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Abstract 

 

Regulation and Function of PP2A Family Phosphatases 

By Juyeon Hwang 

 

PP2A is a multifunctional serine/threonine protein phosphatase that is critical for 
a variety of cellular processes and thus its dysfunction has been linked to human diseases 
including cancer and Alzheimer’s disease (AD). PP2A is a heterotrimeric enzyme 
composed of a structural A subunit, a catalytic C (PP2Ac) subunit and one of many 
regulatory B-type subunits. Reversible carboxyl methylation of PP2Ac on its C-terminal 
leucine residue by leucine carboxyl methyltransferase 1 (LCMT-1) and protein 
phosphatase methylesterase 1 (PME-1) differentially regulates the binding of certain B-
type subunits and thus PP2A heterotrimer formation and function. While the PP2A 
family phosphatases, PP4 and PP6, possess the conserved C-terminal leucine residue, 
only PP4c has been shown to be methylated before. In Chapter 2.1, I hypothesized that 
LCMT-1 is the major methyltransferase for both PP4 and PP6, and that methylation of 
PP4c and PP6c regulates holoenzyme assembly of PP4 and PP6. Results indicated that 
PP4c and PP6c are highly methylated on their C-termini and that LCMT-1 is the major 
methyltransferase responsible for methylating these phosphatases. In addition, blocking 
PP4c methylation by LCMT-1 knockout resulted in loss of methylation-dependent PP4 
holoenzyme complexes. Consistent with this, phosphorylation of PP4R1 substrate, 
HDAC3, was increased by LCMT-1 loss. These results support the hypothesis that 
carboxyl methylation of PP2A family phosphatase C subunits is a general strategy for 
regulating holoenzyme assembly and function of these phosphatases. In Chapter 2.2, my 
objective was to determine the molecular organization of PP2A complexes containing the 
striatin family members as their B-type subunits. This novel, striatin-associated PP2A 
complex has been recently implicated in human diseases, especially cerebral cavernous 
malformations (CCM). Using a structure-function analysis, I found that striatin-
associated PP2A regulates the phosphorylation and activation of Mst3 kinase. Finally, in 
Chapter 2.3, I found that inhibition of PP2A by okadaic acid increased recruitment of 
Mst3 and Mst4 kinases to striatin. Altogether, these studies provide insights into the 
regulation of PP2A family phosphatase holoenzyme assembly and function by 
methylation. Additionally, these studies also provide further insights into the molecular 
organization and function of striatin-associated PP2A complexes.  
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CHAPTER 1 

General Introduction 

 

Protein phosphatase 2A (PP2A) 

 Phosphorylation/dephosphorylation of proteins acts as a key switching 

mechanism for regulating a multitude of signal transduction pathways. The human 

genome encodes about 518 protein kinases, composing about 1.7% of all human genes 

[1]. By contrast, only about 147 protein phosphatases have been identified in humans to 

oppose the action of these kinases [2]. The unique strategy of some phosphatases to form 

heterotrimeric holoenzymes explains the smaller number of phosphatases as compared to 

that of kinases. Protein phosphatase 2A (PP2A) is one of the two most abundant 

serine/threonine phosphatases along with protein phosphatase 1 (PP1) and together they 

account for over 90% of all serine/threonine phosphatase activity in cells [3]. PP2A is a 

multifunctional serine/threonine protein phosphatase that is involved in numerous, critical 

cellular processes, including cell cycle regulation, signal transduction pathways, 

translation, apoptosis, and development, to name a few [4]. PP2A is ubiquitously 

expressed in various tissues and comprises up to 1% of total cellular protein.  

 

PP2A structure 

 PP2A is a heterotrimeric protein complex composed of a structural/scaffolding A 

subunit, a catalytic C subunit (PP2Ac), and a B-type regulatory subunit (Fig. 1-1). The 

PP2A A subunit provides a structural platform for binding of B and C subunits. The A  
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Figure 1-1. Heterotrimeric structure of the PP2A holoenzyme. 

