closely resemble PP2C-type phosphatase domains and together make
up the larger PPM family of protein phosphatases [1]. PPM phosphatases are distinct
from other Ser/Thr phosphatases families (i.e. PPP family members PP1 and PP2A) due
to their requirement for divalent metal ions for catalysis and their lack of sensitivity to
phosphatase inhibitors such as Okadaic Acid and Calyculin [2]. PP2C family members
have most often been linked to the inhibition of stress response signaling [3]. For
example, PP2Cα, the original member of the PP2C family, dephosphorylates the stress
responsive MAP kinases p38 and JNK, therefore blunting their activation following
environmental stress [4]. A recent study has implicated PHLPP in the regulation of stress
response, however, unlike PP2Cα PHLPP promotes p38 and JNK activity by removing
an inhibitory phosphate on the upstream kinase MST1 [5]. The additional regulatory
domains adjacent to the catalytic domain of PHLPP1/2 are absent on most of the PP2C
phosphatases, which may suggest that PHLPP is subject to distinct and perhaps more
complex mechanisms of regulation and has a unique set of substrate targets.
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The emergence of PHLPP isoforms evolutionarily dates back to yeast. The S.
cerevisiae homolog of PHLPP, CYR1, encodes an adenylyl cyclase domain in addition to
its phosphatase domain that generates cAMP and has been the focus of significant
research for over 25 years [6]. CYR1 is also known as CDC35, as its adenylyl cyclase
activity has been shown to be required for yeast cell division [7]. To date, little is known
about the phosphatase domain of CYR1 regarding its catalytic activity, function in cAMP
production, or role in regulation of additional signaling pathways.
The mammalian homologue of PHLPP was initially discovered in a screen
searching for genes whose transcripts oscillated based on the circadian cycle in the
superchiasmatic nucleus, which is the region of the brain that controls circadian rhythms
[8]. It was given the name Superchiasmatic nucleus circadian oscillatory protein, or
SCOP. SCOP was later shown to inhibit Ras signaling via a mechanism whereby SCOP
bound to nucleotide free K-Ras and prevented its GTP binding and activation [9]. The
authors mapped this inhibitory function to the Leucine-Rich Repeat domains of SCOP,
domains that had been previously shown to exert a similar effect as part of another K-Ras
interacting protein, SUR-8 [10]. Much like the original CYR1 studies, the early studies
of SCOP paid little attention to the phosphatase domain.
The phosphatase activity of PHLPP was first characterized by the Newton Lab as
evidenced by the discovery that PHLPP could directly dephosphorylate the pro-survival
kinase Akt [11]. Akt becomes activated when extracellular signals such as growth factors
promote the membrane recruitment of the phosphatidylinositol 3-Kinase (PI3K), which
phosphorylates and 3‟-OH group of phosphatidylinositol 4,5 bisphosphate (PIP2) to
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generate phosphatidylinositol 3,4,5 trisphosphate (PIP3) (Figure 1.2) [12]. PIP3 then
binds the PH domain of Akt, allowing access to and subsequent phosphorylation of the
activation loop site (Thr308 in Akt1) by the phosphoinositide dependent kinase, PDK1
[13, 14]. This is followed by an mTORC2-dependent phosphorylation of the
hydrophobic motif site (Ser473 on Akt1) [15, 16]. In addition to mTORC2, several
reports have suggested that additional kinases phosphorylate Akt at Ser473, including
autophosphorylation by Akt itself, as well as other kinases, most recently TBK1 and IκB
kinase ε [17-19]. This fully phosphorylated form of Akt is maximally active and
phosphorylation of both Thr308 and Ser473 are required for activity towards a subset of
substrates in cells [16, 20]. Akt substrates include GSK3, FOXO, p27, TSC2 and are
important regulators of cell growth, division, metabolism and death [21]. Misregulation
of Akt and its substrates can lead to many pathophysiological states, notably cancer and
diabetes [22].
Targets of PHLPP: Hydrophobic Motif Phosphatase
The pioneering studies of PHLPP1 and PHLPP2 revealed that both could
dephosphorylate Akt in vitro and negatively regulate this site in vivo [11, 23]. As a result
of their suppression of Akt activity, PHLPP1 and PHLPP2 promote apoptosis and
suppress cell division and make strong candidate tumor suppressor proteins. These
studies also revealed that PHLPP1 and PHLPP2 specifically target the hydrophobic motif
site of Akt. The PDZ-binding motif of PHLPP is required for this activity, consistent
with an important scaffolding function for this domain [11]. The PDZ-binding motifs
may also be necessary for the isoform specific targeting of Akt by PHLPP: PHLPP1
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binds and dephosphorylates Akt2, PHLPP2 binds and dephosphorylates Akt1, and both
PHLPPs bind and dephosphorylate Akt3. This Akt isoform specifity leads to differential
control of Akt substrates by the two PHLPP isoforms. For example, PHLPP1 specifically
controls HDM2 phosphorylation while PHLPP2 regulates p27 [23]. This finding may
provide a basis for the differential magnitude of effects of PHLPP1 vs PHLPP2 on
proliferation and apoptosis despite similar effects on the magnitude change of 473
phosphorylation [23, 24].
Protein Kinase C (PKC) isoforms are another target of PHLPP phosphatase
activity. PKC and Akt are closely related members of the AGC kinase family and share
in common several regulatory mechanisms [25]. PKC is also activated by a lipid second
messenger, diacylglycerol, which binds to the C1 domain and functions by allosterically
removing the autoinhibitory pseudosubstrate from the catalytic core, clearing the way for
substrate entry and phosphorylation [26, 27]. PKC and Akt share the conserved
phosphorylation sites in their kinase cores, namely the activation loop and hydrophobic
motif (Thr500 and Ser660 in PKCβII). Due to the high degree of homology to Akt, the
hydrophic motif of PKC is a good candidate for a PHLPP substrate [28]. Indeed, PHLPP
dephosphorylates the hydrophobic motif of PKC in vitro and negatively regulates this site
in cells [29]. In contrast to Akt however, PHLPP dephosphorylation of the hydrophobic
motif of PKC does not alter catalytic activity, but rather destabilizes the protein and
promotes its ubiquitin-mediated degradation [30, 31]. It will be interesting to determine
the impact of PHLPP regulation on the cellular functions of PKC outside of cell
proliferation, where PHLPP suppression of PKC exerts only a subtle effect [24].
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Targets of PHLPP: MST1
Recently, MST1 kinase has been identified as a third target of PHLPP [5].
PHLPP dephosphorylates the Thr387 autoinhibitory site on MST1 that is phosphorylated
by Akt. PHLPP dephosphorylation of MST1 activates its kinase domain and induces
phosphorylation of p38 and JNK and promotes apoptosis [5]. Intriguingly, MST1 is the
mammalian homologue of the Drosophila hpo (hippo) gene, which was discovered in a
screen for regulators of cell growth and number [32]. Alterations to the mammalian
hippo pathway have likewise led to defects in tissue growth and organ size control.
Furthermore, the suppression of cell growth and proliferation by the hippo pathway is an
important mechanism to suppress tumor growth [33]. The role of PHLPP regulation of
MST1 in hippo pathway signaling and conversely the role of the hippo pathway in the
tumor suppressive function of PHLPP are two areas that warrant future research.
MST1 is a member of the Sterile-20 family of cytoskeletal, stress, and apoptotic
kinases, and shares little homology to Akt and PKC. This indicates that PHLPP catalytic
activity is not limited to the hydrophobic motif sites of AGC family kinases, and opens
up a plethora of putative PHLPP targets. Phosphatases in general are notoriously
promiscuous when it comes to consensus dephosphorylation sites and their substrate
specificity is often lent by regulatory subunits/domains [34]. Further evidence supporting
the existence of many additional PHLPP substrates is the relatively small number of
Ser/Thr phosphatases versus Ser/Thr kinases, implying that each phosphatase is
responsible for a much larger number of targets [35]. Indeed, it is highly probable that
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Akt, PKC, and MST1 represent just the tip of the iceberg of PHLPP cellular substrates,
with many more waiting to be discovered.
PHLPP and the EGF Receptor
A major finding of this thesis research is the identification of Epidermal Growth
Factor (EGF) Receptor and downstream Ras/Erk pathway activation as a target of PHLPP
regulation. EGF receptor is part of the receptor tyrosine kinase family that transmits
signals from the extracellular growth factors to produce an intracellular response (Figure
1.2) [36]. Upon EGF binding to the receptor, the tyrosine kinase domain is activated and
the receptors‟ cytoplasmic tails are phosphorylated via intermolecular
autophosphorylations [37]. This leads to the recruitment of effector proteins harboring
phospho-tyrosine binding domains. These effector proteins include the p85 regulatory
subunit of PI3K leading to Akt activation (see above), as well as the Grb2/SOS complex
which initiates the Ras/ERK pathway signaling. Briefly, SOS (son of sevenless) acts as a
guanine nucleotide exchange factor (GEF) by facilitating the exchange of GDP to GTP
for the small G-protein Ras [38]. GTP-bound Ras is the active form capable of
stimulating the Raf/MEK/ERK kinase cascade [39]. ERK phosphorylates a number of
targets, including several transcription factors, and is a well established regulator of
proliferation, survival and development [40].
Physiological Role of PHLPP
The PHLPP1-/- mouse has been an invaluable tool in establishing the
physiological functions of PHLPP. It is fitting that the first phenotype characterized in
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the PHLPP1-/- mice was an alteration in the circadian cycle. Under typical light
conditions, mice lacking PHLPP1 display a normal circadian rhythm. In contrast, when
the circadian cycle is reset following light stimulation, PHLPP1-/- mice have a deficiency
in restoring the normal rhythm [41]. The exact target of PHLPP1 in regulating circadian
rhythms is unknown, but the authors speculate that PKC and ERK have both been
implicated in circadian biology and make attractive candidates.
Another process that is regulated by PHLPP1 is the development of T-regulatory
cells. PHLPP1-/- mice exhibited a reduced suppressive capacity of their T-regulatory
cells compared to littermate controls [42]. This result is consistent with what is known
about the effect of increased Akt in this system [43]. Proper regulation of Akt by
PHLPP1 is also important in ventricular myocyte survival in response to insult, where
loss of PHLPP1 and resultant increase in Akt activity is protective against doxorubicin
and H2O2. Furthermore, increased phosphorylation of 473 in the heart of PHLPP1-/ mice produces a smaller infarct size when subjected to ischemia/reperfusion injury [44].
Storm and colleagues generated a mouse over-expressing PHLPP1β (referred to in
this study as SCOP) to examine the role of PHLPP1 in learning and memory.
Tetracycline inducible overexpression of SCOP in the forebrain completely blocked
memory formation of novel objects [45]. They went on to further describe calpainmediated degradation of SCOP downstream of BDNF treatment in the hippocampus.
SCOP degradation was calcium dependent and required for ERK phosphorylation in
response to BDNF [45]. Another study has focused on the role of PHLPP1 regulation of
Akt signaling in the developing hippocampus [46]. These findings support an important
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function for PHLPP in the brain, an area which will undoubtedly be a source of more
interesting discoveries in the future.
PHLPP in Disease
As the role of PHLPP in regulating a varied group of physiological processes
becomes clearer, the consequences that result from the loss of PHLPP regulation are also
coming into focus, particularly for cancer. As negative regulators of Akt and PKC, two
kinases known to play a role in cancer, the potential for PHLPP1 and PHLPP2 as tumor
suppressor genes was evident immediately. The initial characterizations of PHLPP1 and
PHLPP2 described their pro-apoptotic and anti-proliferative functions [11, 23]. These
activities were further demonstrated in xenograft studies in which glioblastoma and colon
cancer cells stably over-expressing PHLPP1 and PHLPP2 had significantly reduced
tumor growth in-vivo [11, 24]. A growing body of evidence from human patients lends
further credence that PHLPP1 and PHLPP2 act as tumor suppressor genes in human
cancer. First, the chromosomal loci for PHLPP1 (18q21.33) and PHLPP2 (16q22.3) are
frequently deleted in colon, breast, liver, and prostate cancers [1]. Second, several
studies have found significant decreases in PHLPP expression in tumors compared to
normal tissue. For example, PHLPP1 expression has been shown to be decreased in
CLL, colon, prostate, liver, pancreatic, and stomach cancers [5, 24, 47, 48] and PHLPP2
is also reduced in colon cancer [24]. In addition, microarray studies probing genome
wide global mRNA levels have identified lowered PHLPP1 and/or PHLPP2 expression in
several other tumor types (Table 1.1). Taken together, these findings support PHLPP1
and PHLPP2 as tumor suppressors in a large variety of cancers.
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Work in the Newton Lab characterizing a polymorphism in PHLPP2 revealed that
the less common allele is less effective in regulating Akt and PKC and slowing the
growth of breast cancer cells. Indeed, the polymorphism results in an amino acid change
at codon 1016, which is located in the substrate-binding cleft of PHLPP2. The less
common serine variant (30% frequency in a normal population) has dramatically
diminished activity towards Akt and PKC both in vitro and in cells when compared to the
more common leucine variant (70% frequency in a normal population). The leucine
variant is also more effective at inducing apoptosis and is preferentially lost in high grade
breast cancer patients [49]. Whether or not women with the serine variant are more likely
to develop breast cancer and the effects of this polymorphism in other cancers are critical
questions for the future. Additionally, recent advances in sequencing technology have
facilitated the sequencing of the first group of “cancer genomes.” These efforts have
uncovered several somatic mutations to both PHLPP1 and PHLPP2 in both glioblastoma
and ovarian cancer (Figure 1.2) [50]. These somatic mutations include a nonsense and
several point mutations and it will be important to determine what effect if any these
amino acid changes have on the PHLPP function.
Regulation of PHLPP
Several recent reports have begun to shed some light on how PHLPP itself is
regulated. To date, most of this work has focused on regulation at the protein level,
particularly on the control of PHLPP stability. The first study to probe PHLPP
degradation revealed that PHLPP‟s substrate Akt positively regulated PHLPP1 at the
protein level. The mechanism underlying this affect was Akt suppression of GSK3β,
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which along with CK1 phosphorylated PHLPP1 to generate a phospho-degron motif.
This motif was recognized by the E3 ligase SCF-β-TrCP, leading to the ubiquitination
and degradation of PHLPP1. These data are consistent with a negative feedback
regulatory loop between PHLPP1 and Akt, whereby Akt activity promotes PHLPP1
stability and increases PHLPP1 levels which then work to suppress Akt activation [51].
These data also help to explain the fact that most cells with high Akt phosphorylation
also have high PHLPP (particularly PHLPP1) levels while the opposite would have been
expected. One instance where a disconnect between Akt activity and PHLPP1 levels has
been observed is glioblastoma. An initial screen of the NCI-60 set of cancer cell lines
revealed that in high-grade glioblastomas, PHLPP1 levels were low despite relatively
high Akt phosphorylation levels suggesting a loss of Akt-mediated increase in PHLPP1
stability. The source of the broken feedback loop was traced to mislocalization of βTrCP. Indeed, in normal brain and low-grade glioblastomas SCF-β-TrCP and PHLPP1
are both located mostly in the cytoplasm of the cell. In high-grade glioblastoma cell lines
and patient samples, however, β-TrCP is found primarily in the nucleus where it is
sequestered from PHLPP1 which remains in the cytoplasm [52]. β-TrCP has a number of
substrates, some of which are important players in the pathophysiology of glioblastoma,
implying that mislocalization of the E3 ligase may have important implications beyond
alterations in PHLPP1 levels.
A deubiquitinase enzyme, UCH-L1, has also been found to regulate PHLPP1 at
the protein level. Surprisingly, overexpression of UCH-L1 leads to a reduction of
PHLPP1 protein in CLL cells, a function that requires the deubiquitinase activity.
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Further, high levels of UCH-L1 in CLL tumors correlates with decreased expression of
PHLPP1 in-vivo. The precise mechanism of UCH-L1 regulation of PHLPP1 remains to
be elucidated, although the authors have ruled out changes in transcription and ubiquitinmediated degradation [53]. Regulation of PHLPP can also occur at the translational
level. A recent report by Liu and colleagues indicates that PHLPP1 and PHLPP2 are
positively regulated by mTORC1. Knockdown of several mTORC1 complex
components or pharmacological inhibition with rapamycin led to marked reductions in
PHLPP1 and PHLPP2 levels in breast and colon cancer cells [54]. Similarly, inhibition
of the androgen receptor in prostate cancer cells and in vivo reduced PHLPP1 expression.
This effect is believed to be mediated by reduction of the PHLPP chaperone FKBP5 [55].
Taken together, these findings provide several mechanisms for dynamic regulation of
PHLPP at the post-transcriptional level. It is likely that PHLPP transcription is tightly
controlled as well, and this will be an important topic of future research.
This thesis will focus on three novel aspects of the PHLPP Phosphatases: 1) The
discovery and cloning of the newest PHLPP member, PHLPP1β. 2) The expansion of
PHLPP targets to include growth factor receptors, namely EGFR, and the subsequent
activation of the Ras/ERK pathway downstream. 3) The role of PHLPP1 in CLL will be
addressed via sequencing of the PHLPP1 gene for mutations that could potentially affect
the stability/function of PHLPP1. Finally, the discussion chapter will delve into the
conclusions that can be drawn and advances in the field gained from this study, as well as
new and exciting avenues of research that have yet to be uncovered.
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PP2C
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PHLPP1α
PHLPP1β
PHLPP2

100 a.a

Figure 1.1 Domain Architecture of the PHLPP Phosphatase Family.
PHLPP1β and PHLPP2 have Ras Association (RA) domains near their N-termini
(purple). All three PHLPP isoforms contain Pleckstrin Homology (PH) domains (blue),
Leucine-Rich Repeat (LRR) domains (red), a PP2C-type Ser/Thr phosphatase domain
(gold), and a C-terminal PDZ-binding motif (pink). PHLPP1α – 1205 a.a., PHLPP1β –
1717 a.a., PHLPP2 – 1323 a.a.
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Figure 1.2 Growth Factor Signaling Pathways.
Upon stimulation of EGF and activation of the EGFR, the Ras/Raf/MEK/ERK and
PI3K/Akt pathways are switched on leading to phosphorylation of many important
proliferation and cell survival proteins.
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Tumor Type

PHLPP Expression

Detection Method

Ref.

