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Abstract 
 
 The phosphatase PHLPP2 functions as a tumor suppressor by activating the pro-

apoptotic function of Bcl-2 protein Noxa in leukemia cells. PHLPP2 is downregulated or 

depleted in specific acute myeloid leukemia (AML) subtypes. We hypothesize that AML 

has evolved mechanisms to suppress PHLPP2 expression and/or phosphatase activity.  

We measured the expression of PHLPP2 in a small panel of leukemia cell lines. 

PHLPP2 transcript was found in the lines despite the lack of protein expression. To test 

the hypothesis that PHLPP2 translation is blocked in AML cell lines, we assayed levels 

of miR-17-92, a miRNA cluster which targets PHLPP2. Levels of miR-17-92 were 

increased in AML versus acute lymphoid leukemia (ALL) lines. Furthermore, PHLPP2 

protein was less stable in an M5 AML line compared to ALL. These studies offer insights 

into novel protein suppression mechanisms and lay the foundation for further 

investigations into PHLPP2 as a biomarker and therapeutic target for AML. 
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Chapter I: Introduction 
 

Role of phosphatases in signaling 
 
Cellular signaling cascades control essential processes like metabolism, apoptosis, 

differentiation, and proliferation, all of which are highly regulated. One mode of 

regulation is reversible protein phosphorylation carried out by kinases, which add 

phosphate moieties to specific residues in proteins, and phosphatases, which remove 

these moieties.  Phosphorylation alters protein conformation or interactions with other 

proteins, ultimately controlling the activity, localization, or stability of the protein. The 

reversible nature of phosphorylation allows the balance between kinases and 

phosphatases to either propel or halt signaling cascades; this has a major impact on cell 

fate (Mustelin 2007, McConnell and Wadzinski 2009). 

 

Protein phosphorylation occurs on three amino acids, serine, threonine, and tyrosine. As 

reviewed by Shi, serine is the most commonly phosphorylated amino acid, representing 

86.4% of phosphorylated amino acids (Shi 2009). The high degree of specificity in 

signaling explains the multiplicity of serine kinases. Far fewer phosphatases are 

encoded in the genome, but diversity is achieved by combining catalytic and regulatory 

subunits creating a variety of phosphatase holoenzymes (Sun and Wang 2012). Serine 

phosphatases are classified into three families: PPP (phosphoprotein phosphatase), 

FCP (TFIIF-associating component of CTD phosphatase), and PPM (metal-dependent 

protein phosphatase). The FCP family is small and targets the C-terminal domain of 

RNA polymerase II. The PPM and PPP families share no sequence homology; however, 

structural studies suggest similar dephosphorylation mechanisms (McConnell and 

Wadzinski 2009). The PPP family is large and diverse, divided into several subfamilies, 

which share sequence homology in their catalytic domain, but create diversity by acting 

as multimeric homoenzyme complexes of various catalytic and regulatory subunit 

combinations (McConnell and Wadzinski 2009, Shi 2009). Conversely, the PPM family 

members act as monomers with one continuous sequence encoding the catalytic and 

regulatory domains (McConnell and Wadzinski 2009).The PPM family is dependent on 

Mn2+ and Mg2+ at their catalytic domain and includes PP2C phosphatases, which are 

insensitive to the common phosphatase inhibitor, okadaic acid. The diversity in the PPM 

family is due to the 16 PP2C genes that produce 22 different isoforms (Shi 2009).  
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One tightly regulated cellular process that has a major impact on cell growth, 

development, and the maintenance of homeostasis is apoptosis or programmed cell 

death (PCD). The aberrant regulation of apoptosis results either in abnormal cell loss, 

leading to degenerative diseases, or in uncontrolled proliferation which leads to cancer.  

Many proteins involved in cell survival and death pathways are regulated by 

phosphorylation and dephosphorylation. (Sun and Wang 2012),  

 

Regulation of Bcl-2 protein Noxa  

The B-cell lymphoma 2 (Bcl-2) family contains many proteins that regulate the intrinsic or 

mitochondrial pathway of apoptosis.  The family is characterized by the presence of Bcl-

2 homology (BH) domains 1 through 4, and includes multi-domain members, which are 

pro- or anti-apoptotic, and single-domain (BH3-only) pro-apoptotic proteins. Bcl-2 

proteins promote or prevent apoptosis by binding and regulating the activity of other 

family members and the proteins themselves are regulated by phosphorylation (Youle 

and Strasser 2008). We are interested in the function and regulation of Noxa, a BH3-

only protein, that sequesters pro-survival multi-domain Bcl-2 protein myeloid cell 

leuekemia 1 (Mcl-1), and promotes cell death in response to stress stimuli (Youle and 

Strasser 2008).  We determined that Mcl-1 and Noxa are constitutively expressed In 

human hematological malignances, and that the interaction is regulated by 

phosphorylation of Noxa (Lowman et al. 2010).  

 

Human Noxa, a small 54-residue BH3-only domain protein (Figure 1.1), is 

phosphorylated on serine 13 by an atypical cyclin-dependent kinase, Cdk5. 

Phosphorylated Noxa cannot directly interact with Mcl-1 but, following 

dephosphorylation, binds to Mcl-1, facilitates its degradation and promotes cell death. 

Therefore, the phosphorylation of Noxa regulates cell viability.  

 

 

 

 

 

 

The phosphorylation of Noxa also allows its sequestration within a multi-protein complex 

(Kelekar Lab, unpublished studies). Glucose withdrawal and Cdk5 inhibition promote 

 
Figure 1.1: Human Noxa is phosphorylated at serine residue 13. The 54-residue 
protein is labeled at serine 13 where phosphorylation occurs. The BH3 domain, 
which interacts with Mcl-1, is underlined and labeled.  
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apoptosis through Noxa dephosphorylation. Therefore, it was important to identify the 

glucose-sensitive endogenous phosphatase that could target Noxa for 

dephosphorylation. One component of the multi-protein complex that harbored Noxa, 

Pleckstrin Homology Leucine Rich Repeat Protein Phosphatase 2 (PHLPP2), was a 

possible candidate. PHLPP2 is a serine phosphatase in the PP2C branch of the PPM 

family and is the only phosphatase in the complex. We hypothesized that PHLPP2 was 

the Noxa phosphatase (Lowman et al. 2010). 