 PP2A heterotrimers consist of a PP2A A subunit (α or β), a PP2A C subunit (α or 

β), and one of many B-type regulatory subunits (B, B’, B’’, or B’’’). Each B-type subunit 

is encoded by several genes and some of them have multiple isoforms. In addition, some 

DNA tumor virus proteins, middle (MT) and small tumor (ST) antigens, act as viral B-

type subunits and alter the function of PP2A (not shown). 
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subunits contain 15 HEAT (Huntingtin/Elongation factor/A subunit/TOR) repeats of 

about 39 amino acids [5, 6]. While the first 10 HEAT repeats bind B-type subunits, 

HEAT repeats 11-15 associate with PP2Ac [7, 8]. Two mammalian isoforms of the A 

(Aα and Aβ) and C (Cα and Cβ) subunits exist, with 86% and 97% amino acid sequence 

identity, respectively. There are 4 subfamilies of B-type regulatory subunits identified at 

present: B (B55/PR55; PPP2R2), B’ (B56/PR61; PPP2R5), B’’ (PR72/130/59 or 48; 

PPP2R3), and B’’’ (PR93/110; Striatin family) [4]. Each subfamily is encoded by several 

different genes and some of them have multiple splice variants or isoforms. PP2A A and 

C subunits form the core heterodimer, which then associates with one of B-type subunits, 

forming over 90 different PP2A heterotrimers. Association of the PP2A core heterodimer 

with various B-type subunits determines enzyme activity, substrate specificity, and 

subcellular localization of PP2A. Viral proteins including the polyoma virus small 

(PyST) and middle (PyMT) tumor antigens and simian virus 40 (SV40) small tumor 

antigen (SVST) can also bind PP2A A/C heterodimers by replacing certain PP2A B-type 

subunits, altering PP2A function [9]. Spatial and temporal expression of PP2A subunits 

also defines the enzyme characteristics. Moreover, post-translational modifications on 

PP2Ac play a role in regulation of PP2A activity and specificity. Additionally, 

modulation of PP2A activity by phosphorylation on the scaffolding A and regulatory B’ 

family subunits has recently been reported [10].    

 

The PP2Ac C-terminus and PP2A holoenzyme assembly 

 A complex and dynamic regulation exists to determine PP2A holoenzyme 

composition and activity of the enzyme. The PP2Ac C-terminus has a short stretch of 
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amino acid residues (304TPDYFL309) that are highly conserved among various species. 

These residues can be modified post-translationally. For example, T304 is a potential 

threonine phosphorylation site. Y307 is the site of tyrosine phosphorylation by receptor 

and nonreceptor tyrosine kinases, including v-Src [11]. PP2A activity is inhibited by 

phosphorylation on Y307 [11] or on unknown threonine residue(s) [12]. Lastly, L309 is 

the site of carboxyl methylation, which will be discussed in more detail in the following 

section. 

 Experiments using PP2Ac wildtype and mutant constructs that are modified either 

by truncation or substitution on the C-terminus showed that the PP2Ac C-terminus and 

post-translational modifications on it are crucial in PP2A holoenzyme construction. 

Truncation of the 9 PP2Ac C-terminal residues or substitution mutations on the 

phosphorylation sites T304 and Y307 abolished B subunit binding, without affecting the 

binding of a viral B-type subunit PyMT [13]. Similarly, corresponding substitution 

mutations of T304 and Y307 in yeast (T364 and Y367, respectively) showed decreased 

association with B (Cdc55) and A (Tpd3) subunits [14] (Table 1). Thus, post-translational 

modifications on the PP2Ac C-terminal residues influence PP2A holoenzyme assembly.  

 

Carboxyl methylation of PP2Ac 

 PP2Ac is carboxyl methylated reversibly on its C-terminal leucine (Leu309) 

residue by LCMT-1 (leucine carboxyl methyltransferase 1; 38kDa) [15-20] and 

demethylated by PME-1 (protein phosphatase methylesterase 1; 42kDa) [21-23] (Fig. 1-

2). LCMT-1 is an AdoMet (S-adenosyl-methionine or SAM; methyl donor)-dependent 

methyltransferase and is inhibited by SAH (S-adenosylhomocysteine) [24, 25]. PP2Ac  
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 Human Saccharomyces Cerevisiae 
PP2A catalytic C subunit PP2Ac Pph21/Pph22 
PP2A structural A subunit PP2A A subunit Tpd3 