Breast

PHLPP1 mRNA is 2.0x lower in
invasive ductal breast carcinoma

mRNA - Array

[56]

Breast

PHLPP1 mRNA is 2.3x lower in
ductal breast carcinoma

mRNA - Array

[57]

Chronic Lymphocytic
Leukemia (CLL)
Chronic Lymphocytic
Leukemia (CLL)
CLL with 13q14
deletion
Colon

PHLPP1 mRNA is 12.4x lower in
CLL
PHLPP1 mRNA is 5.5x lower in CLL

mRNA - Array

[58]

mRNA - Array

[59]

PHLPP1 mRNA Absent in >50% of
tumors
PHLPP2 expression is 5x lower in
colon adenoma
PHLPP2 expression is 6.1x lower in
rectal adenoma

mRNA - qPCR

[47]

mRNA - Array

[60]

mRNA - Array

[60]

PHLPP2 expression is 3.5-3.9x lower
in several colon adenocarcinoma
types
PHLPP1/PHLPP2 expression is
significantly decreased or lost in
78/86% of tumors

mRNA - Array

[61]

Protein – IHC

[24]

Colon

PHLPP2 expression is 2x lower in
colorectal adenoma

mRNA - Array

[62]

Esophageal

PHLPP1 expression is 5.0x lower in
esophageal adenocarcinoma

mRNA - Array

[63]

Esophageal

PHLPP2 expression is 3.8x lower in
esophageal adenocarcinoma

mRNA - Array

[63]

Glioblastoma

PHLPP1 mRNA is 2.1x lower in
GBM
PHLPP1 expression is significantly
decreased
PHLPP1 expression is 3.4x lower

mRNA - Array

[64]

Protein – IHC

[5]

mRNA - Array

[58]

PHLPP2 mRNA is 2.3x lower in
benign melanocytic skin novus

mRNA - Array

[65]

PHLPP1 expression is significantly
reduced in high Gleason Score
tumors .

mRNA - qPCR

[48]

Colon
Colon

Colon

Liver, Pancreas,
Stomach
Mantle Cell
Lymphoma
Melanoma
Prostate

Figure 1.3 PHLPP expression is reduced in a variety of tumor types.
A large group of studies comparing normal to tumor tissue have found that PHLPP
expression is lower in a myriad of cancers.
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Figure 1.4 Somatic mutations in PHLPP identified in cancer.
A. Graphical representation of location of PHLPP mutations. B. Tissue of origin and
reference information for the mutations. TCGA – The Cancer Genome Atlas. * denotes a nonsense mutation.
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Chapter 2
The Newest PHLPP: PHLPP1β
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Introduction
The PHLPP family of serine/threonine phosphatases contains two gene products,
PHLPP1 and PHLPP2. The first cloned human PHLPP1 gene encodes a protein that is
1205 amino acids in length, although it quickly became apparent that this was not the
only PHLPP1 [1]. Indeed, several lines of evidence suggest that PHLPP1 mRNA may be
subject to alternative splicing and point to the existence of a longer PHLPP1 isoform: 1)
Many of the homologues of PHLPP1, including the yeast and rat versions that had been
previously cloned, encoded proteins that were approximately 500 amino acids longer and
contained additional protein domains N-terminal to start of the human PHLPP1 [2, 3].
2) Northern blot analysis revealed a larger PHLPP1 mRNA product in all human tissues
tested except the liver (Gao and Newton, personal communication). 3) Western blots of
lysates from multiple human cell lines suggest the presence of a larger variant of PHLPP1
at the protein level [4]. The additional sequence in the long variant of PHLPP1 is
predicted to encode a Ras Association (RA) domain and a PxxP motif, which often
mediates interactions with SH3 domains (Pfam database, http://pfam.sanger.ac.uk).
These domains may confer additional regulation of catalytic activity and mediate distinct
protein-protein interactions for the longer variant of PHLPP1.
In this chapter, we report the first cloning and expression of this longer version of
human PHLPP1. The shorter PHLPP1 variant will hereafter be referred to as PHLPP1α,
and the longer version PHLPP1β. PHLPP1β consists of an additional 1536 base pairs,
512 amino acids and approximately 50 kDa (Figure 1.1). The additional sequence
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specific to PHLPP1β may be relevant to the regulation of PHLPP1β function and
therefore important in PHLPP-mediated maintenance of cellular homeostasis.
Results
PHLPP1 is regulated by alternative splicing.
The N-terminal extension of PHLPP1β could result from either a differential
transcriptional start site downstream of an alternative promoter, or as a result of
alternative splicing of a common mRNA produced from the same transcriptional start
site. Mature PHLPP1α and PHLPP1β RNAs have the same 35 base pairs at the
beginning of their 5‟ untranslated regions (5‟UTR), indicating they share a transcriptional
start site and that their differences are due to alternative splicing. The 1536 base pairs of
sequence that is specific to PHLPP1β are all contained in the large first exon of PHLPP1.
The splicing event that creates the PHLPP1α mRNA product cuts out the translational
start site used by PHLPP1β (Figure 2.1).
Cloning of PHLPP1β
In order to amplify the entirety of the sequence specific to PHLPP1β, two
Polymerase Chain Reactions (PCR) were required (Figure 2.2). The first PCR reaction
began at the translational start site at the N-terminus of PHLPP1β and extended 1146
base pairs. This region of PHLPP1β is highly GC-Rich (~80%) and the PCR additive
betaine was necessary for amplification of this sequence to occur. The second PCR
reaction started at base pair 1044, extended into PHLPP1α and covered 920 base pairs.
Importantly, these two reactions overlap by just over 100 base pairs and this region
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contains an XhoI restriction site. Furthermore, the segment in the second reaction that
extends into PHLPP1α includes an NsiI restriction site. Both of these sites were utilized
to generate the full-length PHLPP1β construct. Two reactions were necessary because
amplification of the entire PHLPP1β extension was attempted but failed to yield a PCR
product. This is likely due to the fact that PCR conditions necessary for amplification of
the first two thirds are not conducive to amplification of the last third and vice versa. The
first reaction amplified sequence that was entirely contained in a single exon and thus a
DNA template was utilized. The second reaction, on the other hand, spanned an intron
and was therefore amplified from a cDNA template.
PCR products from the two reactions listed above were purified and then each
ligated into a pGEM T Easy vector. From there, these two pieces were ligated together
using the XhoI site to yield the entire PHLPP1β extension along with the first four
hundred base pairs of PHLPP1α. The NsiI site found at the beginning of the PHLPP1α
sequence and the EcoR1 site added to the N-terminus during the initial PCR were then
utilized to subclone the PHLPP1β extension into a PHLPP1α expression vector to
generate full-length PHLPP1β. Sequencing of the PHLPP1β construct compared to the
GenBank database verified that no mutations had occurred as a result of the PCR
amplification.
Expression of PHLPP1β
Exogenous HA-tagged PHLPP1β was overexpressed in H157 cells and SDSPAGE immunoblotting analysis revealed that it ran at a molecular weight of
approximately 190 kDa, or roughly 50 kDa larger than PHLPP1α, consistent with an
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increase of 512 amino acids (Figure 2.3). Analysis of a panel of breast cancer cell lines
revealed that PHLPP1β is the predominantly expressed variant of PHLPP1 (Figure 2.4).
This finding was corroborated in the NCI-60 set of cancer cell lines where Western blot
analysis revealed that PHLPP1β is expressed at considerably higher levels than PHLPP1α
in cell lines derived from many different tumor types [5].
PHLPP1β Association with Ras
PHLPP1β and PHLPP2 each harbor putative RA domains near their N-termini.
This domain has been found to specifically interact with the active, GTP-bound form of
Ras as part of the RASSF1 family of proteins [6]. To determine whether the RA domains
of PHLPP1 and PHLPP2 were able to interact with Ras, co-immunoprecipitation
experiments were completed. Specifically, HA-Tagged PHLPP1α, PHLPP1β, and
PHLPP2 were overexpressed in 293T cells. A Flag-tagged construct of the PHLPP1β Nterminal extension was also overexpressed. Cells were then starved and treated with or
without EGF to test whether increased Ras activation enhanced an interaction with
PHLPP. Figure 2.4 indicates that in HA immunoprecipitates, full-length PHLPP1α,
PHLPP1β, and PHLPP2 did not interact with Ras appreciably above background levels
under either starved or EGF treated conditions (compare vector lanes 1 and 2 with lanes
3-8). In contrast, the PHLPP1β N-terminal construct immunoprecipitated with an antiFLAG antibody strongly interacted with Ras (lane 9). Relative affinity of the 1β only
region versus full length PHLPP cannot be determined due to insufficient data regarding
the relative amount of overexpression. The full-length proteins may also have to undergo
an additional modification to expose the RA domain. Additionally, in the absence of an
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empty flag vector it is possible, although unlikely, that the interaction of the FLAG-1βonly construct with Ras was mediated by the tag itself and was not specific to PHLPP1.
Discussion
PHLPP1β – The third PHLPP isoform
Here we report the first cloning and expression of the full-length PHLPP1β
protein. PHLPP1β encodes an additional 512 amino acids than PHLPP1α, leading to an
increase of 50 kDa in apparent molecular mass. This N-terminal addition includes a RasAssociation domain that binds Ras in cells, as well as PxxP motifs predicted to mediate
interactions with SH3 domain containing proteins. PHLPP1β is also the major PHLPP1
isoform expressed in most tissue types and cell lines.
PHLPP1α versus PHLPP1β – Differential regulation
Given the presence of the RA domain and PxxP motif in PHLPP1β it is possible
that the longer PHLPP1 is subject to differential regulation compared to PHLPP1α. For
example, Ras interactions modulate the activity of several proteins such as the Raf family
of kinases and RASSF1 family of tumor suppressor genes. In fact, the yeast homologue
of PHLPP, CYR1, has an adenylyl cyclase domain adjacent to its phosphatase domain
and its adenylyl cyclase activity is increased by binding of active Ras. Interestingly, the
interaction of Ras with CYR1 has been mapped to the LRR and not the RA domain of
CYR1. It is not known if Ras binding to CYR1 alters its phosphatase activity, but it is
tempting to speculate that such a regulatory mechanism exists and that may be conserved
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in the human PHLPP1β and PHLPP2 proteins but is absent in PHLPP1α which lacks an
RA domain.
Another potential difference in the function of PHLPP1α and PHLPP1β may stem
from protein-protein interactions mediated by the 1β specific region. The PxxP motifs
located in a proline-rich region of PHLPP1β may promote binding to a subset of proteins
unable to interact with PHLPP1α. A number of scaffolding and adaptor proteins
harboring SH3 domains are predicted to bind this region. These interactions could
modify PHLPP‟s activity and/or engage a unique set of substrates.
Sequencing PHLPP1β for cancer mutations
The 1536 base pairs of PHLPP1β that are not found in PHLPP1α account for
roughly 30 percent of the coding sequence. This sequence has not been included in some
of the major sequencing efforts by the Cancer Genome Atlas and similar cancer genome
sequencing projects, and as a result a significant portion of PHLPP1 has not been
sequenced and somatic mutations may have been missed. Furthermore, it is likely that
the first 1000 base pairs of PHLPP1β will be refractory to sequencing due to the high GC
content under the general sequencing conditions. This serves as an example of the
importance of considering PHLPP1β in addition to PHLPP1α and PHLPP2 when
studying the biology of the PHLPP phosphatases.
Experimental Procedures
Materials and Antibodies
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EGF was purchased from Upstate. For Western blotting, an antibody against
PHLPP1 from Bethyl Labs, an antibody against Ras from Upstate, and an antibody
against HA from Covance were used. For co-immunoprecipitation experiments, an HA
antibody from Covance and a Flag antibody from Sigma were used for
immunoprecipitation.
PCR Reactions
Reaction 1 was carried out using the Picomaxx High Fidelity PCR system
(Agilent) per the manufacturer‟s protocol. The genomic DNA template was from the
Coriell Institute and the primers used were 1F 5„GCGAAGCCCCACTGCAGAATTCATGGAG -3‟ and 1R 5‟CCTCGAGCTCTTCCGACGA-3‟. DMSO (5% v/v, Sigma) and Betaine (1M, Sigma)
were added to reaction 1 due to the high GC content. Reaction 2 was carried out using
the One-step RT-PCR kit (Qiagen) kit per the manufacturer‟s protocol. The RNA
template was from H157 cells and was extracted using the RNeasy mini prep kit
(Qiagen). Primers for reaction 2 were 2F 5‟- AGCTTCAGTCTGAGTCCCAGC -3‟ and
2R 5‟- GCAACCTTGGAGACTTGTCGCAGCCACC -3‟.
PCR Subcloning
Following amplification, PCR products were purified using the QIAquick PCR
purification kit (Qiagen). The purified PCR products were then ligated into pGEM-T
Easy Vector system (Promega). Subsequent subcloning steps used restriction enzymes
and DNA ligase from New England Biolabs.