 

PHLPP2 

 PHLPP2 is a multi-domain protein member of the PP2C branch of the larger 

manganese or magnesium dependent PPM family of serine/ threonine phosphatases 

(Jackson, Fjeld and Denu 2003, Gao, Furnari and Newton 2005). The dephosphorylation 

activity of PP2C enzymes is dependent on two Mn2+ or Mg2+ ions, which reside at the 

PP2C catalytic site coordinated by six water molecules (Barford, Das and Egloff 1998).  

 

In addition to PHLPP2, the PHLPP family contains PHLPP1α and PHLPP1β which differ 

by a 56-kDa N-terminal sequence (O'Neill, Niederst and Newton 2012) (Figure 1.2). 

PHLPP1 and PHLPP2 share homology in all domains with an overall amino acid identity 

of 50% and 58% in the phosphatase domain alone (Brognard et al. 2007). The gene 

encoding PHLPP2 is located at 16q22.3, and PHLPP1 at 18q21.33 (O'Neill et al. 2012). 

As reviewed in Newton et al., the PHLPP2 locus contains a fragile site and is susceptible 

to loss of heterozygosity in cancer (O'Neill et al. 2012). However, little is known about 

the regulation of PHLPP2 expression in normal cells and various types of cancers.  

PHLPP2 expression is mTOR dependent (Liu, Stevens and Gao 2011). 

 

PHLPP2 Structure 

 

 

 

 

 

 

 

 

 
                  Figure 1.2: The PHLPP2 family isoforms 
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The PHLPP family is the only multi-domain family identified to have both a Pleckstrin 

Homology (PH) domain and a phosphatase domain (Figure 1.2). The PH domain of most 

proteins binds a membrane bound phospholipid product of the PI3K pathway, 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), recruiting the protein to the membrane. 

However, PHLPP2 appears to have low affinity for phosphoinositides, evident by the PH 

domain containing only the middle arginine of the R-X-R-S-F motif required for 

phosphoinositide binding (Park et al. 2008, Brognard and Newton 2008). Between the 

PH and PP2C domain resides the leucine rich repeat (LRR), and after the PP2C domain, 

the PDZ motif (O'Neill et al. 2012) 

 

PHLPP2 Targets 

PHLPP2 has few identified targets, the most notable of which is the serine/threonine 

oncogenic kinase, Akt (Newton et al, 2012).  PHLPP1 dephosphorylates Akt1 and Akt2 

while PHLPP2 dephosphorylates Akt1 and Akt3. The selectivity of the Akt target may 

stem from differences between the PHLPP1 and PHLPP2 PDZ domain, which is needed 

for interaction with Akt (Brognard et al. 2007).  PHLPP1 and PHLPP2 also 

dephosphorylate protein kinase C, which promotes survival by deregulating apoptosis, 

and causes its degradation (Gao, Brognard and Newton 2008). Finally, PHLPP2 

suppresses survival by dephosphorylating and, thereby, activating pro-apoptotic kinase 

Mst1 (Qiao et al. 2010). 

 

PHLPP2 and Noxa 

Mass spectrometric analyses show that PHLPP2 and Noxa associate in a multi-protein 

complex suggesting the phosphatase activity of PHLPP2 could be responsible for 

reversing the phosphorylation state of Noxa (unpublished data, Kelekar Lab). PHLPP2 is 

known to bind to its substrates and we first investigated a possible direct protein-protein 

interaction between PHLPP2 and Noxa.   HEK 293 cells were co-transfected with HA-

tagged PHLPP2 (generous gift from T. Gao) and either Noxa WT or serine residue point 

mutants. In Noxa SA and Noxa SE serine 13, is mutated to alanine (A) and glutamic acid 

(E) respectively. Glutamic acid and aspartic acid often serve as phosphomimetics due to 

their large side chains and negative charge, so we rationalized that if PHLPP2 interacted 

with wild type Noxa, which is phosphorylated in 293 cells (Lowman et al. 2010), it would 

also interact with the SE mutant. PHLPP2 was immunoprecipitated with a rabbit 

polyclonal antibody and the immunoprecipitated proteins were resolved by SDS-PAGE 
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and immunoblotted for Noxa and for the HA tag. Figure 1.3 shows that PHLPP2 interacts 

strongly with Noxa WT and SE, but poorly with the SA mutant. 

 

 

 

  

 

 

 

 

 

 

 

                 ` 

 

 

 

 

 

 

PHLPP2 dephosphorylates Noxa in vitro  

An in vitro phosphatase assay was carried out to determine whether phosphoNoxa was 

a substrate for PHLPP2.  First, the full length Noxa peptide was incubated with 32P and 

recombinant active Cdk5 kinase in the presence or absence of Cdk5 inhibitor 

Roscovitine at different concentrations (Figure 1.4, four right lanes). In an independent 

experiment, extracts from 293 cells transiently transfected with PHLPP2 plasmid or a 

vector control were incubated with anti-PHLPP2 antibodies for immunoprecipitation. The 

[32P]-labeled Noxa from a similar Cdk5 kinase assay described above was then 

subjected to a phosphatase assay using the immunoprecipitated PHLPP2 protein 

(Figure 1.4, lane 3 from left). PHLPP2 was able to reduce the level of radiolabel on 

pNoxa. PP2C phosphatases of the PHLPP family are characteristically resistant to the 

phosphatase inhibitor okadaic acid, and this is validated by the results in lane 2.  

Immunoprecipitated protein from the vector control did not reduce Noxa phosphorylation.  

 

	  

	  
	  
Figure 1.3: PHLPP2 interacts with Noxa WT and SE, and poorly with 
the SA mutant in 293 cells. PHLPP2 was transiently expressed with or 
without Noxa wt and S13 mutants. PHLPP2 was immunoprecipitated 
from lysates using an anti-PHLPP2 antibody; western blots show 
PHLPP2 (top panel) or co-immunoprecipitated Noxa (center panel). 
Total Noxa is in the lower panel.  
	  