PP2A B subunit Cdc55 
PP2A B’ subunit Rts1 
PP2A B’’ subunit -a 

PP2A regulatory B-type subunit 

Striatin family (B’’’) Far8 
PP4 catalytic C subunit PP4c Pph3 

PP4R1 -b 
PP4R2 YBL046w; Psy4 
PP4R3 YNL201c; Psy2 

PP4 regulatory subunit 

PP4R4 -b 
PP6 catalytic C subunit PP6c Sit4 

PP6R1 (SAPS1) SAP155 
PP6R2 (SAPS2) SAP185 
PP6R2 (SAPS3) SAP190 
-c SAP4 
ARS-A -d 
ARS-B -d 

PP6 regulatory subunit 

ARS-C -d 
Common binding protein of PP2A 
family phosphatases 

Alpha4 (α4; also 
known as IGBP1) 

Tap42 

Leucine carboxyl methyltransferase LCMT-1 Ppm1 
Protein phosphatase methylesterase PME-1 Ppe1 
  

Table 1. Homologs of PP2A family phosphatases and their interacting proteins in human 

and yeast. 

a, S. cerevisiae homolog has not been identified. 

b, no S. cerevisiae homologs exist [26]. 

c, human homolog has not been identified. 

d, no S. cerevisiae homologs exist [27]. 
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carboxyl methylation on a leucine residue is distinct from other types of carboxyl 

methylation on a prenylcysteine residue found in proteins such as the small GTP-binding 

protein (G protein), Ras, γ-subunits of the heterotrimeric G proteins, and nuclear lamins, 

in that PP2Ac and its methyltransferase are cytosolic and not membrane-associated [16]. 

PME-1 is a lipase with a serine residue (S156) in its active site and is inhibited by 

okadaic acid (OA) but not phenylmethylsulfonyl fluoride (PMSF) [23]. Both LCMT-1 

and PME-1 interact with PP2Ac. LCMT-1, via its active site pocket, recognizes PP2Ac 

C-terminal residues and regulates PP2A methylation and activation [28]. PME-1 directly 

binds to the active site of PP2Ac and the C-terminal region of PP2Ac is placed in the 

active site of PME-1, resulting in demethylation and inactivation of PP2A [23, 29]. PME-

1 stably associates with catalytically inactive mutants of PP2Ac (H59Q and H118Q) and 

this interaction is decreased by PP2A inhibitors including OA, sodium fluoride, and 

sodium pyrophosphate [23]. An inactive population of wildtype PP2Ac bound to PME-1 

has also been described and this inactive PP2A population bound by PME-1 can be 

reactivated by PP2A activator (PTPA, phosphotyrosyl phosphatase activator) [4]. The 

methylation state of PP2Ac is cell cycle-dependent. PP2Ac in the cytoplasm is 

demethylated at the G0/G1 boundary and remethylated as cells enter S phase, while 

PP2Ac in the nucleus is demethylated at the G1/S boundary [30]. 

 As previously mentioned, the PP2Ac C-terminus and the post-translational 

modifications on it have a profound effect on which PP2A holoenzymes are constructed. 

PP2Ac methylation especially plays an important role in PP2A holoenzyme assembly. 

One major function of PP2Ac carboxyl methylation is that it dictates the relative amount 

of formation of methylation-dependent (methylation-sensitive) and methylation- 
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Figure 1-2. Reversible carboxyl methylation of PP2Ac. 

 PP2Ac is reversibly methylated on its C-terminal leucine residue by leucine 

carboxyl methyltransferase 1 (LCMT-1) and protein phosphatase methylesterase 1 (PME-

1). The action of LCMT-1 is dependent on S-adenosyl-methionine (SAM), the methyl 

donor, and is inhibited by S-adenosylhomocysteine (SAH). Methylation of PP2Ac 

promotes binding of a number of methylation-dependent B-type subunits to PP2A A/C 

heterodimer. Thus, PP2Ac methylation determines enzyme activity, substrate specificity, 

and function of PP2A. 
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independent (methylation-insensitive) PP2A holoenzymes by determining which B-type 

subunits bind to the PP2A A/C heterodimer. For example, in yeast deletion of Ppm1, the 

major Pph21/Pph22 (PP2Ac) methyltransferase, led to a decrease in PP2Ac methylation 

as well as PP2Ac association with Tpd3 (A) and Cdc55/Rts1 (B/B’) subunits [14, 31] 