32
Cell Culture and Transfection
H157 and 293T cells were maintained in DMEM (Cellgro) containing 10% FBS
and 1% penicillin/streptomycin at 37°C in 5% CO2. Breast cancer cell lines were
maintained as previously described [7]. Transfections of HA-PHLPP1α, HA-PHLPP1β,
HA-PHLPP2, and FLAG-1β only were completed with the Effectene reagent (Qiagen).
For overexpression experiments, cells were collected 24 hours post-transfection. Prior to
Western blotting, cells were collected and lysed in a buffer containing 50 mM Na2HPO4
(pH 7.5), 1 mM sodium pyrophosphate, 20 mM NaF, 2 mM EDTA, 2 mM EGTA, 1%
SDS, 1 mM DTT, 200 μM benzamidine, 40 μg/ml leupeptin, and 1 mM
phenylmethylsulfonyl fluoride and then briefly sonicated.
Immunoprecipitations
Immunoprecipitations of HA-PHLPP isoforms and FLAG-1β only were
previously described [1]. Briefly, 24 hours post transfection cells were lysed in a buffer
containing 50 mM Na2HPO4, 1 mM sodium pyrophosphate, 20 mM NaF, 2 mM EDTA, 2
mM EGTA, 1% Triton X-100, 1 mM dithiothreitol, 200 μM benzamidine, 40 μg ml-1
leupeptin, 200 μM phenylmethylsulfonyl fluoride. Lysates were pelleted and the
supernatant was incubated with anti-HA or anti-FLAG antibody and protein A/G beads at
4°C overnight. The immunprecipitates were washed twice in the lysis buffer and a third
time in lysis buffer containing 250 mM NaCl. Bound proteins were analyzed by SDSPAGE and immunoblotting.
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Figure 2.1 PHLPP1α and PHLPP1β are splice variants
Diagram depicting the differential use of the PHLPP1 DNA sequence in PHLPP1α versus
PHLPP1β mRNA. Top – PHLPP1 gene including the transcriptional start site (block
arrow) and the translational start sites for PHLPP1α and PHLPP1β (ATG). Below –
PHLPP1 mature mRNAs indicating the variation in splicing of PHLPP1α and PHLPP1β
and the large portion of the first exon that is spliced out to create PHLPP1α. The red
regions represent sequence that is part of PHLPP1α while the blue regions represent
PHLPP1β and the purple regions are part of both. The striped portions indicate
untranslated sequence.
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Figure 2.2 Strategy for PCR amplification and subcloning of PHLPP1β
Two PCR reactions were required to amplify the PHLPP1β specific extension. The first
is shown in yellow and the second in blue. The overlapping sequence is in green and
includes an XhoI site used to ligate the two pieces together. The NsiI site found
downstream of the PHLPP1α start was then used to add the PHLPP1β extension to fulllength PHLPP1α. Forward and reverse primers are shown as arrows.
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Figure 2.3 PHLPP1β has an apparent molecular mass of 185kDa and is the predominant
PHLPP1 isoform.
(A) HA-Tagged PHLPP1α and PHLPP1β were overexpressed in H157 cells. PHLPP1β
migrates with an apparent mass 50 kDa larger than PHLPP1α, consistent with the
addition of 512 amino acids. (B) PHLPP1 levels were probed in a panel of breast cancer
cell lines to determine the relative expression levels of endogenous PHLPP1 isoforms.
Both blots were probed with an anti-PHLPP1 antibody.
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Figure 2.4 The Ras Association domain of PHLPP1β interacts with Ras
293T cells expressing HA-PHLPP1α (P1α), HA-PHLPP1β (P1β), HA-PHLPP2 (P2) or
FLAG-P1β extension only (F1β) were lysed and immunoprecipitated with an HA (fulllength) or FLAG (1β only) antibodies. The amount HA protein and Ras in the IPs are
shown in the top, and the amount of HA overexpression and total Ras protein (Upstate) in
the lysate are shown below. EGF treatment (10ng/ml) 10 minutes prior to lysis is
indicated.
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Introduction
Signaling pathways activated by growth factors control a multitude of key cellular
processes, including growth, proliferation, and survival. Two of the major growth factoractivated pathways are the Ras/ERK/MAP kinase and phosphatidylinositol-3 kinase (PI3
kinase)/Akt pathways, and dysregulation of either pathway leads to uncontrolled cell
proliferation and evasion of apoptosis, both hallmarks of cancer [1]. Growth factor
pathways become activated when the cognate ligand binds and induces receptor
dimerization and subsequent auto-phosphorylation [2, 3]. The phosphorylated tyrosine
residues then recruit adaptor proteins that promote Ras and PI3 kinase activation [4]. Ras
goes on to initiate the Raf/MEK/ERK kinase cascade leading to phosphorylation of ERK
targets including transcription factors that have been implicated in cell proliferation,
survival, and development [5, 6]. PI3 kinase activation increases PIP3 levels and Akt
activation leading to phosphorylation of numerous substrates including many that control
cell survival [7]. The amplitude of the growth factor signaling output is tightly controlled
by many complex factors including the amount of activatable receptor.
Phosphorylation critically controls the activity of Akt. The enzyme is
constitutively and cotranslationally phosphorylated in a TORC2 dependent manner at a
conserved C-terminal site, the turn motif (Thr450 in Akt1) [8-10]. It is also
phosphorylated in an agonist-dependent manner at two sites, the activation loop (Thr308
in Akt1) and hydrophobic motif (Ser473 in Akt1), modifications which acutely activate
Akt [11, 12]. Activation loop phosphorylation is followed by phosphorylation at the
hydrophobic motif site (Ser473) by a mechanism which is proposed to depend on the
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TORC2 kinase complex [10, 13]. Complete termination of Akt signaling requires
dephosphorylation of the activation loop and hydrophobic motif sites.
The PHLPP family of Ser/Thr phosphatases comprises three isoforms, the
alternatively spliced PHLPP1α and PHLPP1β, and a second gene product, PHLPP2 [14,
15] The three PHLPP isoforms share a similar domain structure: a PH domain, a
Leucine-rich repeat region, a PP2C-type Ser/Thr phosphatase domain, and a PDZ-binding
motif at the C-terminus [16]. In addition, PHLPP1β and PHLPP2 have a putative Ras
association (RA) domain near their N-terminus. PHLPP1 and PHLPP2 dephosphorylate
Akt specifically at the hydrophobic motif site in vitro and in cells [15]. This
dephosphorylation greatly reduces Akt activity, promoting apoptosis and cell cycle arrest
[14, 15]. PHLPP also dephosphorylates the hydrophobic motif of another AGC kinase,
protein kinase C (PKC) [17]. In contrast to Akt, dephosphorylation of its hydrophobic
motif shunts PKC toward degradation, and therefore PHLPP controls the cellular levels
of PKC [16]. Thus, PHLPP catalyzes the direct and specific dephosphorylation of the
hydrophobic motif of both Akt and PKC, controlling the acute activity of the former and
the bulk cellular levels of the latter. Additionally, the Mst1 kinase has been described as
a direct target of PHLPP phosphatase activity [18]. Whether PHLPP has other cellular
targets is largely unexplored.
We recently described a polymorphic variant of PHLPP2 that has highly impaired
activity towards its hydrophobic motif substrates, Akt and PKC; this variant
(Leu1016Ser) is ineffective at suppressing the basal phosphorylation of the hydrophobic
motif of Akt [19]. Curiously, this variant not only retains full function towards Akt
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following agonist stimulation, but it also controls the activation loop site under these
conditions. One explanation for the coupled control of both Akt phosphorylation sites is
that there is an additional PHLPP target upstream of Akt, which would result in
modulation of both the activation loop and the hydrophobic motif sites. Consistent with
the possibility that PHLPP has additional targets, co-expression of a PHLPP-resistant Akt
variant (Ser473Asp) only partially rescued PHLPP-mediated apoptosis, implying that
PHLPP may induce apoptosis by additional mechanisms that are independent of Ser473
phosphorylation [14, 15]. These results suggest the intriguing possibility that PHLPP
controls signaling components upstream of Akt and/or additional prosurvival/proliferative signaling pathways.
Here we report that PHLPP controls the Ras/ERK pathway by suppressing the
steady-state levels of the EGF receptor by a novel mechanism unrelated to its previously
reported direct dephosphorylation of the hydrophobic motif of Akt or PKC [14, 15, 17].
Studies in cells lacking PHLPP1 or PHLPP2 reveal that PHLPP isoforms do not affect
the rate of basal or agonist-evoked degradation of the receptor. Rather, both PHLPP
isoforms reduce the steady-state levels of EGF receptor by suppressing its mRNA levels,
in turn decreasing its rate of biosynthesis. This novel mechanism depends on an intact
Leucine-Rich Repeat (LRR) domain and the catalytic activity of PHLPP, but does not
require an intact PDZ ligand (which is required for the dephosphorylation of Akt by
PHLPP in cells) or intact PH domain (which is required for the dephosphorylation of
PKC by PHLPP in cells ) [14, 17]. The suppression of the EGF receptor by PHLPP
impacts the phosphorylation of Thr308 and Ser473 on Akt, a function that is retained by a
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polymorphic variant of PHLPP2 that we have previously shown does not
dephosphorylate Akt at the hydrophobic motif in cells [19]. Thus, in addition to directly
dephosphorylating and inactivating Akt, PHLPP plays a larger role in growth factor
signaling by blunting the cell‟s ability to respond to EGF and activate downstream
signaling cascades.
Results
To explore the possibility that PHLPP controls cellular signaling by mechanisms
additional its direct dephosphorylation of Akt (and PKC), we assessed the effects of
PHLPP on cell proliferation, a process controlled predominantly by the Ras/ERK
pathway and one which we have previously shown to be sensitive to PHLPP
overexpression or knockdown (Gao et al., 2005; Brognard et al., 2007). Figure 3.1A
shows that immortalized Mouse Embryonic Fibroblasts (MEFs) isolated from Phlpp1-/mice (filled squares) proliferated at a considerably faster rate compared with MEFs
isolated from wild-type mice (open squares). Stable reintroduction of PHLPP1β into
Phlpp1-/- MEFs (open triangles) reduced the rate of proliferation to that observed in the
MEFs from wild-type mice, consistent with loss of PHLPP1 causing the increase in
proliferation. Furthermore, reintroduction of a catalytically-inactive variant of PHLPP1β
(D1413N, dead – filled triangles; this residue is predicted to coordinate the Mn2+ required
for catalysis) [20] (Sierecki and Newton, unpublished data) was not able to rescue the
hyper proliferation defect in the Phlpp1-/- MEFs. These data establish that modulation of
the levels of either PHLPP1 or PHLPP2 affects cell proliferation and validate the
Phlpp1-/- MEFs as a system to directly assess the effects of PHLPP1 in this process.
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We next dissected the relative contributions of ERK and Akt signaling in the
ability of PHLPP to suppress cell proliferation using pharmacological tools. To examine
the effects of both PHLPP isoforms, we depleted PHLPP1 and PHLPP2 by siRNAmediated knock down in a glioblastoma cell line whose proliferation rate we have
previously shown to be reduced upon PHLPP1 overexpression (Gao et al., 2005). Figure
3.1B shows that knockdown of both PHLPP1 and PHLPP2 resulted in an increase in cell
cycle progression indicated by a 35 ± 6% decrease in the G1/S phase ratio (measured by
flow cytometry) in LN444 glioblastoma cells (compare column 1 versus 2). Pretreatment with either the PI3 kinase inhibitor, LY294002, to prevent activation of Akt or
the MEK inhibitor, U0126, to prevent activation of ERK resulted in an increase in the
G1/S ratio, reflecting a reduction in proliferation when either of these pathways is
inactivated (Figure 3.1B, open bars, column 1 versus 3 and 1 versus 5). The contribution
of each pathway to cell proliferation was comparable (inhibition of either pathway
increased the G1/S ratio by approximately 65%) and approximately additive (inhibition
of both pathways increased the G1/S ratio by approximately 165%). In cells depleted of
PHLPP1 and 2, cell proliferation retained partial sensitivity to LY294002: the G1/S ratio
decreased upon addition of LY294002 (column 4) to a level intermediate between that
observed in knockdown cells treated with DMSO (column 2) and control cells treated
with LY294002 (column 3). Similarly, the G1/S ratio decreased upon addition of U0126
(column 6) to a level intermediate between that observed in knockdown cells treated with
DMSO (column 2) and control cells treated with U0126 (column 5). Strikingly, the
effect of PHLPP knockdown on cell proliferation was abolished in cells treated with both
the PI3 kinase inhibitor and the MEK inhibitor (compare columns 7 and 8). Note that
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LY294002 resulted in a reduction of PHLPP1 levels because Akt activity controls the
cellular levels of PHLPP1 via a negative feedback loop [21-23]. Cells treated in parallel
to those used for the proliferation assays in Figure 3.1B were collected and analyzed by
Western blot to confirm PHLPP1 and 2 knockdown and PI3 kinase and MEK inhibition
(Figure 3.1C). Akt activation was inhibited by LY294002 (lanes 2, 4, 6, 8) and ERK
activation was inhibited by U0126 (lanes 3, 4, 7, 8). Notably, the phosphorylation of
ERK was increased in cells depleted of PHLPP1 and PHLPP2 (lanes 5, 6) compared to
control cells (lanes 1, 2). These data suggest that PHLPP controls cell proliferation via
two pathways: the PI3 kinase/Akt and the Ras/ERK pathways.
To further explore the role of PHLPP1 and PHLPP2 in regulating ERK signaling,
we examined the effect of PHLPP knockdown on growth factor-dependent ERK
phosphorylation in two cell lines. For these studies, we took advantage of the natural
polymorphic variant of PHLPP2, Leu1016Ser, that does not directly control Akt
phosphorylation to dissect out contributions of PHLPP that could be independent of its
direct dephosphorylation of Akt. Thus, we chose LN444 glioblastoma cells that possess
only the more common polymorphic variant of PHLPP2 with Leu at position 1016 (and
thus PHLPP2 can directly dephosphorylate Akt) and ZR-75-1 breast cancer cells that
have only the less common polymorphic variant with Ser at position 1016 (and thus
PHLPP2 cannot directly dephosphorylate Akt) [19]. PHLPP1, PHLPP2, or both isoforms
were knocked down using siRNA in LN444 or ZR-75-1 cells, and ERK phosphorylation
was examined before or after EGF stimulation (Figure 3.2A). EGF treatment caused a
modest increase in ERK phosphorylation in both cell lines (Figure 3.2A, compare lanes 1
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and 2 and lanes 9 and 10). This EGF-induced phosphorylation of ERK was markedly
enhanced in both cell lines depleted of PHLPP1, PHLPP2, or both PHLPP1 and PHLPP2
(Figure 3.2A). In contrast to LN444 cells, it is important to note that knockdown of
PHLPP2 in ZR-75-1 cells did not affect the basal phosphorylation of Akt at the
hydrophobic motif because the Leu1016Ser polymorphic variant has greatly impaired
activity towards this site [19]. Thus, the effects of PHLPP2 knockdown on ERK
phosphorylation proceed through a mechanism independent of the direct effects of
PHLPP2 on Akt. The EGF-stimulated ERK phosphorylation was comparable in LN444
cells lacking either PHLPP1 or PHLPP2. Note that knocking down both PHLPP1 and
PHLPP2 simultaneously did not result in an additive effect in either cell line: ERK
phosphorylation was similar in magnitude in cells depleted of one or both isoforms.
These data reveal that knockdown of either PHLPP1 or PHLPP2 causes a robust increase
in the agonist-evoked phosphorylation of ERK and that, at least for PHLPP2, this effect is
independent of the ability of PHLPP to directly dephosphorylate Akt.
We next examined the effects of knocking down PHLPP1 and PHLPP2 on the
kinetics of agonist-induced ERK signaling. The Western blot in Figure 3.2B shows that
the amplitude of ERK phosphorylation was markedly enhanced in ZR-75-1 cells depleted
of PHLPP1 and PHLPP2 compared to control cells (compare lanes 2 and 6). In addition,
ERK phosphorylation was more sustained in the cells lacking PHLPP1 and PHLPP2
(compare lanes 3 and 7). Quantification of data from three independent experiments
revealed that the maximal phosphorylation increased approximately 4-fold in knockdown
cells compared to control cells and that the half-time of dephosphorylation back to basal
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levels was increased approximately 4-fold (Figure 3.2B, right panel). Similarly,
knockdown of PHLPP1 and PHLPP2 in LN444 cells resulted in a robust increase in the
magnitude and duration of ERK phosphorylation (Figure 3.2C). Lastly, EGF-triggered
ERK phosphorylation was increased and more sustained in Phlpp1-/- MEFs compared to
wild-type MEFs (Figure 3.2D). In summary, these data provide further evidence that
PHLPP1 and PHLPP2 suppress the activation of ERK in response to EGF.