	   6 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PHLPP2 expression in hematological malignancies 

The multi-protein complex that contained Noxa, Mcl-1L and PHLPP2 among other 

proteins was isolated from a T-acute lymphocytic leukemia cell line as well as from 

activated primary T cells.  Since Noxa and Mcl-1 were constitutively expressed in both 

lymphoid and myeloid leukemia (Lowman et al. 2010), we hypothesized that the 

phosphatase would associate with these proteins in myelogenous leukemia (CML and 

AML) cell lines as well. Antibodies against Mcl-1 could co-precipitate PHLPP2 from 

Jurkat (ALL) and K562 (CML) cell extracts, but not from HL-60 (AML) cell lysate.  This 

prompted us to examine the expression of PHLPP2 in a panel of cancer cell lines, both 

hematopoietic and epithelial (figure 1.5). In addition, PHLPP2 expression was absent in 

AML line U937 and expressed at low levels in AML line THP-1. The poor expression of 

PHLPP2 in the three AML lines was intriguing and we directed our studies at 

investigating the underlying mechanism for PHLPP2 suppression in these and additional 

AML cells.  

 

 
 
Figure 1.4: pS13-Noxa is a target for PHLPP2 in vitro. Noxa 
(250 ng) phosphorylated by Cdk5 and γ-[32P] ATP in the 
presence of Cdk5 inhibitor roscovitine (10 µM or 25 µM) was 
directly analyzed for phosphorylation (4 right lanes) or 
subjected to a phosphatase assay with or without 5 µM okadaic 
acid (OKA) using PHLPP2 immunoprecipitated from transiently 
transfected 293 cellls using an anti-PHLPP2 antibody (2 left 
lanes after vector control).  



	   7 

 

 

Conclusions 

 The studies described in Figures 1.3 and 1.4 were carried out previously by 

members of the Kelekar laboratory.  Projects are ongoing to further investigate the role 

of PHLPP2 as a regulator of Noxa phosphorylation within the multi-protein complex. The 

data shown in Figure 1.5 were part of a larger investigation aimed at determining 

expression levels of the complex members in leukemia and epithelial cell lines and the 

intriguing observations laid the foundation for my thesis research. The following chapter 

describes my studies on the mechanisms of PHLPP2 suppression in AML subtypes. 

 
 
	  
	   	  

 

Figure 1.5: PHLPP2 is not expressed or reduced in AML lines. Western blot of PHLPP2, 
Noxa, cdk5 and Actin expression in 50 µg cell protein. Hematopoietic cell lines from left 
to right are as follow: B-NB (normal B cell), HL-60 (AML), Jurkat (T-ALL), K562 (CML), 
Molt-4 (ALL), THP-1(AML), and U937 (AML). Epithelial lines from left to right are as 
follow: 293 (embryonic human kidney), A549 (lung cancer), C4-2 (Prostate cancer), 
DLD-1 (colorectal cancer), HC-11(mouse mammary), HeLa (cervical cancer), LaCap 
(prostate cancer), and MCF-7 (breast cancer) 
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Chapter II: PHLPP2 in Acute Myeloid Leukemia  
Introduction 
As described in the previous chapter, we recently identified human Bcl-2 protein Noxa as 

a possible substrate for the okadaic acid resistant tumor suppressor PP2C phosphatase, 

PHLPP2, in hematological malignancies (unpublished).  Noxa, a canonical death 

promoter, is constitutively and stably expressed and phosphorylated in human myeloid 

and lymphoid leukemia. In this modified form Noxa cannot bind its traditional binding 

partner Mcl-1 to activate apoptotic cell death. Thus phosphoNoxa takes on a novel 

survival role, but can switch to its pro-apoptotic form when dephosphorylated. PHLPP2 

was identified by mass spectrometry in a multi-protein cytosolic glucose-sensitive 

signaling complex with phosphoNoxa and a few other proteins in T-ALL and CML cell 

lines (unpublished data, Kelekar Lab).  It was determined that PHLPP2 can 

dephosphorylate Noxa in phosphatase assays.  Unexpectedly, PHLPP2 expression was 

poor or absent in all three AML cell lines examined. In this chapter we describe studies 

directed at identifying the underlying mechanism for this down-regulation in acute 

myeloid leukemia. 

 

Leukemia 
Leukemia affects the differentiation and maturation of cells from the hematopoietic stem 

cell resulting in an overabundance of undifferentiated, likely non-functional cells, along 

with a lack of other hematopoietic functional cells. Acute leukemia worsens quickly due 

to cells that remain in an immature state but reproduce and accumulate rapidly. Chronic 

leukemia cells eventually mature or differentiate but are still not normal and cause 

slower progression and onset of symptoms. Lymphocytic leukemia is a disease of the 

lymphoid lineage, specifically the B and T cell lymphocytes of the adaptive arm of the 

immune system. Myelogenous leukemia is a disease of cells in the myeloid lineage 

comprised of cells, which differentiate into granulocytes, monocytes, platelets, and red 

blood cells. Granulocytes include eosinophils, neutrophils, and basophils, all of which 

fight infections at the innate level.  Monocytes mature and differentiate in tissues to 

become phagocyte and antigen-presenting macrophages. Red blood cells deliver 

oxygen throughout the body and platelets aid in blood clotting. Therefore, the 

myelogenous leukemia symptoms include many problems with blood and clotting as well 

as certain infections.  Myeloid leukemia can be classified as chronic or acute (CML or 
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AML) depending on the rate of progression and onset of symptoms.  In the following 

section I describe AML and its various forms in greater detail. 

 

Acute myeloid leukemia (AML) 

Acute myelogenous leukemia (AML) almost always affects adults and is the most 

common malignant myeloid disorder in adults. The average age of onset, 70 years old, 

is associated with cytogenetic abnormalities involving chromosome 5 and 7, a common 

abnormality in AML. The elderly population is more difficult to treat aggressively; 

therefore, younger adults with AML, although less common, have a better prognosis and 

cure rate (Estey and Döhner 2006).  