(Table 1). However, loss of Ppm1 had a more severe impact on formation of PP2A 

heterotrimer containing Cdc55 (PP2ACdc55) than PP2ARts1, suggesting that assembly of 

PP2ACdc55 is more methylation-dependent [32]. In mammalian cells, PP2Ac methylation 

is an absolute requirement for assembly of PP2A heterotrimers containing Bα but not B’, 

B’’, striatin family (B’’’) or MT [33-35]. A PP2Ac mutant, PP2Ac L309A lost most of its 

methylation and association with Bα, indicating that modification on the L309 residue is 

critical for Bα binding [36]. Modifications at other residues on the PP2Ac C-terminus, 

including T301/T304/Y307, also seem to affect methylation state of PP2Ac on L309 

and/or binding to B-type regulatory subunits. Substitution mutations of these residues 

decreased the methylation level of PP2Ac to different degrees and thus binding of 

methylation-dependent Bα to PP2Ac while others directly affecting Bα binding without 

affecting methylation [34]. 

 In summary, changes in PP2Ac methylation alter affinity of the PP2A A/C 

heterodimers for certain B-type subunits, leading to changes in enzyme substrate 

specificity and function due to switching of B-type subunits. Thus, precise control of 

PP2Ac methylation is critical for proper functioning of cells and deregulation of this 

process can result in diseases. As an example, downregulation of LCMT-1 causes 

significant reduction of PP2Ac methylation, which then results in loss of Bα-associated 
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PP2A heterotrimers and accumulation of hyperphosphorylated Tau, which has been 

reported to be a major cause of Alzheimer’s disease [37]. 

 

PP2A and human diseases 

 Several lines of evidence suggest that PP2A is a tumor suppressor (for reviews, 

see [3, 38]). Mutations in genes encoding both the α and β isoforms of the PP2A A 

subunit have been identified in multiple cancers and cancer cell lines [39-42]. Some of 

these mutations disrupted the interaction of the A subunit with B or that of the A subunit 

with B and C subunits. PP2A B-type subunits are clearly involved in cancer as well. First 

of all, overexpression of B’γ was found in malignant melanoma cells [43]. Secondly, N-

terminal truncation mutant of B’γ has been linked to metastasis. This mutant was shown 

to target PP2A to paxillin normally but failed to dephosphorylate paxillin, leading to 

enhanced cell spreading [44].  

 Several naturally occurring toxins such as okadaic acid and calyculin A are potent 

PP2A inhibitors and they promote tumors [45-47]. In addition, there is a cellular inhibitor 

of PP2A called SET (Suvar 3-9/Enhancer of zeste/Trithorax) [48], which forms a fusion 

protein with CAN (nucleoporin Nup214) and impairs the function of PP2A in acute 

lymphocytic myeloid leukemia [49]. Interfering with the normal functioning of PP2A in 

cell cycle regulation, transcription, translation, and replication could also contribute to 

genomic instability. Lastly, DNA tumor viruses transform cells in part by replacing the 

B-type subunits and hampering PP2A function. The MT and ST oncoproteins substitute 

for a number of B-type subunits and function as viral B subunits themselves [9, 13, 50]. 
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Suppression of B’γ had a very similar effect with ST-mediated tumorigenesis, suggesting 

B’γ as a major mediator of ST-induced cell transformation [51].  

 PME-1 overexpression has been observed in some malignant glioblastomas [52] 

where increased PME-1 expression level may result in enhanced association of PME-1 

with PP2Ac, increasing PP2Ac demethylation. PME-1 was also overexpressed in 

endometrial adenocarcinomas and correlated with malignant, invasive phenotypes of the 

cancer [53]. A recent discovery of aza-β-lactam (ABL) and sulfonyl acrylonitrile 

(AMZ30) compounds as selective inhibitors of PME-1 promises a potential therapeutic 

intervention against cancer [54, 55]. 