To identify which step of the ERK pathway is modulated by the PHLPP isoforms,
we measured the effect of PHLPP1 and PHLPP2 knockdown on the activation of
signaling components upstream of ERK. First, we asked whether PHLPP knockdown
affects the EGF-dependent phosphorylation of MEK, the upstream kinase of ERK. In
ZR-75-1 (Figure 3.3A) and LN444 (Figure 3.3B) cells, the EGF-mediated
phosphorylation of MEK was greater in magnitude and duration in cells depleted of
PHLPP1 and PHLPP2 compared to control siRNA-transfected cells. Thus, the target of
PHLPP in the ERK pathway is at or above the level of MEK.
We next explored whether PHLPP modulates EGF-dependent activation of Ras,
an effector that links EGF receptor activation to the ERK pathway. Ras activity in cell
lysates was measured by assessing the amount of Ras bound to a GST-fusion of the Rasbinding domain of Raf (which specifically binds to active GTP-bound Ras). Figure 3.3C
shows that in control cells EGF caused a transient increase in the amount of Ras-GTP
that peaked following 2 min of EGF stimulation and rapidly decayed. Knockdown of
PHLPP1 and PHLPP2 caused a dramatic increase in Ras activitation that occurred with
faster kinetics. The amplitude increased 5-fold and was already maximal at 0.5 min
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(compared to 2 min for control). These data establish that PHLPP suppresses the ERK
pathway at or above the level of Ras.
Given that PHLPP targets the ERK pathway at or upstream of Ras, we next asked
whether the first step in transducing the EGF signal to the Ras/ERK pathway was
modulated by PHLPP. To this end, we examined whether PHLPP regulates the cellular
levels of the EGF receptor. Analysis of whole cell lysates revealed that knockdown of
either PHLPP1 or PHLPP2 in LN444 or ZR-75-1 cells resulted in markedly higher levels
of EGF receptor compared to control cells (Figure 3.4A). Knockdown of both PHLPP1
and PHLPP2 resulted in an increase in receptor levels that was comparable to that
induced by depletion of the individual isoforms. Similarly, PHLPP1 and PHLPP2
suppressed the level of EGF receptor and ERK activation in the Hs578Bst normal breast
cell line and MCF10A cells (Figure 3.4B). Note that under some, but not all conditions,
PHLPP2 levels were upregulated upon PHLPP1 knockdown. Most commonly, this was
observed in cells grown in serum rather than serum-starved cells and may reflect
mTORC1-dependent regulation of PHLPP levels recently reported (Liu et al., 2011) or
other novel feedback mechanisms. Lastly, EGF receptor levels were elevated 15 ± 4 fold
in Phlpp1-/- MEFs compared to wild-type MEFs (Figure 3.4C). Reintroduction of
PHLPP1β into the Phlpp1-/- MEFs reduced EGF receptor levels 4 ± 2 fold compared to
those of wild-type MEFs, revealing that the bulk of this effect is directly mediated by
PHLPP1 (Figure 3.4C). These data reveal that PHLPP1 and PHLPP2 control the cellular
levels of EGF receptor, with knockdown of either isozyme causing striking increases in
the levels of EGF receptor. To confirm that the increased receptors are poised to respond
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to ligand, and thus at the membrane, we utilized a FRET-based reporter to measure the
activity of the EGF receptor kinase in control and PHLPP-depleted cells [24]. Live-cell
imaging has advantages over Western blot analysis for phosphorylated/activated receptor
in that it allows real time analysis of the rate of activation and magnitude of response.
HeLa cells treated with control (open boxes) or PHLPP1 and PHLPP2 (filled boxes)
siRNA were transfected with the EGF receptor kinase activity reporter and the FRET
ratio was monitored as a function of time after addition of EGF followed by addition of
the EGF receptor kinase inhibitor, AG1478. EGF caused a modest increase in the kinase
activity of endogenous EGF receptor that was reversed by AG1478 (Figure 3.4D). In
cells depleted of PHLPP1 and PHLPP2, the amplitude of the EGF-stimulated activity was
increased substantially: the peak FRET ratio change was approximately 4-fold higher in
cells depleted of PHLPP isoforms compared to control cells. Addition of AG1478
reduced EGF receptor kinase activity to basal levels, rather than to a lower level,
indicating that PHLPP knockdown increases agonist-evoked signaling without affecting
basal signaling. The Western blot (Figure 3.4D, right panel) shows that knockdown of
PHLPP1 and PHLPP2 in the HeLa cells imaged during the FRET experiment resulted in
a robust increase in EGF receptor levels. Thus, PHLPP controls the levels of signalingcompetent EGF receptor.
To further address whether the increase in signaling-competent EGF receptor was
on the plasma membrane of cells, wild-type or Phlpp1-/- MEFs were surface-labeled with
biotin and the amount of EGF receptor present in pulldowns using the biotin-binding
protein, streptavidin, was assessed. As noted above, Phlpp1-/- MEFs had considerably
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more EGF receptor than wild-type MEFs. Streptavidin pulled down comparable levels of
the most readily accessible surface proteins (compare intensities of major streptavidinlabeled bands in the middle panel) in wild-type (lane 3) and Phlpp1-/- MEFs (lane 4)
(Figure 3.4E). However, the amount of EGF receptor pulled down by streptavidin (and
hence surface-biotinylated) was at least an order of magnitude higher in the Phlpp1-/MEFs compared to wild-type MEFs (compare lanes 3 and 4, upper panel). Taken
together with the live-cell imaging, these data are consistent with PHLPP suppressing the
pool of signaling competent EGF receptor at the plasma membrane.
To further determine whether the effects of PHLPP1 and PHLPP2 on Ras/ERK
signaling were at the level of the EGF receptor, we asked whether inhibition of the EGF
receptor shortly after its activation would abolish differences in the signal duration of the
downstream ERK and Akt pathways. ZR-75-1 cells treated with control siRNA or
PHLPP1 and PHLPP2 siRNA were stimulated with EGF to induce ERK and Akt
phosphorylation (Figure 3.5A). Under these conditions, EGF caused a robust increase in
both ERK and Akt phosphorylation that was significantly higher in cells depleted of
PHLPP1 and PHLPP2 (compare lanes 2 and 9). Addition of AG1478 5 minutes after
EGF stimulation to prevent further signaling by the EGF receptor caused the phosphoERK and phospho-Akt signals to decay to basal levels. Importantly, the half-time for
decay of ERK phosphorylation (Figure 4B) and Akt phosphorylation (Figure 3.5C) was
the same for control cells (open boxes) and those depleted of PHLPP isoforms (filled
boxes). This finding suggests that under the conditions of these experiments, the effects
of PHLPP on the EGF receptor levels dominate over any other effects of PHLPP in
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controlling the ERK and Akt pathways downstream. Notably, the direct
dephosphorylation of Akt by PHLPP under 10% serum conditions is, in these cells,
masked by the dramatic increase in signaling amplitude caused by acute stimulation of
the EGF receptor. In summary, higher levels and activity of EGF receptor in PHLPP1
and PHLPP2 knockdown cells account for the increased activation of downstream
signaling components following acute agonist stimulation.
We next asked if the PHLPP-dependent change in EGF receptor protein levels
was mediated by alterations in the pathways known to be regulated by PHLPP, namely
the Akt, PKC, or ERK pathways. To this end, we transfected ZR-75-1 cells with control
or PHLPP1-and PHLPP2-specific siRNA and then treated cells with LY294002, U0126,
Gö6983, or AG1478 for 24 hours to block PI3 kinase, MEK, PKC, or EGF receptor
activity, respectively. We reasoned that if an increase in the activity of any of these
signaling components in cells depleted of PHLPP underlies the observed increase in EGF
receptor levels, then inhibition of this component should reverse the effect of PHLPP
knockdown. Figure 3.5D shows that the robust increase in EGF receptor levels caused
by knockdown of PHLPP1 and PHLPP2 in ZR-75-1 cells was not reversed by any of the
pharmacological interventions. Analysis of three independent experiments revealed a
modest (28%) decrease in EGF receptor levels in cells treated with LY294002 which was
too low to account for the robust effects (over 5-fold) of PHLPP knockdown on receptor
levels. Additionally, siRNA-mediated depletion of Mst1 had no effect on PHLPPdependent increases in EGF receptor levels (Figure 3.6). These data reveal that PHLPP
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modulates EGF receptor levels by a mechanism independent of its effects on PKC, Akt,
ERK, or Mst1 signaling.
As a first step in exploring the mechanism by which PHLPP suppresses EGF
receptor levels, we asked which domains of PHLPP are necessary for the effect. The
following constructs of HA-PHLPP1 were stably reconstituted into Phlpp1-/- MEFS:
wild-type PHLPP1β, a catalytically inactive construct D1413N (dead), and constructs
lacking the PH domain (ΔPH), the Leucine-rich repeat segment (ΔLRR), or the last 3 Cterminal residues (ΔPDZ) (Figure 3.7A). The Western blot in Figure 3.7B shows that all
constructs were introduced into the Phlpp1-/- MEFs. Wild-type MEFs expressed low
levels of EGF receptor (lane 1), and Phlpp1-/- MEFs expressed significantly higher levels
of EGF receptor (15 ± 4 fold increase, n = 3). Reintroduction of wild-type PHLPP1β
(lane 3) or constructs lacking the PH domain (lane 5) or PDZ ligand (lane 7) were able to
rescue the effects of PHLPP1 loss and suppress EGF receptor expression to levels
comparable to those observed in the wild-type MEFs. In contrast, neither the
catalytically-inactive construct (lane 4) nor the construct lacking the LRR segment (lane
6) caused the suppression. Indeed, the construct lacking the LRR segment resulted in
even greater release of suppression, suggesting it might be serving as a dominant negative
to the endogenous PHLPP2 in the cell. In addition, adding back PHLPP1α (which lacks
an RA domain) to Phlpp1-/- MEFs lowered the EGF receptor levels along with
downstream signaling, revealing that RA domain of PHLPP1 is not required for
regulation of the EGF receptor (Figure 3.8). These data establish that the phosphatase
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activity and LRR segment of PHLPP1, but not the PH domain, RA domain or PDZ
ligand, are required to suppress EGF receptor levels.
We next asked whether the steady-state levels of EGF receptor are elevated in
cells lacking PHLPP because 1] the rate of biosynthesis is increased or 2] the rate of
degradation is decreased. To address the rate of biosynthesis, wild-type or Phlpp1-/MEFs were incubated with 35S-methionine/cysteine for 5 min to 2 hrs to label newlysynthesized proteins, and the amount of radiolabel incorporated into immunoprecipitated
receptor as a function of time was assessed. The autoradiogram in Figure 3.9A reveals
that more radiolabel was incorporated into EGF receptor (marked by arrow) in Phlpp1-/MEFs compared to the wild-type MEFs, with quantitative analysis revealing that the rate
of 35S-incorporation was approximately doubled in cells lacking PHLPP1 compared to
wild-type MEFs (right panel). Note that considerably more EGF receptor was
immunoprecipitated from Phlpp1-/- MEFs compared to wild-type MEFs because of the
15-fold increase of EGF receptor in these MEFs (Figure 3.9C). Importantly, the
immunoprecipitates contained a higher amount of newly-synthesized protein, as assessed
by the increased radiolabel. Interestingly, some proteins were similarly labeled in wildtype vs Phlpp1-/- MEFs, suggesting that their rate of biosynthesis was the same in both
cell types, (note band co-migrating with 250 kDa marker) while others were significantly
more labeled in the Phlpp1-/- MEFs (band above 250 kDa marker), suggesting increased
rate of biosynthesis. Quantitation of the radiolabel for the EGF receptor band (Figure
3.9A, right panel) revealed an approximately 2-fold increase in the rate of biosynthesis of
the EGF receptor in the MEFs lacking PHLPP1.
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To address whether PHLPP controls the rate of degradation of the EGF receptor,
MEFs were treated with cycloheximide (CHX) to prevent protein biosynthesis and either
the basal turnover or the EGF-stimulated turnover of the EGF receptor was monitored
respectively. Figure 3.9B shows that under basal conditions, the EGF receptor was
degraded with similar kinetics (half-time of approximately 8 hrs) in wild-type MEFs
(open squares) and Phlpp1-/- MEFs (filled squares). Similarly, the EGF-stimulated
degradation of the receptor (Figure 3.9C) occurred with the same half-time
(approximately 20 min) in wild-type (open squares) and Phlpp1-/- MEFs (filled squares).
Thus, PHLPP does not affect either the basal or agonist-evoked degradation of the EGF
receptor. Rather, PHLPP suppresses the steady-state levels of the EGF receptor by
suppressing the rate of receptor biosynthesis.
We next asked whether the increased rate of EGF receptor biosynthesis in cells
lacking PHLPP resulted from increased EGF receptor mRNA levels. qRT-PCR
measurements revealed that the mRNA for the EGF receptor (Figure 3.9D) was elevated
20 ± 5 fold in Phlpp1-/- MEFs (solid bar) compared to wild-type MEFs (open bar).
Reintroduction of PHLPP1β into the Phlpp1-/- MEFs reduced the EGF receptor mRNA
by 2-fold (gray bar), indicating that reduction of mRNA accounts, in part, for the PHLPPdependent suppression of EGF receptor biosynthesis. Additional qRT-PCR analysis
indicated that mRNA levels of PDGFRα, IGFR2, VEGFR1, but not insulin or Met
receptor were elevated in Phlpp1-/- MEFs compared to wild-type (Reyes, Niederst, and
Newton, unpublished data). Suppression of mRNA levels could result from PHLPP
control of transcription or control of mRNA stability. To discriminate between these two
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possibilities, the stability of EGF receptor mRNA was examined in wild-type and
Phlpp1-/- MEFs. Cells were treated with actinomycin D (ActD) to block transcription and
the rate of EGF receptor mRNA degradation was analyzed by qRT-PCR. Figure 3.9E
shows that the rate of degradation, and hence stability, of EGF receptor mRNA was not
affected by depletion of PHLPP1. Taken together, these data reveal that PHLPP
suppresses the mRNA levels of the EGF receptor via a transcriptional mechanism and not
by altering mRNA stability.
Discussion
In this study we report that the PHLPP family of phosphatases suppress the
steady-state levels of EGF receptor by decreasing the receptor mRNA levels, leading to a
reduction in the rate of biosynthesis of the receptor. Thus, PHLPP suppresses both the
ERK and Akt pathways by a mechanism distinct from the direct dephosphorylaton of Akt
previously reported: the latter mechanism is specific for the hydrophobic motif site, does
not occur with the Leu1016Ser polymorphic variant of PHLPP2, requires an intact PDZ
ligand, and dominates under basal conditions [14, 15, 19]. In contrast, the mechanism
regulating EGF receptor levels affects the phosphorylation state of both the hydrophobic
motif and activation loop of Akt, remains intact with the Leu1016Ser polymorphic
variant of PHLPP2, depends on an intact LRR segment but not on the PDZ ligand, and
dominates under agonist-evoked conditions. Taken together, our data unveil a new role
for PHLPP in regulating growth factor signaling and cell proliferation by suppressing the
levels of EGF receptor, thus controlling the downstream Ras/ERK and PI3 kinase/Akt
pathways.
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PHLPP suppresses EGF receptor protein levels
Depletion of either PHLPP1 or PHLPP2 by siRNA results in higher levels of EGF
receptor mRNA and thus higher protein levels in both normal and cancer cells. This
mechanism depends on the catalytic activity of PHLPP and an intact LRR segment,
suggesting that protein interactions are key to allowing PHLPP to dephosphorylate a
substrate involved in controlling EGF receptor mRNA. Our data reveal that PHLPP does
not alter the stability of the EGF receptor mRNA, suggesting that the regulation is
occurring at the transcriptional level. The identity of this transcriptional target remains to
be identified; however, pharmacological experiments suggest it is unlikely to be
controlled by any of the known PHLPP substrates: chronic inhibition of three pathways
(Akt, ERK, PKC) currently known to be suppressed by PHLPP caused no significant
change in EGF receptor protein levels (Figure 3.5D). Recent reports have examined a
role of Akt in regulation of receptor tyrosine kinases (RTKs) including EGF receptor
family members. These studies revealed that inhibiting PI3K and blocking Akt increased
levels of several RTKs [25, 26]. Conversely, our results indicate that increased
expression of EGF receptor in PHLPP depleted cells occurs independently of the
increases in Akt activity, consistent with a distinct mechanism. In addition, depletion of
Mst1, the only additional characterized PHLPP substrate, did not reverse PHLPP