 

The progression of AML is often explained by a “two-hit” hypothesis. The first mutation 

often results in constitutive action of cell-surface receptors or receptor tyrosine kinases 

leading to a clonal expansion. The second mutation(s) cause overexpression of genes or 

chromosomal abnormalities, leading to a block in myeloid differentiation. The two 

mutations cause a clonal expansion of cells blocked at a stage in myeloid development 

making it impossible to generate mature cells. In addition, normal cells are often 

inhibited by AML blasts, not by crowding out, but by chemokines produced by AML 

blasts. The general retardation of hematopoiesis can lead to bone marrow failure, which 

is the most common cause of death (Estey and Döhner 2006). 

 

It is important to appreciate the heterogeneity of AML as treatment and prognosis differs 

across subtypes. The French-American-British (FAB) group developed the common 

method of classification for AML dividing the malignancy into nine subtypes based on the 

involved myeloid lineage and degree of differentiation (Figure 2.1). The distinction 

between subtypes can be made by morphological differences and reactivity to stain. In 

addition, chromosomal translocation and rearrangements have become associated with 

each subtype. Undifferentiated acute myeloblastic leukemia (M0), Acute erythroid 

leukemia (M6) and Acute megakaryoblastic leukemia (M7) have the worst prognosis. 

Acute promyelocytic leukemia (APL) has the best prognosis due to a known 

translocation, which led to the development of a personalized treatment. Acute 

myeloblastic leukemia with maturation follows behind APL with a better than average 

prognosis (Löwenberg, Downing and Burnett 1999). The stage of hematopoiesis at 

which each of these subtypes is affected is shown in Figure 2.2.  
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Figure 2.1: The FAB Classification of AML 

	  

 

 
Figure 2.2: Hematopoiesis and AML subtypes 
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PHLPP2 expression in leukemia  
To determine whether the lower expression or complete absence of PHLPP2 protein 

was a characteristic of AML we immunoblotted cell extracts of the previously examined 

AML lines, HL-60, THP-1 and U937, as well as a few additional AML lines, for PHLPP2 

expressions using K562 (CML) and Jurkat (T-ALL) cells as positive controls. As shown 

in Figure 2.3a, AML lines KG-1 (M0 undifferentiated acute myeloblastic) and Kasumi-1 

(M2-acute myeloblastic leukemia with differentiation) express PHLPP2 at levels 

comparable to K562 and Jurkat.  However the further differentiated M5 AML lines MV4-

11 and THP-1, both have reduced levels of PHLPP2.  As observed previously, HL-60, 

M3 (Acute promyelolytic leukemia) and U937, M5 (Acute monocytic leukemia) 

completely lack detectable PHLPP2 expression.  We also examined PHLPP2 expression 

in several epithelial cancer cell lines (shown in Figure 2.3b). The panel represents 

ovarian cancer, cervical cancer, prostate cancer, breast cancer, pancreatic cancer, lung 

metastatic cancer, and melanoma.   

 

Since M3-M5 AML lines either lack or have decreased levels of PHLPP2 we tentatively 

concluded that the suppression of PHLPP2 was a characteristic of more differentiated 

stages of AML.  This was a promising result, albeit from a limited number of samples. 

Larger panels of AML of various subtypes, particularly primary patient samples, will need 

to be examined in the future. The epitope for antibody used for Figure 2.3 lies within the 

C-terminal PDZ domain of PHLPP2. We also immunoblotted these lysates using an 

antibody against the N terminus of PHLPP2 to determine whether HL-60 and U937 cells 

expressed a truncated form of the phosphatase. However, the data (not shown) 

indicated again that the protein was absent in these AML lines. In the investigation of 

regulatory mechanisms that were responsible for suppression of PHLPP2 protein levels 

in AML, we were interested in determining whether PHLPP2 suppression occurred at the 

level of transcription, translation or protein half-life.   
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Figure 2.3: PHLPP2 expression is decreased or depleted in AML but constitutively 
expressed in epithelial cells lines.  
a) Western blot of PHLPP2 and Actin expression in 50µg cell protein. Leukemia cell 
lines from left to right are as follow: K562 (CML), KG-1 (AML M0), Kasumi-1 (AML M2), 
HL-60 (AML M3), MV4-11 (AML M5), THP-1 (AML M5), U937 (AML M5), and Jurkat 
(T-ALL)  
b) Western blot of PHLPP2 and Actin expression in 40µg cell protein. Epithelial cell 
lines from left to right are as follow: ES-2 (ovarian cancer), HeLa (cervical cancer), 
LnCap (prostate cancer), MCF-7 (Breast cancer), Mia-Paca (pancreatic cancer), MDA 
MB 231 LM2 (breast cancer derived lung metastatic cancer), and WM1341D 
(melanoma) 
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PHLPP2 RNA levels  
To investigate a possible block in transcription, reverse transcription-PCR (RT-PCR) was 

performed with cDNA synthesized from isolated RNA. To fully investigate the transcript, 

regions within the LRR and the PDZ were selected for amplification (see arrows in   

Figure 2.4).  

 

 

 

        

 

 

 

The LRR and PDZ region was amplified for each AML line as well as for the controls 

used in the protein panel. The PDZ region was amplified to determine if the transcript 

was truncated. Transcripts, represented by both regions, were detectable in each AML 

line, including HL-60 and U937 (figure 2.5a), which completely lack PHLPP2 protein (see 

Figure 2.2).  Moreover, comparison of RNA levels by densitometric analysis of the PCR 

data value of the PCR bands suggests that there is little obvious correlation between 

protein and transcript levels (figures 2.5b,c); however, this will have to be systematically 

investigated.  

 

The data clearly suggest that PHLPP2 regulation is occurring at the post-transcriptional 

level in the AML cells.  This could imply that translation was being inhibited or that point 

mutations within the coding region prevented a functional protein from being generated. 

The exact sequence of the PHLPP2 transcript in each of the lines has yet to be 

determined. It is also possible that PHLPP2 transcripts are subject to alternative splicing 

that lead to deletions or additional regions in the RNA of U937 and HL-60 cells.  This will 

have to be investigated through northern blotting.  

 

Based on published studies we examined the possibility that PHLPP2 translation was 

subject to microRNA (miRNA) regulation. The microRNA (miRNA) cluster, miR-17~92 

was recently shown to regulate PHLPP2 expression in Mantle (B) cell lymphoma 

(Hayashita et al. 2005, Rao et al. 2012). 