 PP2A has a proapoptotic role by inhibiting anti-apoptotic protein signaling and 

promoting proapoptotic signaling. Thus, misregulation of its proapoptotic function could 

result in uncontrolled cell growth and survival, leading to tumorigenesis. For example, 

PP2A B’α is implicated in dephosphorylation and inhibition of anti-apoptotic Bcl-2 

protein, inducing programmed cell death [56, 57]. PP2A also dephosphorylates a 

proapoptotic protein called Bad, another member of the Bcl-2 family of proteins, which 

when dephosphorylated inhibits the anti-apoptotic Bcl-2 protein, promoting apoptosis 

[58]. Moreover, it is believed that viruses make use of apoptosis as a means to enhance 

virus spread. For instance, the viral oncoprotein E4orf4 of human adenovirus type 2 

(Ad2) induces p53-independent apoptosis and this process requires its interaction with 

PP2A Bα [59, 60]. In addition to the tumor suppressor PP2A that could be utilized as a 

target for therapeutic strategies, the PP2A-interacting viral oncoprotein, E4orf4 is also a 

potential therapeutic approach since it only induces apoptosis in transformed cells 

without disturbing normal cells [59]. 
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 As briefly stated before, PP2A has been implicated in Alzheimer’s disease (AD). 

PP2A ABαC heterotrimer binds and dephosphorylates the microtubule-associated protein 

Tau, whose hyperphosphorylation is thought to be central in AD pathogenesis [61]. In 

agreement with this idea, AD-affected brain regions showed downregulation of LCMT-1 

and PP2Ac methylation, which resulted in loss of ABαC heterotrimer assembly, 

suggesting that PP2A dysfunction leads to accumulation of hyperphosphorylated Tau, 

formation of neurofibrillar tangles in brain, neuronal cell death, and onset of AD [37]. In 

addition, other events potentially leading to PP2A inactivation have been reported in AD: 

increased PP2Ac-inactivating phosphorylation at Y307, increased expression of cellular 

inhibitor of PP2A, SET, and decreased expression of the PP2A activator, PTPA in AD-

affected brain regions [10].   

 

PP2A-related protein phosphatases 

 PP2A family phosphatases include PP2A and two additional PP2A-related protein 

phosphatases called protein phosphatase 4 (PP4) and protein phosphatase 6 (PP6). C 

subunits of these PP2A-related phosphatases share about 60% amino acid identity with 

PP2Ac including the 3 conserved amino acid residues at C-terminus (307YFL309 as in 

PP2Ac). Therefore, PP4c and PP6c have the potential to be modified by post-translational 

modification mechanisms involved in PP2Ac regulation. Carboxyl methylation of PP4c 

has been reported [62], but whether PP6c is also methylated is not known.  

  

Protein phosphatase 4 (PP4) 
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 PP4 (35kDa) is a PP2A-like protein phosphatase whose C subunit has a conserved 

C-terminal sequence, 304DYFL307, with PP2Ac. Like PP2Ac, PP4c is carboxyl methylated 

[62]. PP4c shares about 65% amino acid identity with PP2Ac [63]. Despite the high 

amino acid sequence identity, PP4c does not bind to the PP2A A subunit (PR65) [63]. 

Instead, PP4c forms holoenzyme with its own set of regulatory subunits. PP2Ac and 

PP4c show distinct tissue and cellular distribution, suggesting that despite their 

similarities each phosphatase possesses distinct functions. While both phosphatases are 

expressed in various tissues and show both nuclear and cytosolic localizations, PP2Ac is 

more cytosolic while PP4c is more nuclear [62]. Moreover, PP2Ac is more abundant in 

brain while PP4c is more abundant in testes [62]. 

 Like PP2A, PP4 is inhibited by a number of drugs such as OA, fostriecin, 

microcystin, calyculin A, cantharidin, and tautomycin. The extent of inhibition by these 

molecules is very similar between PP2A and PP4. For example, purified PP4 catalytic 

subunit was inhibited by antitumor antibiotic called fostriecin with an IC50 of 3nM while 

IC50 of PP2A catalytic subunit was 1.5nM [64]. Therefore, one needs to be extremely 

cautious when interpreting results from experiments using these inhibitors that would 

inhibit both PP2A and PP4 at similar IC50. 