suppression of EGF receptor levels (Figure 3.6). Thus, the molecular mechanism by
which PHLPP controls EGF receptor protein/mRNA levels is independent of its direct
control of Akt or PKC and, furthermore, is not mediated by a feedback loop resulting
from suppression of the ERK pathway. Increases in EGF receptor levels similar to those
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caused by PHLPP loss frequently result from amplification of the EGF receptor gene,
although such amplification is unlikely to occur over the relatively short time course of
our knockdown experiments [27, 28].
PHLPP controls Akt by two distinct mechanisms
We have previously established that Akt is a direct target of PHLPP: both
PHLPP1 and PHLPP2 specifically dephosphorylate the hydrophobic motif site (Ser473)
in vitro and in cells, resulting in a marked decrease in Akt activity, decreased cell
proliferation, and increased apoptosis [14, 15]. Curiously, this specificity for Ser473 was
lost upon EGF treatment of the normal breast cell line Hs578Bst; in these cells,
knockdown of PHLPP1 and PHLPP2 caused a striking (>30-fold) increase in Akt
phosphorylation at both sites [15]. Our current study reveals that the dramatic, and
coupled, increase in Akt phosphorylation on both Ser473 and Thr308 observed upon
agonist-stimulation resulted from the increased levels of EGF receptor (Figure 3.10, left
side). Particularly in Hs578Bst cells, PHLPP potently suppresses EGF receptor levels
(see Figure 3.4). Thus, our data are consistent with a model in which 1] the direct
dephosphorylation of Akt (affecting only Ser473) is the primary effect of PHLPP under
basal conditions (Figure 3.10, right side), and 2] the dampening of hyper-activation of
Akt (affecting Ser473 and Thr308) via suppression of the EGF receptor is the dominant
role of PHLPP under agonist-stimulated conditions (Figure 3.10, left side).
The direct effects of PHLPP on Akt versus the indirect effects mediated by
increased receptor levels can also be discriminated by the use of polymorphic variant of
PHLPP2, Leu1016Ser [19]. Knockdown of PHLPP2 in cells that have the variant that
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does not dephosphorylate the hydrophobic motif of cellular Akt (Ser at position 1016;
present in ZR-75-1 cells) does not affect the basal phosphorylation state of Akt at Ser473
[19]. However, the agonist-evoked stimulation of Akt phosphorylation at both Ser473
and Thr308 remains highly sensitive to knockdown of this variant of PHLPP2 [19]. Here
we show that this variant is fully functional at suppressing EGF receptor levels,
accounting for our previously reported finding that knockdown of PHLPP2 in ZR-75-1
cells does not affect basal Akt phosphorylation but does affect agonist-evoked
phosphorylation. Interestingly, although the Leu1016Ser variant is not as potent at
inducing apoptosis as the fully-functional variant, it retains partial functionality,
suggesting that PHLPP regulation of EGF receptor levels may play an important function
in regulating cell death [19].
Domains of PHLPP confer specificity in downstream signaling
The PHLPP family is unusual for phosphatases in that the regulatory modules are
on the same polypeptide as the catalytic domain. These regulatory modules decode
incoming signals and confer downstream signaling specificity, presumably by directing
binding to specific scaffolds or substrates. Thus, the PDZ ligand is required for PHLPP
to dephosphorylate Akt in cells [14], the PH domain is required for PHLPP to
dephosphorylate PKC in cells [17], and our current study reveals that the LRR segment is
required for PHLPP to suppress EGR receptor levels.
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Tumor suppressive function of PHLPP
Increases in growth factor signaling including signaling through the Ras/ERK and
PI3 kinase/Akt pathways leads to the induction of many oncogenic phenotypes, such as
uncontrolled cell proliferation, reduction in apoptosis, and higher metastatic capacity.
Therefore, it is not surprising that overexpression of EGF receptor/increased downstream
pathway activation is observed in most tumor types. Thus, receptor levels, along with
Akt and ERK activation, often serve as markers for tumor progression [29, 30]. As a
result, designing drugs that inhibit the EGF receptor and Ras/ERK signaling has become
a major focus of cancer therapeutics in recent years [31, 32]. In glioblastoma, for
example, over 60% of tumors overexpress EGF receptor correlating with poor prognosis.
A large percentage of these tumors (33%) overexpress EGF receptor in the absence of
gene amplification, implying the existence of an additional mechanism controlling
receptor levels [33]. Recent gene expression studies have revealed that PHLPP1 and
PHLPP2 expression are reduced in glioblastoma, providing a possible source for the
overexpression of EGF receptor in the absence of gene amplification [34]. In breast
cancers, another EGF receptor family member, HER2, is frequently overexpressed in
later-stage, more metastatic breast cancers, where PHLPP1 expression has been shown to
be reduced [35, 36]. Similar to its effects on EGF receptor levels, PHLPP1 and PHLPP2
knockdown leads to increased expression of HER2 in breast cancer cells and several
additional oncogenic receptors are overexpressed in Phlpp1-/- MEFs (Reyes, Niederst,
Newton unpublished data), and thus loss of PHLPP may play a role in increased HER2
expression in breast cancers, as well as additional receptors in a myriad of other cancers.
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The discovery that PHLPP1 and PHLPP2 negatively regulate EGF receptor levels and
Ras/ERK output underscores the potential role of PHLPP1 and PHLPP2 as putative
tumor suppressor proteins. Such an important role for PHLPP would be consistent with
the growing body of evidence that PHLPP is a major player in tumor suppression. First,
the previously discovered substrates targeted by PHLPP, Akt and PKC, are known to
play prominent roles in survival and proliferation. As mentioned above, the expression
of the PHLPP isoforms is reduced in many tumor types and, in some cases, decreases as
tumorigenesis progresses [36-38]. Consistent with this, ectopic expression of PHLPP in
a glioblastoma and a colon cancer cell line significantly reduced tumor growth in vivo in
xenograft mouse models [14, 37]. Whether these tumor-suppressive effects of PHLPP
are directly mediated by its regulation of growth factor receptor levels remains to be
explored. Importantly, the dramatic effects of PHLPP on EGF receptor signaling poise
PHLPP center stage as a global suppressor of oncogenic pathways.
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Experimental Procedures
Materials and antibodies
EGF was purchased from Upstate. Cycloheximide, AG1478, U0126, Gö6983, and
LY294002 were purchased from Calbiochem. For siRNA experiments, non-targeting
control, PHLPP1-and PHLPP2-specific SmartPool reagents were obtained from
Dharmacon (D-001810-10, L-019103-00 & L-022586-00 respectively). In Western
blotting, antibodies against Akt, phospho-Akt (pS473), ERK1/2, phospho-ERK1/2
(T202/Y204), MEK, phospho-MEK (217/221), and EGF receptor were purchased from
Cell Signaling; HA antibodies were from Roche and Covance; where indicated a
Transferrin Receptor antibody from Zymed, a β-actin antibody from Sigma and a panERK antibody from BD were used. To pull down the EGF receptor from fibroblast
lysates an EGF receptor antibody from Santa Cruz (sc-03) was used. PHLPP1 and
PHLPP2 antibodies were purchased from Bethyl Laboratories. PHLPP1 in the MEFs was
detected using an antibody raised against the C-terminal part of PHLPP1 described
previously (Gao et al., 2005). The EGF receptor kinase activity FRET reporter was a gift
from Roger Tsien (Ting et al., 2001).
MEF production
Phlpp1+/Δ mice were produced using the Cre/LoxP system and are described
elsewhere [39]. Phlpp1+/Δ heterozygous mice were intercrossed to isolate embryos and
used for Phlpp1+/+ and Phlpp1-/- fibroblast production as previously described [40].
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Cloning and retroviral infection
To reintroduce PHLPP1 into Phlpp1-/- knock-out immortalized fibroblasts, HAPHLPP1β was subcloned into BamHI and SalI sites of the retroviral vector pBABE-puro.
Catalytically inactive HA-PHLPP1β (HA-PHLPP1β-D1413N), and deletion mutants of
the PH domain (HA-PHLPP1β-ΔPH), the LRR-domain (HA-PHLPP1β-ΔLRR) and the
PDZ-binding motif (HA-PHLPP1β –ΔPDZ) were generated by site-directed mutagenesis
(Stratagene) in the retroviral vector pBABE-puro. Phlpp1-/- fibroblasts were infected
using virus produced in HEK293 cells co-transfected with pBABE constructs and
pcLIOA vector (a vector that generates the viral envelope, a kind gift from Dr. F. Furnari)
using FuGENE 6 (Roche). Stable clones were selected using puromycin (1.5 μg/ml) and
tested for expression levels by Western blot.
Cell transfection and western blotting
Primary and immortalized Phlpp1+/+ and Phlpp1-/- fibroblasts, ZR-75-1, LN444,
HeLa and Hs578Bst cells were maintained in DMEM (Cellgro) containing 10% FBS and
1% penicillin/streptomycin at 37°C in 5% CO2. MCF10A cells were maintained in
mammary eplithelial growth media (Lonza). siRNA was transfected into cells using
Lipofectamine 2000 (Invitrogen), and the DNA encoding the EGF receptor kinase
reporter was transfected into HeLa cells using the Effectene reagent (Qiagen). For
knockdown experiments with EGF treatment, cells were starved overnight (0.1% FBS)
starting 48 hours post-transfection. The following day, EGF (10 ng/ml) was added for the
indicated times and cells were collected. For overexpression experiments, cells were
collected and imaged (EGF receptor kinase reporter experiments) 24 hours post-
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transfection. Prior to Western blotting, cells were collected and lysed in a buffer
containing 50 mM Na2HPO4 (pH 7.5), 1 mM sodium pyrophosphate, 20 mM NaF, 2 mM
EDTA, 2 mM EGTA, 1% SDS, 1 mM DTT, 200 μM benzamidine, 40 μg/ml leupeptin,
and 1 mM phenylmethylsulfonyl fluoride and then briefly sonicated. Lysates were
separated by SDS-PAGE. In instances where phospho-antibodies were used to probe the
lysates, an equal amount of the lysates were run on a second gel and probed with the
corresponding total protein antibody. In all experiments involving EGF treatment, EGF
was added at a final concentration of 10 ng/ml. Cycloheximide (Calbiochem) was used to
stop translation in EGF receptor degradation experiments. Densitometric analysis was
carried out with ImageJ software version 1.37v.
Proliferation assays
LN444 cells were transfected with control or PHLPP1 and PHLPP2 siRNA. 48
hrs post-transfection, cells were treated with DMSO, LY294002 (20 μM), U0126 (20
μM), or both inhibitors for an additional 24 hrs. The cells were fixed in 70% ice cold
methanol, collected, and stained with propidium iodide (25 μg/ml). Cell cycle profiles
were obtained via flow cytometric analysis with a Becton Dickinson FACSort. The
crystal violet assay was used to test Phlpp1+/+ and Phlpp1-/- fibroblast proliferation. In
brief, cells were plated in triplicate into 12-well plates (5-10,000 cells per well) and
allowed to grow. At the indicated times, cells were fixed with ice-cold methanol and
stained with a 0.2% crystal violet solution containing 20% methanol in PBS. Plates were
washed with deionized water and dried completely. Crystal violet absorbed by the cells
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was solubilized in 10% acetic acid and aliquots were measured in an ELISA plate reader
at 595 nm.
Ras activation assays
Ras activation assays were performed as described previously [41]. Briefly,
following overnight starvation (0.1% FBS) cells were stimulated with EGF (10 ng/ml) as
indicated and lysed in 300 μl of lysis buffer (10% glycerol, 1% Nonidet P-40, 50 mM
Tris-Cl pH 7.5, 200 mM NaCl, 2 mM MgCl2, 5 mM NaF, 1 mM NaVO3, and 1 mM
phenylmethylsulfonyl fluoride). The lysates were clarified by centrifugation, and 200 μl
of lysate was incubated with GST-tagged Ras binding domain of Raf1 pre-coupled to
glutathione beads (Upstate) to specifically pull down the GTP-bound forms of Ras. The
samples were rocked for 1 h at 4 °C. The beads were washed four times in lysis buffer,
and the proteins were eluted with 1x Laemmli sample buffer and analyzed by Western
blotting using a Ras antibody (Upstate).
Imaging EGF Receptor kinase activity
Cells were washed one time in Hank‟s Balanced Salt Solution (HBSS, Cellgro)
and imaged in HBSS in the dark at room temperature. Images were acquired on a Zeiss
Axiovert microscope (Carl Zeiss Microimaging, Inc) using a MicroMax digital camera
(Roper-Princeton Instruments) controlled by MetaFluor software (Universal Imaging,
Corp.). All optical filters were obtained from Chroma Technologies. Data were collected
through a 10% neutral density filter. CFP and FRET images were obtained through a
420/20 nm excitation filter, a 450 nm dichroic mirror, and a 475/40 nm or 535/25
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emission filter for CFP and FRET, respectively. A YFP image was obtained as a control
for photobleaching through a 495/10 nm excitation filter, a 505 nm dichroic mirror and a
535/25 nm emission filter. Excitation and emission filters were switched in filter wheels
(Lambda 10-2, Sutter). Integration times were 200 ms for CFP and FRET and 100 ms for
YFP. Following imaging, cells were collected on ice for Western blot analysis.
Metabolic labeling of the EGF receptor
For pulse analysis, Phlpp1+/+ and Phlpp1-/- fibroblasts were incubated with
DMEM without Met/Cys for 30 min at 37°C and pulse labeled for the indicated times
with DMEM containing 0.5 mCi/ml [35S] Met/Cys at 37°C. Cells were lysed in buffer
containing 50 mM Tris (pH 7.4), 100 mM NaCl, 1% Triton X-100, 50 mM NaF, 10 mM
Na4P2O7, 5 mM EDTA, 1mM Na3VO4, and 1 mM phenylmethylsulfonyl fluoride.
Lysates were cleared by centrifugation, and endogenous EGF receptor was
immunoprecipitated from the supernatants by incubation with a polyclonal antibody from
Santa Cruz overnight at 4° C. The immune complexes were recovered with Ultra-Link
protein A/G beads, separated by SDS-PAGE, transferred to PVDF membranes, and
analyzed by autoradiography. Densitrometric analysis was performed using the NIH
ImageJ analysis software.
Cell surface biotinylation
Phlpp1+/+ and Phlpp1-/- fibroblasts growing on 10 cm plates were washed twice
with ice-cold PBS containing 1 mM CaCl2 and 1 mM MgCl2 and then incubated for 1 hr
at 4° C with EZ-Link sulfo-NHS-SS-biotin reagent (Pierce). After incubation, cells were
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washed with cold PBS and the remaining biotin reagent was quenched with 50 mM
NH4Cl, 1 mM CaCl2, and 1 mM MgCl2, in PBS for 10 min on ice; cells were then washed
with cold PBS, and membrane fractions were separated as described previously [42].
Biotin pull downs of membrane extracts were performed using immobilized neutravidin
biotin-binding protein beads (Pierce).
mRNA isolation, RT-PCR, and mRNA stability assay
Total RNA from Phlpp1+/+ and Phlpp1-/- fibroblasts was isolated using the
RNeasy Plus mini kit (Qiagen). cDNA was reverse transcribed using the iScript cDNA
synthesis kit (BioRad), and RT-PCR for the EGF receptor mRNA was performed using
an iQ5 Real Time detection system and software (BioRad). The forward primer used for
the mouse EGF receptor was 5‟- GCCATCTGGGCCAAAGATACC -3‟ and the reverse
primer was 5‟- GTCTTCGCATGAATAGGCCAAT-3‟. GAPDH mRNA was measured
as an internal control; the oligos used were: forward primer 5‟ACCCAGAAGACTGTCGATGG-3‟ and reverse primer 5‟TTCAGCTCTGGGATGACCTT-3‟. To test for mRNA stability, Phlpp1+/+ and Phlpp1-/MEFs were treated with 5μg/ml of actinomycin D (Sigma) for the indicated times to stop
transcription, and qRT-PCR was performed using the primers described above.
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Figure 3.1 PHLPP suppresses cell proliferation mediated by both PI3 kinase and ERK
pathways.
(A) Time course of proliferation of Phlpp1+/+ MEFs (open squares, +/+), Phlpp1-/- MEFs
(filled squares, -/-), and Phlpp1-/- MEFs reconstituted with wild-type HA-PHLPP1β (open
triangles, +HA-P1β) or a catalytically-inactive HA-PHLPP1β (filled triangles, +HA-P1βdead). Data represent the mean and SEM of 3 independent experiments. (B) Graph
depicting the G1/S ratio of LN444 cells transfected with control (empty bars) or PHLPP1
and PHLPP2 (filled bars) siRNA and then treated with vehicle, LY294002 (20 μM),
U0126 (20 μM), or both LY294002 and U0126 (20 μM each) for 24 hours. Data
represent the mean and SEM of 3 independent experiments. Statistical significance was
determined by student‟s t-test. Asterisks indicate p <0.01. (C) Representative Western
blot of lysates from LN444 cells treated in parallel to the proliferation assay in (B) to
assess the extent of PHLPP1 and PHLPP2 knockdown and effectiveness of inhibitor
treatment in proliferation assays. Akt and ERK phosphorylation were detected using
pAktS473 and pERKT202/Y204 antibodies, respectively.