 
Figure 2.4: The PHLPP2 protein domains and locations of PCR primers. 
 Orange primers amplified a region in the LRR domain; teal primers amplified  
a region in the PDZ domain. The figure and primers are not to scale. 
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Figure 2.5: PHLPP2 transcript, LRR and PDZ, is present in each AML line.  
a) PCR amplification in LRR and PDZ region. Cell lines from left to right are: K562 
(CML), KG-1, Kasumi-1, HL-60, MV4-11, THP-1, U937, and Jurkat (ALL) 

	   b) Quantification by densitometry of LRR PCR amplification shown in figure 2.5a 
 c) Quantification by densitometry of PDZ PCR amplification shown in figure 2.5a 
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miR-17~92  
miRNAs are noncoding single-stranded RNAs that target the 3’ untranslated region 

(UTR) of mRNAs. The RNA strand is small, between 20-22 nucleotides long, and is 

sequence specific for its target. By binding to the 3’ UTR of a target transcript miRNA 

can regulate genes post transcriptionally by translation suppression or via degradation of 

the mRNA (Yuan et al. 2012). 

 

MicroRNA is transcribed in the nucleus from introns in protein coding genes by RNA 

polymerase pol II, shown in Figure 2.6 (Esquela-Kerscher and Slack 2006). After 

processing, pre-miRNA is exported from the nucleus, via Exportin-5, where Dicer clips 

the pre-miRNA stem loop leaving a miRNA duplex.  The duplex is then divided by 

unknown helicase activity, leaving the chosen miRNA strand to enter a protein-RNA 

complex called RNA-induced silencing complex (RISC). The RISC complex can down-

regulate gene transcription either by mRNA cleavage or translational repression. Binding 

occurs between the 5’ first 2-8 bases of the miRNA, called the seed region, and the 

complementary sequence in the 3’ UTR of the target transcript (Yuan et al. 2012) (Bartel 

2004).  

 
 

 
 

Figure 2.6: MicroRNA Biogenesis and Mechanisms of Regulation(Esquela-Kerscher and Slack 2006)  
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The miRNA polycistron, miR-17~92, also named oncomir-1, was discovered due to its 

altered expression and relation to tumor phenotypes.  The genomic locus of miR-17~92, 

13q31, was found to be amplified in diffuse large B-cell lymphoma, follicular lymphoma, 

mantle cell lymphoma, and primary cutaneous B-cell lymphoma (He et al. 2005). The 

miR-17~92 cluster (miR-17, miR-91, miR-18, miR-19a, miR-20, miR-19b, and miR-92) is 

transcribed from an intron in the C13orf25 gene at chromosome 13q31 (Ota et al. 2004). 

The “helix-loop-helix leucine zipper transcription factor” c-myc was found to upregulate 

the expression of the miR-17~92 cluster by direct binding to the locus (O'Donnell et al. 

2005).  

 

Over-expression of miR-17~92 activates the PI3K/AKT pathway and inhibits 

chemotherapy-induced apoptosis. Two targets of miR-17~92, PTEN and Bim, are 

needed to promote survival and proliferation after antigen engagement and deletion of 

self-reactive lymphocytes to prevent autoimmunity (Xiao et al. 2008). PTEN is an 

inhibitor of the PI3K/Akt pathway and Bim is a BH3-only pro-apoptotic protein of the Bcl-

2 family (Xiao et al. 2008). PHLPP2 was identified as a target of miR-17~92 in a study of 

13q31-q32 amplification in mantle cell lymphoma. PHLPP2, has a large 3’ UTR, close to 

4,000 bp, which includes seed sequences for microRNAs miR-18, miR17-5p, miR-20a, 

and miR-92 in the miR~17-92 cluster, shown in Figure 2.7 (Rao et al. 2012). 

 

 

 
miR-17-92 and leukemia  

In CML, expression of miR-17-92 is driven by BCR-ABL and c-MYC (Venturini et al. 

2007).  Upon Imatinib treatment, or BCR-ABL knockdown, the miR-17~92 cluster is 

down regulated. Furthermore, overexpression of the miR-17~92 cluster is found in 

patients in the early-chronic phase but not the blast crisis (Venturini et al. 2007). In AML, 

 
 

Figure 2.7: The PHLPP2 3’ UTR and miRNA seed sequences (Rao et al. 2012) 
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the miR-17~92 is frequently over-expressed in MLL (mixed lineage leukemia)-

rearranged AML. The MLL gene is located at 11q23 and occurs in 5-6% of patients with 

AML and 7-10% of ALL. The mechanism of miR-17~92 over-expression in MLL-

rearranged leukemia is copy number amplification as 63% of the sampled MLL-

rearranged leukemias had a 2-fold amplification of the DNA locus. Consequently, the 

copy number of the miR-17~92 cluster positively correlates with expression. Additionally, 

ChIP assays have shown that MLL fusion proteins bind to the promoter region of the 

miR-17~92 (Mi et al. 2010).  

 

miRNA levels in AML  

The miRNA mediated suppression of PHLPP2 presented as a likely mechanism for 

PHLPP2 down-regulation in at least two lines in the AML panel, MV4-11 and THP-1, 

both of which are MLL-rearranged AML lines. Therefore, we hypothesized that MV4-11 

and THP-1 would have high levels of transcripts from the miR-17-92 cluster. 

  

To detect microRNA levels in our panel we used a plate assay kit (Signosis, Inc., 

Sunnyvale). The kit utilizes a biotin labeled capture oligo to bind microRNA and a 

detection oligo streptavidin-HRP conjugate (details in Materials and Methods chapter). 