 The essential function of PP4 in the centrosome is conserved in human, 

Drosophila melanogaster, and Caenorhabditis elegans [63, 65, 66]. Intense staining of 

human PP4c in centrosomes has been observed, suggesting that PP4 may play a role in 

centrosome function [63]. The Drosophila PP4c homolog is about 91% identical and 

94% similar to human PP4c at the amino acid level and shows similar intense localization 

at the centrosomes of Drosophila cells and embryos [65]. Drosophila embryos show a 
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number of phenotypes due to loss of PP4c expression: 1) asynchronous nuclear divisions; 

2) presence of free centrosomes not associated with microtubules; 3) presence of aberrant 

polar microtubules not properly connected to chromosomes; and 4) reduced γ-tubulin 

staining without changing the total γ-tubulin protein level [65]. These phenotypes 

implicate PP4 function in cell cycle regulation as well as microtubule nucleation, growth, 

or stabilization [65]. Of the two C. elegans homologs of PP4c, PPH-4.1 and PPH-4.2, 

PPH-4.1 shows a higher amino acid identity to human PP4c than PPH-4.2 and seems to 

carry out a more significant role in embryonic development since PPH-4.1 depletion led 

to embryonic lethality while PPH-4.2 depletion did not [66]. As in human and fly, C. 

elegans PP4c homolog PPH-4.1 also localizes to centrosomes during mitosis [66]. 

Depletion of PPH-4.1 revealed that PPH-4.1 is not required for oocyte meiosis but for 

spindle formation in mitosis and sperm meiosis [66]. Moreover, PPH-4.1 is also needed 

for proper localization of γ-tubulin and Polo-like kinase, PLK-1, to centrosomes [66]. It 

would be interesting to see whether the essential function of PP4c in the centrosome is 

also conserved in the yeast homolog of PP4c, Pph3. However, it has been predicted that 

yeast Pph3 would not have an essential function at the centrosome since yeast with loss 

of Pph3 are still viable [67, 68].  

 

PP4 regulatory subunits (PP4Rs) and functions 

 Four different types of PP4 regulatory subunits have been identified: PP4R1, 

PP4R2, PP4R3 (PP4R3α and PP4R3β), and PP4R4 (Fig. 1-3)[69-72]. These regulatory 

subunits specifically interact with PP4c forming a number of independent PP4 

holoenzymes. Similar to PP2A regulatory subunits, PP4 regulatory subunits are believed  
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Figure 1-3. Structure of PP4 holoenzymes. 

 PP4c associates with PP4 regulatory subunits (PP4Rs) to form either a 

heterodimeric or heterotrimeric complexes. Four different PP4Rs have been identified so 

far: PP4R1, PP4R2, PP4R3 (PP4R3α and PP4R3β), and PP4R4. PP4c associates with 

either PP4R1 (A) or PP4R4 (B) forming a heterodimeric PP4 holoenzyme complex. Pre-

assembly of PP4c and PP4R2 is required for binding of either PP4R3α (C) or PP4R3β 

(D) to form heterotrimeric holoenzyme complexes. PP4c can also associate with α4 

independently (not shown). 
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to target PP4c to different substrates and subcellular localizations as well as to regulate 

PP4c enzyme activity. Thus, understanding PP4 holoenzyme assemblies and identifying 

their interacting proteins would help us better understand biological functions of PP4. 

 Interestingly, PP4 has been shown to form a number of different, high-molecular 

weight protein complexes. Purification of PP4 holoenzyme complexes from bovine testis 

extracts showed that two major PP4 complexes are found at about 270-300kDa and 400-

450kDa [69]. Mass spectrometry (MS) analysis of the smaller PP4 complex  (270-

300kDa) identified PP4R1 in complex with PP4c [69]. Human PP4R1 is a protein of 950 

amino acids (migrates at about 120-125kDa on SDS-PAGE) and possesses 13 HEAT 

repeats that are similarly found in PP2A A subunit [69]. In an independent study, 

purification of PP4 holoenzyme complexes from rat tissues detected three separate 

fractions of PP4 complexes, of which two were found at about 450kDa and 600kDa 

containing PP4c and PP4R2 [70]. Human PP4R2, a protein of 453 amino acids (50kDa 

protein but migrates at about 65kDa on SDS-PAGE), is thought to be a highly 

asymmetric dimer that binds to two PP4c molecules, forming a high-molecular weight 

complex [70]. Human PP4R2 exhibits a weaker staining in the nucleus and cytoplasm but 

a very intense localization at centrosome in human cells, suggesting that similar to PP4c, 