67

Figure 3.2 PHLPP1 and PHLPP2 suppress EGF-stimulated ERK activation.
(A) Western blots showing the effect of PHLPP knockdown on EGF-stimulated ERK
activation. Control [43], PHLPP1 (P1), PHLPP2 (P2), or PHLPP1 and PHLPP2 (P1+P2)
siRNA-transfected cells were serum starved overnight (0.1% FBS) and then treated with
EGF (10 ng/ml) for 15 minutes. ERK phosphorylation was detected by Western blot
using pERKT202/Y204 antibody. (B, C) Western blots showing time courses of ERK
phosphorylation (B – ZR-75-1, C – LN444) in control [43] or PHLPP1 and PHLPP2
(P1+P2) siRNA-treated cells following overnight starvation and EGF treatment (10
ng/ml) for 0, 5, 15, or 60 minutes. (D) Time course of ERK phosphorylation in Phlpp1+/+
(+/+) and Phlpp1-/- (-/-) fibroblasts starved overnight and treated with EGF. The graphs
on the right side represent the average ERK phosphorylation from 3 independent
experiments in control/wild-type (empty boxes) and PHLPP1 and PHLPP2
siRNA/Phlpp1-/- (filled boxes) cells, with error bars representing SEM.
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Figure 3.3 PHLPP inhibits Ras and MEK activation
Time course of EGF stimulation in ZR-75-1 (A) or LN444 (B) cells treated with control
[43] or PHLPP 1 and PHLPP2 (P1+P2) siRNA, starved overnight, and then treated with
EGF for the indicated times. The level of MEK phophorylation was detected using
pMEK S217/221 antibody. The graphs on the right side represent the average of MEK
phosphorylation in control (empty boxes) or PHLPP1 and PHLPP2 (filled boxes) siRNAtreated cells normalized total MEK from three independent experiments. Error bars
represent SEM. (C) Western blots showing levels of activated Ras (Ras-GTP) from ZR75-1 cells treated with control [43] or PHLPP1 and PHLPP2 (P1+P2) siRNA. Cell
lysates were incubated with a GST construct of the Ras-binding domain of Raf, and
Bound Ras-GTP (top 2 panels) and total Ras (bottom panel) were detected using an antiRas antibody. Western blots are representative of three independent experiments.
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Figure 3.4 PHLPP negatively regulates EGF receptor levels
(A) Western blots depicting EGF receptor levels and ERK phosphorylation in whole cell
lysates from cancer cell lines transfected with control [43], PHLPP1 (P1), PHLPP2 (P2),
and PHLPP1 and PHLPP2 (P1+P2) siRNA. (B) Western blots showing EGF receptor
levels and ERK phosphorylation in normal breast cell lines (Hs578Bst and MCF10A)
treated with Control [43], PHLPP1 (P1), PHLPP2 (P2), or PHLPP1/2 (P1+P2) siRNA.
ERK phosphorylation was measured using a pERKT 202/Y204 antibody. Western blots
are representative of three independent experiments. (C) Western blots showing EGF
receptor levels in Phlpp1+/+ (+/+), Phlpp1-/- (-/-) fibroblasts and Phlpp1-/- cells
reconstituted with wild-type HA-PHLPP1β (+HA-P1β). Asterisk denotes the PHLPP1
band. The bar graph represents quantification of EGF receptor of 3 independent western
blots ± SEM and shows the fold increase of the receptor levels (normalized to actin) over
the wild type control. (D) HeLa cells transfected with control (empty boxes) or PHLPP1
and PHLPP2 (filled boxes) siRNA and an EGF receptor kinase activity reporter were
starved overnight and treated with EGF (10 ng/ml) followed by the EGF receptor
inhibitor AG1478. The ratio of cyan emission to yellow emission was monitored over
time as a measure of EGF receptor kinase activity. Control [43] and PHLPP1 and
PHLPP2 (P1+P2) knockdown cells from imaging experiments were collected and lysates
blotted for EGF receptor relative to total ERK1/2. (E) Surface proteins of Phlpp1+/+ (+/+)
and Phlpp1-/- (-/-) fibroblasts were biotinylated and pulled down using streptavidin beads.
Levels of EGF receptor were detected using EGF receptor antibody. Transferrin receptor,
streptavidin, and actin were used as loading controls.
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Figure 3.5 PHLPP regulates ERK signaling by control of EGF receptor levels and
independent of known PHLPP substrate activities.
(A) Control [43] or PHLPP1 and PHLPP2 (P1+P2) siRNA transfected ZR-75-1 cells
were starved overnight, and then treated with EGF (10 ng/ml) for 5 minutes followed by
AG1478 (100 nM) for the indicated times. Western blots measured ERK (pERK
T202/Y204) and Akt (pAkt S473) phosphorylation. (B,C) Quantification of phosphoERK (B) and phospho-Akt (C) blots representing the average of four independent
experiments. In each case, the phospho-signal was normalized to the total protein level
for each time point and then to the maximal point for the respective knockdown
condition. Error bars indicate SEM. (D) Western blots showing EGF receptor levels in
ZR-75-1 cells transfected with control [43] or PHLPP1 and PHLPP2 (P1+P2) siRNA,
were treated with DMSO (-) LY294002 (LY; 20 µM), U0126 (U0; 20 µM), Gö6983 (Gö;
250 nM) or AG1478 (AG; 100 nM) for 24 hours. Akt and ERK phosphorylation were
measured using pAkt S473 and pERK T202/Y204 antibodies. Western blots are
representative of three independent experiments.
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Figure 3.6 PHLPP1 suppression of EGF receptor is MST1 independent.
Phlpp1+/+ (+/+) and Phlpp1-/- MEFs were treated with control or MST1-specific siRNA.
Western blots depict levels of PHLPP1, EGF receptor, Mst1 and Actin in whole cell
lysates.
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Figure 3.7 Phosphatase activity and the LRR domain are required for PHLPP regulation
of EGF receptor levels.
(A) Diagram depicting the PHLPP1β constructs used in the reconstitution experiments.
(B) Western blots of Phlpp1+/+ (+/+), Phlpp1-/-(-/-), and Phlpp1-/- cells reconstituted with
the constructs shown in A showing EGF receptor levels. HA signal indicates expression
of PHLPP1β constructs.
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Figure 3.8 PHLPP1α rescues EGF receptor levels and signaling.
EGF timecourse in Phlpp1-/- and Phlpp1-/- MEF cells expressing PHLPP1α that were
starved overnight and treated with EGF the following day for the times indicated. The
level of PHLPP1 expression (Top) and EGFR, pAkt (S473), pErk (T202/Y204) and actin
(Bottom) were detected by Western blot.
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Figure 3.9 PHLPP regulates the mRNA levels and synthesis but not the degradation of
the EGF receptor.
(A) Autoradiogram of a pulse analysis of Phlpp1+/+ (+/+) and Phlpp1-/- (-/-) MEFs. Cells
were labeled with [35S]Met/Cys for the indicated times and total EGF receptor in the
lysates was immunoprecipitated. The arrow indicates the position of the EGF receptor in
the autoradiogram. The graph on the right shows the quantification of radiolabeled EGF
receptor of three independent experiments, error bars represent SEM. (B) Degradation
curve of the EGF receptor in Phlpp1+/+ (+/+) and Phlpp1-/- (-/-) cells under steady-state
conditions. Cells were treated with cycloheximide (CHX, 10 nM) for the indicated times.
Total EGF receptor levels were analyzed by Western blot with an anti-EGF receptor
antibody. Each point represents the percentage of EGF receptor normalized to control
(without CHX). The graph shows the quantification of three independent experiments.
Error bars indicate SEM. (C) Degradation curve of the EGF receptor in Phlpp1+/+ (+/+)
and Phlpp1-/- (-/-) cells upon EGF stimulation for the indicated times. Total EGF receptor
levels were labeled with an anti-EGF receptor antibody and analyzed by Western blot.
Each point represents the percentage of EGF receptor normalized to control (no EGF).
The graphs show the quantification of three independent experiments. Error bars indicate
SEM.
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Figure 3.9 PHLPP regulates the mRNA levels and synthesis but not the degradation of
the EGF receptor. (continued)
(D) qRT-PCR of EGF receptor in Phlpp1+/+ (+/+), Phlpp1-/- (-/-) and Phlpp1-/- cells
reconstituted with wild-type HA-PHLPP1β (+HA-P1β). Each point was normalized to
TATA box binding protein as an internal control and then to wild-type (+/+ cells). Error
bars represent the SEM of three independent experiments. (E) EGF receptor mRNA
levels in Phlpp1+/+ (+/+) and Phlpp1-/- (-/-) cells treated with actinomycin D (ActD, 5
μg/ml) for the indicated times. Each point was normalized to an internal control
(GAPDH) and then to control (without ActD). Error bars represent the SEM of three
independent experiments.
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Figure 3.10 Model illustrating two distinct mechanisms by which the catalytic activity of
PHLPP controls growth factor signaling.
First, PHLPP directly inactivates Akt by directly dephosphorylating the hydrophobic
motif site (Ser473 in Akt1, green circle on Akt; right side of figure). Second, PHLPP
suppresses the mRNA level of EGF receptor, thus limiting the upstream activation of not
only Akt, but the Ras/ERK pathway (left side of figure). The former mechanism affects
only the phosphorylation of the hydrophobic motif of Akt, dominates under basal
conditions, requires the PDZ ligand and, in the case of PHLPP2, is lost in cells containing
the polymorphic variant that has a Ser at position 1016. The latter mechanism affects
phosphorylation of the hydrophobic motif and activation loop site (Thr308 in Akt1, pink
circle) of Akt, dominates under agonist-evoked conditions, requires the LRR segment,
and is independent of polymorphism at position 1016 in PHLPP2.
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Chapter 4
Sequencing PHLPP1 in CLL
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Introduction
Chronic Lymphocytic Leukemia (CLL) is the most common adult leukemia in the
United States. Affecting B cell lymphocytes, CLL results in swollen lymph nodes,
spleen, and liver and patients eventually suffer from anemia and infection as the
cancerous cells crowd out healthy B cells [1]. The accumulation of CLL cells is
attributed to increased cell survival due to enhanced responsiveness to extracellular cues.
Specifically, CLL cells potently activate the pro-survival Akt and ERK signaling
pathways downstream of chemokines such as CXCL12 (SDF-1)[2, 3]. In addition, PKC
activation is elevated in CLL cells compared to normal B cells [4].
Akt, ERK and PKC are all targets of PHLPP, suggesting the loss/inactivation of
PHLPP1 and/or PHLPP2 is a potential mechanism leading to the increased survival of
CLL cells. Indeed, several studies report loss of PHLPP1 in CLL. First, a genome-wide
expression study found that the levels of PHLPP1 were an order of magnitude lower in
CLL cells compared to B cells. Furthermore, the dramatic decrease in PHLPP1
expression was one of the ten greatest reductions measured in the over 10,000 genes that
were probed [5]. A second study investigated PHLPP1 expression in greater detail by
comparing PHLPP1 levels in different subtypes of CLL. CLL samples with an isolated
deletion of chromosomal region of 13q14 had the highest frequency of reduced PHLPP1
mRNA compared to other subtypes [6]. Additional work by the same group revealed that
CLL cells with low PHLPP1 expression have an increased response to B cell receptor
signaling leading to enhanced survival [7]. Together, these findings present a strong case

83
that PHLPP1 acts as a tumor suppressor in CLL, although the cause of the reduced
PHLPP1 expression remains unknown.
In collaboration with Morgan O‟Hayre and Tracy Handel, we have confirmed the
loss of PHLPP1 at the protein and mRNA level in an overwhelming majority of CLL
patients that were tested. In this chapter, we sequenced the PHLPP1 gene for
mutations/polymorphisms that could correspond to and possibly underlie the dramatically
decreased PHLPP1 levels. The high percentage of patients with reduced or absent
expression of PHLPP1 points to the functional importance of losing the tumor
suppressive activities of PHLPP1. Therefore, the potential for patients with normal
PHLPP1 levels to harbor mutations that may reduce or abolish PHLPP activity is also
significant. Analysis of nearly 20 patient samples uncovered a relatively small number of
alterations to the DNA sequence, and no association between a DNA change and
PHLPP1 expression was observed. These findings indicate that DNA changes were
unlikely to be the cause of reduced PHLPP1 levels. Furthermore, our data indicate that
increased methylation of the PHLPP1 promoter along with decreased stability of
PHLPP1 mRNA as mechanisms leading to decreased expression of PHLPP1 in CLL
patient samples.
Results
PHLPP1 sequencing strategy
The PHLPP1 gene is spread over 17 exons and is 7kb in length. In order to
sequence the entirety of PHLPP1, 24 individual PCR reactions per sample were
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completed (Figure 4.1). In total, 19 samples were sequenced. These samples included 11
CLL samples where PHLPP1 expression was absent/nearly absent at the protein and
mRNA level and 4 CLL samples, 3 normal B cell samples and 1 cell line (Ramos) that all
were positive for PHLPP1 expression. Most of the PCR reactions were carried out using
standard conditions, although the PCR additives DMSO and betaine were added to
optimize conditions for reactions covering high GC content sequences and betaine alone
facilitated amplification for a subset of others. For one reaction, PCR purification was
employed to obtain higher quality sequence, and in several reactions a nested primer was
used for the same purpose (Figure 4.2).
PHLPP1 Mutations in CLL
DNA sequencing of the 19 samples yielded interpretable sequence for 443 of the
456 reactions (97%) (Figure 4.3). Analysis of the sequencing chromatograms revealed
21 unique changes to the PHLPP1 DNA sequence (Figure 4.4). Note, pair-matched,
normal DNA for the CLL samples was unavailable. Therefore, to determine if the DNA
sequence alterations arose from a somatic mutation or were already present as a single
nucleotide polymorphism (SNP), we searched them against the SNP database at the
National Center for Biotechnology Information (NCBI). The majority of the PHLPP1
alterations (67%) had been previously characterized as SNPs. These most likely preexisted in the germline of these patients and it is highly unlikely that they are somatic
mutations. The remainder of the alterations (33%) were not found in the NCBI database
suggesting that they were somatic mutations. It is possible, however, that these changes