The level of each miRNA in the miR-17-92 cluster is compared to cellular control, snRNA 

U6. For this experiment we used four cell lines – Jurkat as positive controls, and MV4-

11, THP-1 and U937 lines as AML representatives. The data show that each individual 

miRNA MV4-11 and THP-1 was present at higher levels compared to Jurkat cells (figure 

2.8).  Notably, U937 had the highest levels of each miRNA, except for miR-19b. The 

PHLPP2 3’ UTR has seed sequences for miR-17-5p, miR-18a, miR-20a, and miR-92, all 

of which are over-expressed in MV4-11, THP-1, and U937. In addition, all MV4-11, THP-

1 and U937 levels of miR -17-5p, -18a, -20a, and -92 are significant (p<0.02) as 

compared to Jurkat, except for miR-20a in THP-1. However, there is no statistical 

significance between the levels of miR-19b, which does not target PHLPP2, in the three 

lines compared to Jurkat. PHLPP2 protein is completely absent in U937 and, although 

miRNA regulation is not known to completely ablate protein translation, the high levels of 

these microRNAs in U937 cells were provocative and suggested that post-transcriptional 

suppression by miRNAs may be playing a significant role. However, we cannot rule out 

additional operative regulatory mechanisms for controlling PHLPP2 levels in these cells.  
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Figure 2.8: miR-17-92 cluster levels in leukemia lines. The fold amplification of miRNA is 
compared to cellular miRNA control U6 in each line. Jurkat (Jkt) (blue), MV4-11 (red), THP-1 
(green), and U937 (purple) are represented. miR-17-5p, miR-18a, miR-20a, and miR-92 seed 
sequences are represented in the PHLPP2 3’ UTR, miR-19b is not. All levels are significant 
(p<0.02) compared to Jurkat (Jkt) except for those labeled n.s. (not significant). 
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PHLPP2 has a short half-life in AML  

So far our data had suggested that PHLPP2 protein was being actively suppressed in 

some AML lines and that this suppression was likely to be post-transcriptional. We also 

wanted to determine if there was regulation at the level of protein stability in these cells.  

Therefore, we measured the half-life of PHLPP2 in U937 (not shown), MV4-11 and 

Jurkat cells treated with cycloheximide (CHX) to inhibit protein synthesis (Figure 2.9a). 

Cells were harvested 0, 0.5hr, 1 hr, 2 hr, 4 hr, and 8 hr following CHX treatment. An 8 hr 

DMSO treatment was used as control.  

  

As shown in Figure 2.9, PHLLP2 is stable in Jurkat with a half-life longer than 8.0 hours; 

however, in MV4-11 the PHLPP2 half-life is < 2.0 hours. Figures 2.3 and 2.9 show 

PHLPP2 protein is detected at low levels and unstable in MV4-11, respectively. This 

suggests MV4-11 employs two mechanisms to limit the expression of PHLPP2, a potent 

tumor suppressor (Brognard and Newton 2008).  In U937, we were not able to detect 

any PHLPP2 in the CHX treated cells suggesting that there was indeed no PHLLP2 in 

these cells.  

 
 



	   20 

 

 
 

 Figure 2.9: PHLPP2 half-life is unstable in MV4-11 
a) Jurkat (T-ALL) and MV4-11 (AML) cells were treated with cycloheximide and 
harvested at 0, 0.5, 1.0, 2.0, 4.0 and 8.0 hrs. Control was treated with DMSO and 
harvested at 8.0 hours.  

      b) Densitometry values of data presented in figure 2.9a 
 c) Densitometry values of data presented in figure 2.9a 
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Stable PHLPP2 expression is inhibited in U937 cells 
The immunoblot and supporting data suggest that PHLPP2 expression may not be 

beneficial to the growth and maintenance of AML, specifically M3 and M5 subtypes and 

that the suppression of the phosphatase could be occurring through more than one 

mechanism. To determine whether functional PHLPP2 is harmful to U937, we 

transfected a full length PHLPP2 construct as well as an empty vector harboring a Neo 

(G418) resistance gene by electroporation into these cells.  The PHLPP2 construct 

lacked the 3’UTR sequence and, therefore, could not be subject to miRNA control. While 

vector transfected drug resistant U937 cells could be recovered, we were unable to 

recover drug resistant PHLPP2 transfected cells after three independent attempts.  The 

negative results strongly suggested that the protein was toxic. The next step will be to 

use an inducible system to express PHLPP2. Therefore, depletion or down regulation of 

PHLPP2 is essential for the survival of some AML lines.   

 

Conclusions  
PHLPP2 expression is absent or decreased in some further differentiated AML subtypes, 

M3 and M5. Early investigations were carried out to identify the regulatory mechanisms 

responsible for PHLPP2 suppression. First, the possibility of a block in transcription was 

eliminated when RT-PCR amplification of two independent regions in the cDNA revealed 

RNA levels comparable to the control K562 and Jurkat lines. The total absence of 

PHLPP2 in HL-60 and U937 cells compared to low level expression in MV4-11 and THP-

1 suggested that the underlying mechanisms differ in the two sets of cell lines. We next 

tested possible translation suppression via the miRNA-17-92 cluster. The oncogenic 

miRNA-17-92 cluster is known to regulate PHLPP2 in Mantle cell lymphoma. Using a 

miRNA plate assay kit we showed that miRNA-17-92 levels were over-expressed in 

MV4-11, THP-1 and U937 compared to Jurkat with the highest miR-17-92 levels being 

present in U937. Since miRNA is known to down-regulate, but not to obliterate protein 

expression, these results were unexpected and strongly suggest that miR-17-92 may 

play a major role in PHLPP2 suppression in U937.  Additional regulatory mechanisms, 

however, cannot be ruled out. Third, we determined that, in contrast to Jurkat cells, 

PHLPP2 protein is much less stable in MV4-11, a cell line expressing low levels of the 

protein, with a half-life of < 2.0 hrs. Finally, our inability to stably express exogenous 

PHLPP2 in U937 cells, suggests that this tumor suppressor phosphatase is harmful for 

survival of some AML subtypes. 
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CHAPTER III: Discussion and Future Work 
  
In hematological malignancies the BH3-only protein, Noxa, is constitutively expressed 

and modified by phosphorylation. This modification causes a conformational change, 

alters interaction with proteins and sequesters Noxa in a multi-protein complex.  It also 

imparts a pro-survival role to this canonical tumor suppressor Bcl-2 protein. The activity 

of enzymes that regulate the Noxa phosphorylation state, i.e, kinase Cdk5 and 

phosphatase PHLPP2, therefore, contribute significantly to cell survival and death, 

respectively, in leukemias.  We observed that PHLPP2 was not expressed in certain 

acute myeloid leukemia (AML) lines. In this project report, we describe our early 

investigation into putative mechanisms for the suppression of PHLPP2 in AML and 

discuss the implications as well as some future directions.  

 

PHLPP2 was identified in a glucose-sensitive multi-protein complex that contained 

phosphorylated Noxa and appears likely to be the Noxa phosphatase that is activated 

following nutrient and glucose deprivation in T-ALL cells. Interaction studies by co-

immunoprecipitation showed that PHLPP2 interacts with Noxa WT but not with its non-

phosphorylatable mutant.  PHLPP2 can dephosphorylate phosphoNoxa in phosphatase 

activity assays in an okadaic insensitive manner in vitro.  The lab has generated 

numerous deletion mutants of PHLPP2 as well as constructs expressing single domains 

of the protein that are currently helping to map the region of interaction with Noxa in in 

vitro binding studies. Although the phosphatase domain, PP2C, is essential for the 

activity of PHLPP2, it is not known what other domains are necessary for both 

interactions of the enzyme with its substrate and for its activity. In the many interactions 

with target proteins differing domains of PHLPP2 appear to be essential for interaction 

as reviewed in O’Neill et al, 2012.  We will also examine the possibility that PHLPP2 

interaction with Noxa requires a scaffolding protein, as has been described in the 

PHLPP2 interaction with Akt (Pei et al. 2009).  Additional ongoing studies involve looking 

at the effects of PHLPP2 knockdown on the integrity of the multi-protein complex, and on 

glucose signaling and cell viability in Jurkat cells. 

 

We have looked at four or five AML lines representative of the more differentiated AML 

subtypes M3 and M5, for regulation of PHLPP2 expression.  HL-60 and U937 cells show 

complete absence of PHLPP2 while MV4-11 and THP-1 have decreased levels of the 
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protein.  These results suggest that, unlike in T-ALL and some epithelial cancers, 

PHLPP2 activity cannot be controlled at a post-translational level in AML, therefore 

these cancers have evolved to prevent or inhibit protein expression. These data are 

promising, although many more AML lines, including patient samples will have to be 

examined to arrive at a robust conclusion. It will be particularly crucial to add M4, M6, 

and M7 AML subtypes to the data set.  

 

The precise mechanism of PHLPP2 complete or partial depletion in AML is still to be 

determined but our studies have provided some clues. First, the mechanism is unlikely 

to be a block in transcription. Second, our studies suggest that the oncogenic miR-17-92 

cluster may be responsible for translational suppression of PHLPP2 in MV4-11, THP-1 

and, most notably in U937, although additional mechanisms have not been ruled out. 

Future studies carried out in the Kelekar lab will be directed at quantification of 

transcripts by real-time PCR, as well as determination of the stability of transcripts. We 

have already determined that active unregulated PHLPP2 may be potent promoter of 

apoptosis; therefore, we will resort to inducible expression of the transfected protein. We 

also propose to express sponge constructs for the miRNA cluster (Rao et al. 2012) to 

upregulate PHLPP2 protein expression and to express cloned segments of PHLPP2 

3’UTR containing wild type or mutated miRNA binding sites to assess the effect on 

PHLPP2 expression. Additionally, we plan on establishing AML cell lines with ectopic 

expression or conditional knockdown of miR-17- 92 and to transfect myc siRNA into 

AML cells to determine the effects on miR and PHLPP2 levels.  Finally, we will over-

express PHLPP2 that lacks the 3’UTR or has a mutated 3’UTR in an AML cell line and 

assess the effects on cell viability. Adding to the complexity of PHLPP2 regulation in 

AML are the half-life data in MV4-11 cells. Therefore, not only is PHLPP2 down 

regulated, the protein is also unstable. The nature and potential variety of mechanisms 

to suppress PHLPP2 among different AML lines is suggestive of the importance for 

these lines to suppress PHLPP2.  

 

The current findings and proposed studies on PHLPP2 expression and regulation in 

AML harbor the potential to have a major impact on our understanding of the biology of 

AML and suggest the possibility that PHLPP2 may be a biomarker and a putative 

therapeutic target for one or several subtypes of AML.  
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Chapter IV: Methods 
 
Cell lines and cell culture 
  
Jurkat, K562, HL-60, THP-1and U937 cells were grown in RPMI-1640 (Hyclone 

Laboratories Inc.) supplemented with 10% FBS, 2 mM L-glutamine, 100-units/mL 

penicillin and 100 µg/mL streptomycin. Kasumi cells were grown in RPMI-1640 

supplemented with 20% FBS, 100-units/mL penicillin and 100 µg/mL streptomycin. MV4-

11 cells were grown in IMDM (Sigma-Aldrich) supplemented with 10% FBS, 2mM L-

glutamine, 100-units/mL penicillin and 100µg/mL streptomycin. KG-1 cells were grown in 

IMDM supplemented with 20% FBS, 2 mM L-glutamine, 100-units/mL penicillin and 100 

µg/mL streptomycin. All cell lines were split 1/5 every three days.  293 cells were grown 

in DMEM high glucose (Hyclone Laboratories Inc.) supplemented with 10% FBS, 2mM 

L-glutamine, 100-units/mL penicillin and 100 µg/mL streptomycin. The cells were 

maintained in a humidified atmosphere of 5% CO2 at 37°C.  

 

Western blotting  

Cells were lysed in RIPA buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% v/v 

sodium deoxycholate, 1% v/v Nonidet P-40, 0.1% SDS) supplemented with protease 

and phosphatase inhibitor cocktails. For each blot, 50 µg protein was boiled in 2X 

Laemlli buffer, resolved by SDS-PAGE and transferred to a nitrocellulose membrane. 

Membrane blocking, washing and antibody incubations carried out according to ECL 

Plus Kit (Amersham) recommendations. Chemiluminescence reactions were carried out 

using the ECL Plus Kit (Amersham).  

 

Antibodies 

Commercial antibodies against PHLPP2 (PHLPPL) were obtained from Sigma-Aldrich or 

Bethyl Laboratories Inc.  The Bethyl PHLPPL rabbit polyclonal antibody recognized 

residues 1275 to 1323 (C-terminus), whereas the Sigma-Aldrich PHLPP2 rabbit 

polyclonal antibody recognized residues 12-234 (N-terminus). Both primary antibodies 

were used at 1:2000 while the Actin primary antibody (Calbiochem) was used at 1:2000. 