85
are also SNPs and have yet to be discovered or logged into the NCBI database, perhaps
due to a low frequency in the normal population.
Among the 21 alterations to the PHLPP1 DNA sequence, 15 are located in the
intronic sequence immediately adjacent to the exons. Of the remaining 6 alterations, 3
were silent, 2 are located in the untranslated region and 1 results in a conservative amino
acid change from Glu to Asp at amino acid 777 in the leucine-rich repeat region (Figure
4.4). Overall, there was not a high frequency of DNA alterations to the PHLPP1 coding
sequence in CLL patient samples.
Next, a potential correlation between the DNA sequence alterations that were
discovered and PHLPP1 levels was explored. In the sequenced samples, 8 were
classified as high PHLPP1 expressors and 11 had low/absent PHLPP1 expression (Figure
4.3). No clear enrichment of a particular DNA alteration was observed in either high or
low PHLPP1 expressing samples. Furthermore, when comparing the normal B cells to
the CLL samples, there were no DNA changes that specifically associated with either
group. Together, these data suggest that DNA sequence changes are not the source of
decreased PHLPP1 expression. This finding is consistent with our findings that point
toward increased promoter methylation and decreased RNA stability as the primary
mechanisms underlying the reduction of PHLPP1 expression in CLL (O‟Hayre & Handel
unpublished data).
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Discussion
Summary
Decreased PHLPP1 expression occurs in a high percentage of CLL patients,
promoting increased survival signaling in response to extracellular cues [5-7]. The
mechanism underlying this reduction has remained elusive. Here we report the first
sequencing of PHLPP1 in CLL patients and our results indicate that an alteration to
PHLPP1 DNA is unlikely to be the source of decreased PHLPP1 expression.
Sequencing analysis reveals little change to PHLPP1 DNA in CLL
The entirety of PHLPP1 was sequenced from 19 samples and while 21 DNA
alterations were discovered, most were either intronic or silent (Figure 4.4). Only one
SNP resulted in an amino acid change, a conservative switch from Glu to Asp at codon
777. Despite the discovery of several somatic mutations in PHLPP1 that cause less
conservative nonsense and missense mutations in other types of cancer (Figure 1.3), we
did not uncover any in our patient group. Importantly, we were able to generate sequence
for 97% of the reactions that we attempted, indicating that bi-allelic loss of the PHLPP1
gene does not account for the dramatic reductions in expression. Furthermore, to our
knowledge this is also the first sequencing study to cover the extra 1500 base pairs of
full-length PHLPP1β that are not included in PHLPP1α. Of the 21 DNA alterations that
were identified in our samples, there was no strong correlation between any of the
alterations and the expression levels of PHLPP1. Additonally, there was no correlation
between any of the DNA changes in the CLL samples compared to normal B cells
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(Figure 4.3). These data establish that PHLPP1 is not commonly mutated in CLL and
thus DNA mutation is not the mechanism underlying reduced PHLPP1 expression in
CLL. Rather, the primary mechanisms for the reduced PHLPP1 expression in CLL are
likely increased promoter methylation and decreased mRNA stability.
Materials/Methods
PCR reactions
PCR reactions were completed following the touchdown PCR protocol with the
Hotstart KAPA Fast Taq (Kapa Biosystems). Primer sets for each reaction are listed in
Figure 4.1. Adjustments to the manufacturer‟s protocol that were used to optimize
reaction conditions are shown in Figure 4.2.
Sequencing
DNA sequencing reactions were carried out at the DNA Sequencing Shared
Resource at the UCSD Cancer Center. Sequence chromatograms were analyzed using
the Seqman program.
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Primer

Sequence

Primer

Sequence

PHLPP1 1F

CACGCGTCACGTTTGTTTAC

PHLPP1 15F

CCCAGGAGAGAGCAGTCATC

PHLPP1 1R

GGAGAAGGGAGAAGCCAATG

PHLPP1 15R

AAGGAGTGAGACAGGCAGGA

PHLPP1 2F

GCTTCAGTCTGAGTCCCAGC

PHLPP1 16F

TGGAGTCAGTTTACCTGCCC

PHLPP1 2R

TTTGAATCACTCCTCGGTCC

PHLPP1 16R

AAAAGCCCCTACAGCTCACA

PHLPP1 3F

TTCCCTTGTTGTCCAATTCA

PHLPP1 17F

TGAGCCTCTCTGTGTGGATG

PHLPP1 3R

GGTCCTTACTGATGGTGGGA

PHLPP1 17R

CTCTCCTCTCCACCATCCTG

PHLPP1 4F

CCAGCACCCTATTGTGAGGT

PHLPP1 18F

AATGGGGTCCCAGTAACACA

PHLPP1 4R

ATCACTGGCAGTATCTGGGG

PHLPP1 18R

CACTGCTAATCTCGGAAGCC

PHLPP1 5F

TATGCGGCACATGACTGAAT

PHLPP1 19F

TAGGCAGTAAGGGGTTGTGG

PHLPP1 5R

TCTACCCATTTCTGCAGGCT

PHLPP1 19R

GAAGAGGTGCGTCTGTAGCC

PHLPP1 6F

CTTGTCTGAAACAGCACCGA

PHLPP1 20F

TGACAGTGACGATGAGGAGC

PHLPP1 6R

ATCCTTTGGGCTTTCCTTGT

PHLPP1 20R

AGGTTGGGAACAGTGTCTGG

PHLPP1 7F

ACAAGGAAAGCCCAAAGGAT

PHLPP1 21F

ACGCCACTATGACCCAGC

PHLPP1 7R

AAATAGAAAAACGGGCCCAC

PHLPP1 21R

CTGCCTTCCAAACAAACAAC

PHLPP1 8F

TCCCAGCTGTAGTGGTGTCA

PHLPP1 22F

CCAGACACTGTTCCCAACCT

PHLPP1 8R

CCTGGAACCAAAAGAGCAAC

PHLPP1 22R

GCTGATTGTGGCAGCAGTAA

PHLPP1 9F

GGAAGGACCCTTGGGTTTTA

PHLPP1 23F

CGTAAGGACACAGCCCAAGT

PHLPP1 9R

AGGCACTTTGATGCTCTGGT

PHLPP1 23R

CATCTGGCTGCTGAGACAAA

PHLPP1 10F

CTTTCGATTTATGCCCTTGG

PHLPP1 1BF

GGGAAACGCGAAGCCCCACTGCAATG

PHLPP1 10R

AAATTTCCACCAAGCACCAC

PHLPP1 1BR

CCTCGAGCTCTTTCCGACGA

PHLPP1 11F

TTGCTCCAAGTGAATTTGTG

PHLPP1 11R

GAAAGTTTATACAGTCTCAGG

PHLPP1 8NF

TTCTCATATTAGGGTGTGCCC

PHLPP1 12F

CACTCCCCGCCAACTATAAA

PHLPP1 12NF

TTCATGTTTCTGATCCCAGC

PHLPP1 12R

GTGAAGGGAGCAGGAACAAG

PHLPP1 17NF

TGATGGGCTGTGTTTGAGTG

PHLPP1 13F

AAGGGCATCCATTTTCCTTC

PHLPP1 20NF

GGCCAAGGAGAAGGAGAAAC

PHLPP1 13R

AAATCCAATTTTCCCAAAACC

PHLPP1 21NF

AACGAGGATGAGCCAGGTC

PHLPP1 14F

GTTCTCATGGCACGGAGATT

PHLPP1 BSEQ1

CAACTCCCTCCTGCTGAG

PHLPP1 14R

CTCTTTCCCAAACCGTGAAG

PHLPP1 BSEQ2

GACAGATTCCTCTTCAGC

Figure 4.1 PHLPP1 Sequencing Primers
The PCR primers for the 24 PCR reactions used to amplify the PHLPP1 gene (1-23 F/R
and 1BF/R). The last seven primers on the right hand column are nested sequencing
primers for the reaction number indicated.
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Reaction
1

Additives
B

1B

B, D

2

B

Seq Primer
PHLPP1 1F
PHLPP1 1BR, PHLPP1 BSEQ1, PHLPP1 BSEQ2
PHLPP1 2R

3

PHLPP1 3F

4

PHLPP1 4R

5

PHLPP1 5F

6
7

PHLPP1 6F
B

PHLPP1 7F

8

PHLPP1 8NF

9

PHLPP1 9R

10

B

PHLPP1 10F

11

B

PHLPP1 11F

12

PHLPP1 12R

13

B

PHLPP1 13F

14

B

PHLPP1 14F

15

B

PHLPP1 15R

16

PHLPP1 16F

17

PHLPP1 17NF

18

PHLPP1 18R

19

PHLPP1 19R

20

PHLPP1 20NF

21

B

PHLPP1 21NF

22

PHLPP2 22F

23

PHLPP1 23F

Figure 4.2 PCR Reaction Conditions and Sequencing Primers
PCR additives Betaine (B) and DMSO (D) were added to the indicated reactions. The
primers used for the sequencing reaction are shown on the right.
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1β

Sample

1

NL14

T/C

2

A/A G/G CT/CT

3

4

5

6

7

8

T/T C/C T/T A/- A/A

9

10
G/G

11 12

13

14

15

16

17

T/G G/G C/A C/C

T/T G/G T/T

18

19 20 21

22

C/C C/C

A/A -/GTTTTT

Nl84

C/C

A/A G/G CT/CT

A/T C/C C/T A/A A/A

A/G

T/T G/G A/A C/C

T/T G/G T/T

C/T C/T

A/G

-/-

N196

C/C

A/A G/G CT/CT

A/A C/C T/T A/A A/A

G/G

G/G G/G C/C C/C

T/T G/G T/T

C/C C/C

A/A

-/-
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C/C

G/A T/G

CT/-

A/T C/C T/T A/A A/A

G/G

T/T G/G A/A C/C

T/T G/G G/T

C/C C/C

A/A

-/-

215

C/C

A/A G/G CT/-

T/T C/C T/T A/A A/A

G/G

T/T G/G A/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

230

C/C

A/A G/G CT/CT

A/T C/C T/T A/A A/A

G/G

T/G G/G C/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

236

C/C

A/A G/G CT/-

A/T C/C T/T A/A A/A

G/G

T/G G/G C/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

375

C/C

A/A G/G CT/CT

T/T C/C T/T A/A A/A

G/G

T/T G/G A/A C/C

A/T G/G T/T

C/C C/C

A/A

-/-

527

C/C

A/A G/G CT/CT

A/T C/C T/T A/A A/A

G/G

T/G G/G C/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

A/A G/G CT/CT

A/T C/C T/T A/A A/A

G/G

T/G G/G C/A C/G

T/T G/G T/T

C/C C/C

A/A

-/-

638
754

C/C

A/A G/G CT/CT

A/T C/C T/T A/A A/A

G/G

T/G A/G C/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

863

C/C

A/A G/G CT/CT

A/T C/C T/T A/A A/A

G/G

T/G G/G C/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

967

C/C

A/A G/G CT/CT

T/T C/C T/T A/A A/A

G/G

T/G G/G C/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

978

T/C

A/A G/G CT/CT

T/T C/C T/T -/- A/A

G/G

T/T G/G A/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

24

C/C

A/A G/G CT/-

A/T C/C T/T A/A A/C

G/G

T/G G/G C/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

57

C/C

A/A G/G

A/T C/C T/T A/A A/A

G/G

T/T G/G A/A C/C

T/T G/G T/T

C/C C/C

A/A

-/-

688

C/C

A/A G/G

A/T C/C T/T A/A A/A

G/G

G/G G/G C/C C/C

T/T G/G T/T

C/C C/C

A/A

-/-

882

C/C

G/A T/G

A/T C/G C/T A/A A/A

A/G

T/G G/G C/A C/C

T/T G/G T/T

C/T C/T

A/G

-/-

cell line

C/C

A/A G/G CT/CT

T/T C/C T/T A/A A/A

G/G

G/G G/G C/C C/C

T/T A/G T/T

C/C C/C

A/A

-/-

20

21

Alteration #

1

2

3

CT/4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

23

Figure 4.3 DNA Alterations to PHLPP1 in CLL
The genotype for the DNA alterations is shown for the 19 samples that were sequenced.
The green boxes represent reactions that yielded good sequence and the yellow boxes
where sequence data is absent. The normal B cell samples begin with an “N”. Samples
positive for PHLPP1 expression are in orange and low/absent PHLPP1 expression are
white.
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Alteration #

Rxn #

NCBI ref #

Contig #

Nt Change

Type

Genotype Frequency

1

1

None

8173542

(C/T)

Intron

C/C - .89, C/T - .11

2

3

rs12965132

8288646

(A/G)

Intron

A/A - .89, A/G - .11

3

3

rs12963473

8288661

(G/T)

Intron

G/G - .89, T/G - .11

4

4

rs10563075

8296860

(-/CT)

Intron

CT/CT - .71, CT/- - .29

5

6

rs624821

8353162

(A/T)

Silent

T/T - .32, A/T - .63, A/A - .05

6

7

rs35890578

8353732

(C/T)

Intron

T/T - .9, C/T - .1

7

7

rs112206318

8353995

(A/C)

Missense E->D

A/A - .95, A/C - .05

8

7

rs117613613

8353721

(C/G)

Intron

C/C - .95, C/G - .05

9

7

None

8353824

(A/-)

Intron

A/A - .90, A/- - .05, -/- - .05

10

10

rs36110044

8373292

(A/G)

Intron

G/G - .9, A/G - .1

11

13

rs525092

8403400

(G/T)

Intron

T/T - .3, T/G - .55, G/G - 1.5

12

13

None

8403490

(A/G)

Intron

G/G - .95, A/G - .05

13

13

rs523478

8403550

(A/C)

Intron

A/A - .3, A/C - .55, C/C - .15

14

14

None

8416694

(C/G)

Intron

C/C - .95, C/G - .05

15

16

None

8429589

(T/A)

Intron

T/T - .95, T/A - .05

16

16

None

8429601

(A/G)

Silent

G/G - .95, A/G - .05

17

16

None

8429897

(G/T)

Intron

T/T - .95, T/G - .05

18

18

rs34120677

8436233

(C/T)

Intron

C/C - .9, C/T - .1

19

18

rs34060195

8436373

(C/T)

Silent

C/C - .9, C/T - .1

20

21

rs71353376

8437836

(A/G)

3'UTR

A/A - .9, A/G - .1

21

22

rs3087164

8437978

(-/GTTTT)