Secondary antibody, anti-mouse (Invitrogen) or anti-rabbit (Southern Biotech), was used 

at 1:15,000.  
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RNA isolation  

RNA was isolated from 1x106-3x106 suspension leukemia cells with TRIZOL® reagents 

(Invitrogen) per the manufacturer’s protocol. The isolated RNA was dissolved in RNase-

free water. RNA concentrations were determined using the Thermo Scientific Nano Drop 

2000 Spectrophotometer. Samples were stored at -80°C until further use. 

 

Reverse transcription  

cDNA synthesis was performed with 490 ng RNA using the DyNAamo Synthesis Kit for 

qRT-PCR (Thermo Scientific) per the manufacturer’s protocol using random hexamer 

primers. The reaction involved the following program: primer extension at 25°C for 10 

min, cDNA synthesis at 37°C for 1 hr and reaction termination at 85°C for 5 min. 

Samples were stored at -20°C until further use.  

 

PHLPP2 PCR in leukemia cells 

The oligonucleotide sequences for each primer were as follows: 

Region Oligo Sequence  
PHLPP2 LRR Sense 5’ ACCTCAACTTGCGACACAAC3’ 
PHLPP2 LRR Antisense 5’ TGCCAATTTGACTTGGTAGG 3' 
PHLPP2 PDZ Sense 5’ TTGGGATCCGAAGACAGAAC 3' 
PHLPP2 PDZ Antisense 5’ TCCTGGTGCTGTTTCATTTG 3' 

 

Actin oligos were included in the Cells-to-cDNA ™II Reverse Transcription without RNA 

Isolation Kit (Ambion). Due to differences in rarity of transcript the following amounts of 

cDNA were used: 1µl cDNA was used for Actin, 6 µl for LRR, and 12 µl for PDZ. 

Thermocycler PCR conditions were as follows: 1) 94°C for 2 min 2) 94°C for 30 sec 3) 

annealing temperature for 30 sec 4) 72°C for 30 sec 5) Repeat steps 2-4 for 35 cycles 6) 

72 °C for 5 min. The annealing temperature for LRR and PDZ was 64.2 °C while Actin 

was 60.0°C. PCR products were run on a 2% agarose, and bands were visualized under 

UV light.  

 

293 cell transfection  

Transfections of 293 cells were performed in 6 well plates. Cells were fed 800µl fresh 

293 medium (no serum). Transfections were assembled in two tubes; one tube with 97µl 

+ 3 µl FuGENE (Promega) and another tube with 97 µl and 3.0 µl DNA (3.0 µg total 

DNA). Tubes were then combined and incubated at room temperature for 15 min. 
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Transfection mix was added to each appropriate well. Cells were fed with 1.0mL 20% 

serum 8-24 hrs post-transfection and subsequently harvested 36 hr later with RIPA 

buffer.  

 

Cell electroporation 

For each transfection sterile FLAG PHLPP2, HA PHLPP2, pcDNA 3.1(+), and/or tTA 

was transfected into 1 x 107 U937 cells by electroporation at 975µF and 250mV in 

0.4mm cuvettes. (BioRad). 5 ug sterile DNA was used for each electroporation; 

however,  except for, 5 µg tTA and 1µg HA PHLPP2 together, and 5 µg tTa and 1 µg 

pcDNA together. Cultures were maintained and selected in 1mg/mL G418.  

 

Cdk5 and phosphatase assay 

For in	  vitro assays of endogenous kinases, lysate protein (10 µg) harvested in Tonk's 

lysis buffer (50 mM Tris-HCl, 10 mM EDTA, 0.5% IGEPAL, 25 mM β-glycerophosphate), 

supplemented with protease and phosphatase inhibitors, was incubated for 30	  min at 30°

C with kinase buffer (KB) (50mM Tris-HCl, 10mM MgCl2, 1mM DTT, 10mM β -

glycerophosphate), 10µM cold ATP, 5 µCi [γ-32P]-ATP, and  

250 ng-1 µg Noxa full-length peptide per reaction. Assays were attenuated with either 

2.5mM EDTA and used for immunoprecipitation, or with loading buffer for direct SDS-

PAGE resolution. For in	  vitro assays of endogenous Cdk5, the kinase was captured with 

protein G agarose beads from precleared lysates using an anti-Cdk5 antibody, washed 

in NETI and KB, and resuspended in KB before being added to the reaction mix.  

 

For in vitro phosphatase assay, PHLPP2 was captured with protein G agarose beads 

(Invitrogen) using an anti-PHLPP2 antibody, washed in NETI and 10x phosphatase 

buffer [0.5 M Tris HCl pH 7.4, 0.05 M MnCl, 0.01 M fresh DTT] and resuspended in 10x 

phosphatase buffer before being added to the reaction mix.  

20-100ng phosphorylated Noxa was added to each reaction. The reaction was incubated 

at 30°C for 10 min and subsequently stopped with 2x Laemmli buffer. Samples were 

boiled and loaded on a gel, and western blot was performed as previously described.  
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Half-life study 

Approximately 4.0 x 105 cells were grown in 70mL media. At time point 0, 10.0 mL was 

taken for the time point and 10.0 mL was treated with 0.05% DMSO (vehicle control). At 

time point 0, the remaining 50.0 mL was treated with 20 µg/mL cycloheximide. At each 

time point (0.5, 1.0, 2.0, 4.0, 8.0 hr), 10.0 mL cells were lysed with 150 µl RIPA buffer 

supplemented with protease and phosphatase inhibitor cocktails. 50 µg protein samples 

were boiled and loaded on a gel and western blot was performed as previously 

described.  

 

MiR-17-92 levels 

miR-17-92 levels were measured using MiR-17-92 Cluster Plate Assay Kit (Signosis 

Inc.) per the manufacturer’s protocol. Briefly, the mRNA was flanked by capture and 

biotinated detection oligos, and the hybrid was detected by a streptavidin-HRP conjugate 

and chemiluminecscent substrate. Individual miRNA levels in the cluster were expressed 

as fold amplification compared to cellular microRNA control, U6.   
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