3'UTR

-/- - .95, -/GTTTTT - .05

Figure 4.4 Details of PHLPP1 DNA Alterations
Details regarding the DNA alterations in PHLPP1 including: the NCBI reference
number from the SNP database (NCBI ref #), the chromosome 18 genomic contig
number from the GCRh37.p2 reference primary assembly (Contig #), and genotype
frequency in our sample group (Frequency).
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Looking Back & Looking Forward
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Overview
The PHLPP phosphatases are critical regulators of growth factor signaling and the
many processes controlled by these pathways in the maintenance of cellular homeostasis.
Here, we have expanded our knowledge of the PHLPP phosphatases in 3 major areas: 1)
Cloning of the third PHLPP isoform, PHLPP1β, to reveal a functional domain unique to
this splice variant. 2) Identifying the Ras/ERK pathway and growth factor receptors as
novel targets of PHLPP activity. 3) Sequencing of PHLPP1 in CLL to reveal that
mutations in the DNA do not cause the dramatic reduction of PHLPP1 in this type of
cancer (Figure 5.1). These findings provide novel insights into the regulation of PHLPP
phosphatases, how PHLPP controls cellular signaling pathways, and the potential
consequences of the loss of PHLPP activity in disease.
PHLPP1β: The Newest PHLPP
The PHLPP family of phosphatases comprises two genes, PHLPP1 and PHLPP2.
Northern and Western blot analysis revealed that a larger variant of PHLPP1 may exist in
addition to the 140 kDa PHLPP1 that was originally characterized [1]. This larger
variant has been termed PHLPP1β and extends an additional 512 amino acids Nterminally to the original PHLPP1 (now PHLPP1α). This additional sequence harbors a
potential Ras association (RA) domain predicted to interact with active Ras (active Ras
may also bind the LRR domains) and a proline-rich region which is predicted to bind
SH3 domain containing proteins. Ras binding to PHLPP1β could potentially positively
regulate phosphatase activity analogous to Ras control of adenylyl cyclase domain found
in the yeast homologue of PHLPP, CYR1 [2]. PHLPP1β is the predominant PHLPP1
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isoform expressed in most tissues and cell lines and is a major player in PHLPP
regulation of cell signaling.
Sequencing PHLPP1 in CLL
Loss or reduction of PHLPP1 expression has been characterized in a high
percentage of CLL patients. To elucidate the underlying cause of the decrease in
PHLPP1 levels, we sequenced DNA from CLL patients along with DNA from normal B
cells for mutations in PHLPP1. In total, 21 alterations to the PHLPP1 sequence were
discovered. Most of these changes are predicted to be SNPs, while a few are potentially
somatic mutations. Further, the overwhelming majority are either intronic or silent, with
only one resulting in a conservative amino acid change, from Glu to Asp in the LRR
domain. There was no association between any of the DNA alterations and PHLPP
expression level nor was there any association between any changes to PHLPP1 and the
incidence of CLL. Overall, these data indicate that changes to the DNA sequence of
PHLPP1 are not responsible for reduced PHLPP1 expression in CLL and a separate
group of experiments confirmed that promoter methylation and decreased RNA stability
are the sources of PHLPP1 loss in CLL.
PHLPP Suppresses EGF Receptor levels and Ras/ERK signaling.
PHLPP1 and PHLPP2 were first characterized as negative regulators of Akt and
PKC signaling. By antagonizing these proliferative and survival kinases, PHLPP activity
led to increased apoptosis and cell cycle arrest [1, 3]. However, despite being unable to
suppress Akt and PKC directly, the Ser variant of PHLPP2 retains partial ability to
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induce apoptosis [4]. Similarly, PHLPP regulation of proliferation contains an Aktindependent component. Together, these data indicate that PHLPP targets an additional
survival/proliferative pathway [3]. One obvious candidate is the Ras/ERK pathway. Cell
cycle analysis uncovered that the increased proliferation observed in PHLPP knockdown
cells was dependent on higher levels of both Akt and ERK pathways, hinting that PHLPP
negatively regulates the Ras/ERK signaling.
PHLPP suppression of the Ras/ERK pathway was confirmed in series of
experiments that revealed depletion of PHLPP1 or PHLPP2 resulted in a dramatic
increase in EGF-mediated ERK phosphorylation. Further, in EGF timecourse
experiments the amplitude and duration of ERK phosphorylation was greater in PHLPP
knockdown cells compared to control as well as PHLPP1 deficient MEFs compared to
wild-type MEFs. To determine the direct target of PHLPP in the Ras/ERK pathway, the
PHLPP-dependent activation of both MEK and Ras were probed. MEK phosphorylation
and Ras-GTP levels were both enhanced upon PHLPP loss, indicating that the direct
target of PHLPP was at the level of Ras or upstream.
Next, we tested to see if PHLPP controlled the EGF receptor directly, and if this
regulation was the cause of altered Ras/ERK signaling. Our results revealed that EGF
receptor protein levels were markedly higher in PHLPP knockdown/knockout cells and
that the increased EGF receptor was located at the cell surface, leading to greater EGF
receptor activation as read out by a FRET-based kinase activity reporter. Measuring the
PHLPP-dependent decay of the Ras/ERK pathway downstream of the EGF receptor
established that the effects exerted by PHLPP were solely at the receptor level and that
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PHLPP did not directly target any of the other pathway components. Together these data
are consistent with PHLPP suppression EGF receptors limiting the cells ability to activate
Ras/ERK pathway signaling and ultimately stimulate proliferation.
We next searched to determine the mechanism underlying PHLPP regulation of
the EGF receptor. First, we ruled out that increased activity of Akt or PKC, the two
known PHLPP substrates, was responsible for driving higher EGF receptor protein levels.
Then, we asked the more general question of whether PHLPP was altering EGF receptor
synthesis or degradation. Results from Phlpp1-/- and wild-type MEFs indicated that it
was in fact an increase in EGF receptor synthesis and not a change in the basal or EGFmediated turnover that resulted in the higher EGF receptor levels in PHLPP1 deficient
cells. Rescue experiments in the Phlpp1-/- cells provided further insight by demonstrating
that the catalytic activity and LRR domains of PHLPP1 were required while the PH /RA
domains and PDZ binding motif were dispensable for PHLPP to suppress EGF receptor
levels. Finally, qRT-PCR revealed that the level of EGF receptor mRNA is greater than
10 fold higher in Phlpp1-/- MEFs than in wild-type MEFs. Furthermore, mRNA decay
experiments demonstrated that PHLPP does not regulate the stability of EGF receptor
mRNA. Thus, these data support a model whereby PHLPP1 acts to negatively regulate
production of EGF receptor mRNA.
PHLPP Suppresses EGF Receptor Transcription
Our experimental findings regarding PHLPP regulation of EGF receptor levels are
consistent with PHLPP suppression of EGF receptor at the mRNA level. Amplification
of the EGF receptor gene occurs frequently in several tumor types and is commonly
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found in cancer cells to increase EGF receptor levels and the survival and proliferative
signals downstream [5, 6]. However, EGF receptor gene amplification is unlikely to be
the mechanism of PHLPP mediated increase in EGF receptor levels for several reasons.
First, it is improbable that the gene could be amplified in the short time course of our
knockdown experiments and similarly doubtful that reintroduction of PHLPP1 into
Phlpp1-/- MEFs could reverse an increase in EGF receptor copy number. Additionally,
the mRNA levels of several other RTKs are higher in MEFs lacking PHLPP1, hinting at a
more global mechanism for regulation of gene expression rather than the amplification of
a select group of a handful of genes. A few recent reports have shown that the PI3K/Akt
pathway regulates expression of EGF receptor family members and downstream
Ras/ERK pathway activity through control of FOXO family transcriptional activity [7, 8].
This mechanism is distinct from PHLPP-mediated control of RTK expression in several
ways: 1) The increased EGF receptor in PHLPP knockdown cells is coincident with
higher Akt levels, whereas the FOXO activation and increased EGF receptor family
members occurs following PI3K/Akt inhibition. In addition, PHLPP regulation of EGF
receptor is Akt independent. 2) The group of receptors affected in each case is nonoverlapping. The most likely mechanism underlying PHLPP control of RTK expression
is that PHLPP is directly regulating a transcription factor (or indirectly regulating a
signaling pathway upstream of a transcription factor) that drives EGF receptor
expression. Alternatively, it could be possible that PHLPP controls a more global
regulator of transcription such as methylation/ubiquitination of histones (discussed
below). It would be informative to complete expression microarrays on control versus
PHLPP depleted cells. Analysis of all of the genes whose RNA is regulated by PHLPP
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may be useful in identifying a common transcription factor or other transcriptional
regulatory protein that is targeted by PHLPP.
New Model of PHLPP Regulation of Akt
In light of our results that PHLPP regulates the EGF receptor, we are compelled
to devise a new model of PHLPP regulation of Akt. In this model, in addition to direct
dephosphorylation of Akt, PHLPP controls Akt signaling by negatively regulating its
upstream activation by suppressing PI3K activity and PIP3 generation in response to
EGF. The relative impact of these two mechanisms is largely dependent on the cellular
conditions. For example, under basal conditions, EGF receptor activity is minimal and
direct dephosphorylation of the Akt is the predominant mechanism. One the other hand,
under acute EGF treated conditions, the amount of receptor poised to signal and activate
Akt is paramount. This model provides an explanation for our previous result that under
basal conditions PHLPP knockdown increased Ser473 phosphorylation specifically,
whereas under agonist treated conditions both Thr308 and Ser473 phosphorylation were
dramatically elevated [3].
This new model of PHLPP control of Akt also has implications for the
polymorphism of PHLPP2 at amino 1016. The Ser variant is unable to directly
dephosphorylate Akt or PKC at the hydrophobic motif. However, under agonist induced
conditions knockdown of the Ser variant increases Akt phosphorylation at both the
Thr308 and Ser473 sites [4]. One possibility for the discrepancy is that the Ser variant
retains the ability to regulate EGF receptor levels. Here we reveal that in a cell line with
only the Ser variant (ZR-75-1), depletion of PHLPP2 leads to increased EGF receptor
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levels and EGF-mediated ERK phosphorylation. This result suggests that increased
EGF-mediated Akt phosphorylation upon PHLPP2 depletion in these cells is also due to
higher receptor levels. Lastly, the ability of Ser variant of PHLPP2 to suppress EGF
receptor expression may also account for the finding that this variant is functional at
inducing apoptosis, although to a lesser extent than the fully functional Leu variant.
PHLPP Regulation of RTKs in Cancer
Receptor tyrosine kinases and the signaling pathways they activate are key
effectors of cell survival, proliferation, growth and metastasis. These pathways are
activated in cancer and many of the components are well-characterized oncogenes or
tumor suppressor genes whose activities are misregulated [9]. In particular, RTKs such
as the EGF receptor become activated in cancer by mutation and also by increased
expression of the receptor and/or its ligand. As mentioned previously, this increased
expression is commonly, but not always, a result of gene amplification. In glioblastoma,
for example, one third of tumors overexpress EGF receptor in the absence of gene
amplification [6]. Reduced PHLPP levels have been observed in many tumor types
including glioblastoma (Table 1.1), and may lead to increased expression of the EGF and
other growth factor receptors in cells where the gene is not amplified. Overall, evidence
is mounting that PHLPP1 and PHLPP2 act as tumor suppressor genes in many types of
cancer. Suppression of growth factor receptors and the Ras/ERK pathway, in addition to
direct dephosphorylation of Akt and PKC, together account for the anti-oncogenic
functions of the PHLPP phosphatases.
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In glioblastoma, EGF receptor amplification and mutation serve as predictive
biomarkers for sensitivity to EGF receptor tyrosine kinase inhibitor therapy. Although
stratifying patients based on EGF receptor status enriches for patients that will respond to
therapy, most (80-90%) of patients receive no benefit [10]. These disappointing
percentages indicate that resistance mechanisms must be addressed in order to achieve
better responses. PHLPP may play a complex role in the response of glioblastomas to
EGF receptor therapy. One on hand, increased EGF receptor levels and activation in
tumors with reduced PHLPP could render them more reliant on EGF receptor signaling
and therefore more sensitive to EGF receptor inhibition. On the other hand, PHLPP also
negatively regulates many of the resistance mechanisms that have been discovered to
overcome anti-EGF receptor therapy. These resistance mechanisms overcome EGF
receptor inhibition by reactivating the pathways downstream of EGF receptor in the
presence of the drug. Indeed, increased Akt activity resulting from PTEN loss, higher
expression and activity of additional RTKs, and reactivation of p70S6K signaling by
PKCs have all been characterized as methods used by glioblastoma cells to circumvent
the need for EGF receptor signaling [10-12]. Reduced PHLPP levels in glioblastoma
could activate any and all of these resistance mechanisms, suggesting that low PHLPP
expression may promote EGF receptor inhibitor resistance. Importantly, similar means
of resistance to targeted therapy have been identified in HER2 positive breast cancer,
EGF receptor mutant lung cancer, and BRAF mutant melanoma, three tumor types where
PHLPP expression has been found to be lower (Table 1.1) [13-17]. Taken together, it is
tempting to theorize that the loss of PHLPP could alter sensitivity to targeted therapeutics
and that PHLPP expression levels may serve as a biomarker that could be utilized to
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predict the likelihood of success of a given therapy and indicate that combination therapy
would be more efficacious for these patients.
Inhibitors targeting the PI3K/Akt/mTOR pathway have shown promise in a
myriad of tumors where the pathway is misregulated by HER2 amplification, PIK3CA
mutation or PTEN deficiency [18]. As is the case with other targeted therapeutics,
however, a majority of tumors are insensitive and the responders ultimately develop
resistance. A few recent reports highlight activation of the Ras/ERK pathway as one
potential resistance mechanism [7, 8]. In these studies, PI3K/Akt inhibition leads to
increased levels of several of the EGF family and other receptors that drive increased
ERK signaling to promote survival. The authors propose that higher activity of the
FOXO family of transcription factors following Akt inhibition leads to the increased
transcription of these receptors[7]. Depletion of the FOXO transcription factors prevents
some of the PI3K/Akt inhibitor-mediated induction of RTKs, but a substantial amount
remained. These data support the presence of an additional mechanism underlying the
increased RTK expression and Ras/ERK activation in response to PI3K/Akt inhibition.
Another unintended consequence of PI3K/Akt/mTOR inhibition may be a
reduction of PHLPP levels. Akt activity has been shown to positively regulate PHLPP1
at the protein level [19, 20]. This regulation is part of a negative feedback loop whereby
Akt phosphorylation inhibits its substrate GSK3β from phosphorylating PHLPP1 and
creating a phospho-degron motif to promote its ubiquitin-mediated proteolysis.
Furthermore, the translation of PHLPP1 and PHLPP2 have been shown to be mTORC1
dependent [21]. Thus, inhibiting PI3K/Akt/mTOR reduces PHLPP1 levels. The decrease
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of PHLPP in response to these inhibitors may provide an additional mechanism for the
increase in RTK levels and activation of Ras/ERK pathway signaling that are responsible
for therapeutic resistance.
Future Directions: PHLPP and Ubiquitination
One area of research that may be fruitful moving forward is the possibility that
PHLPP is an important regulator of ubiquitin signaling. This idea stems from the finding
that both PHLPP1 and PHLPP2 were found to be in complexes containing deubiquitinase (DUB) enzymes also known as ubiquitin specific proteases (USPs) [22].
Specifically, PHLPP1 and PHLPP2 were in the top 5 interacting proteins for USP1,
USP12 and USP46 as ranked by a software program for analyzing parallel proteomic data
[23]. USP1 has been linked to the de-ubiquitination of proliferating cell nuclear antigen
(PCNA) following DNA damage bypass and FANCD2, a protein in the Fanconi Anemia
pathway that is essential for the repair of DNA crosslinks [23, 24]. USP12 and USP46
have been found to deubiquitinate histones H2A and H2B [25]. Interestingly,
ubiquitination of histones is known to modulate gene expression and it is an intriguing
possibility that PHLPP suppression of transcription of EGF receptor and other genes is
mediated in this way. Whether or not PHLPP1 and PHLPP2 regulate deubiquitination in
general and/or specifically regulate histone ubiquitination to control gene expression are
interesting questions that warrant further study.
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Conclusion
In this thesis, we have cloned the third member of the PHLPP family, PHLPP1β,
identified the Ras/ERK signaling pathway and EGF receptor as targets of PHLPP
regulation, and sequenced PHLPP1 in CLL. The results of this work expand what is
known about PHLPP regulation of cellular signaling by suggesting that a splice variant
may be uniquely regulated by Ras, by discovering novel pathways targeted by PHLPP,
and by probing the loss of PHLPP in cancer. The future of PHLPP research will no doubt
uncover additional substrates and pathways controlled by PHLPP and we will learn more
about the biological processes in which PHLPP plays an integral role. As we gain a
greater appreciation for the importance of PHLPP in maintaining cellular homeostasis,
there will also be additional examples of the consequences of the loss of PHLPP in
diseases including cancer and metabolic syndromes, among others. Hopefully, a greater
understanding of PHLPP biology will lead to new ideas and ways to treat patients
affected by these diseases.
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1) Cloning & Expression of PHLPP1β

2) PHLPP Suppresses EGFR and Ras/ERK

3) PHLPP1 Sequencing in CLL

Figure 5.1 Summary of Research Areas
1) Cloning of the third PHLPP isoform, PHLPP1β.
2) PHLPP reduces the transcription of EGF receptor (and other RTKs) leading to
diminished Ras/ERK signaling in response to EGF.
3) Sequencing PHLPP1 for mutations in CLL patient samples.
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