PP4R2 might be involved in regulation of centrosome function [70]. Novel PP4 

regulatory subunits, PP4R3α (820 amino acids; migrates at about 110kDa on SDS-

PAGE) and PP4R3β (764 amino acids; 97kDa), were identified by combined analyses of 

affinity purification and mass spectrometry (AP-MS) [71]. Chaperonin containing TCP-1 

(CCT) complex subunits were also identified as new interacting proteins of PP4c and α4 

in the same study [71]. Iterative AP-MS analysis not only confirmed the presence of PP4 



16 

complexes containing the previously identified PP4Rs but also established that at least 

three independent, mutually exclusive mammalian PP4 holoenzymes exist: 1) one 

containing PP4c with PP4R1; 2) a second containing PP4c in complex with PP4R2 and 

PP4R3 (PP4R3α or PP4R3β) where pre-assembly of PP4c and PP4R2 is necessary for 

PP4R3 binding; 3) the last containing PP4c with α4 and CCT complex [71]. Lastly, using 

a similar AP-MS approach, the newest member of the PP4Rs, PP4R4 (873 amino acids; 

about 100kDa) was identified, forming an independent PP4 holoenzyme without 

containing other known binding partners [72]. PP4R4 comprises three canonical HEAT 

repeats in addition to lower confidence repeat sequences and exhibits high sequence 

homology to other HEAT repeat-containing proteins PP2A A and PP4R1 subunits [72]. 

PP4R4 protein level was severely affected by depletion of PP4c, suggesting that PP4c 

may regulate PP4R4 expression or PP4c-PP4R4 interaction is needed for PP4R4 protein 

stability [72]. Intriguingly, a small amount of PP4c was found to interact with PP2A Aα 

subunit and PP2A B’δ, although the functional significance of this interaction is not fully 

understood [72]. Taken together, PP4 holoenzymes seem to include at least 5 independent 

complexes having PP4c together with: 1) PP4R1; 2) PP4R2-PP4R3 (PP4R3α or 

PP4R3β); 3) PP4R4; 4) α4 and CCT complex; and 5) PP2A Aα subunt-PP2A B’δ [72]. 

A few other studies detected minor interactions between PP4c and PP2A subunits as well. 

For example, interactions between PP4c and Aα, Bδ, or B’δ was observed by AP-MS 

[73]. Additionally, a very minor fraction (1-2%) of a PP4c complex containing PP2A Aα 

and PP2A Bα was detected, even though its biological function remains unexplored [74]. 

 PP4c-PP4R1 was found to interact with Histone deacetylase 3 (HDAC3) and 

downregulates deacetylase activity of HDAC3 by dephosphorylation at S424, implicating 
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the PP4c-PP4R1 complex in transcriptional regulation through its substrate HDAC3 [75]. 

Protein kinase CK2 phosphorylates HDAC3 at S424, a site whose phosphorylation is 

critical for HDAC3 activity [75]. HDAC3 belongs to class I histone deacetylases along 

with HDAC1, 2, and 8. Similar to HDAC1 and 2, HDAC3 is involved in regulation of 

mammalian gene expression by deacetylation of histone proteins to transcriptionally 

repress target genes. HDAC3 is recruited to specific promoters via association with N-

CoR (nuclear receptor corepressor)/SMRT (silencing mediator of retinoic and thyroid 

receptors) and mediates transcriptional repression [76]. In addition to the histone 

proteins, accumulating evidence indicates that HDAC3 targets nonhistone substrates as 

well, implicating HDAC3 in other cellular functions. Like HDAC1 and 2, HDAC3 is 

ubiquitously expressed. However, unlike HDAC1 and 2 which are predominantly 

nuclear, HDAC3 localizes to the nucleus, the cytoplasm and also at the plasma 

membrane. Interestingly, HDAC3 has been implicated in cancer since its overexpression 

has been reported in several tumors [77-79]. It is believed that specific targeting of the 

dysregulated HDAC activity in cancer using HDAC inhibitors is a promising therapeutics 

strategy against the disease. 

 PP4c-PP4R2 has been implicated in Survival of Motor Neurons (SMN) complex 

function in the maturation process of small nuclear ribonucleoproteins (snRNPs) since 

PP4c-PP4R2 interacts with SMN complex proteins and, when overexpressed, enhances 

movements of the newly formed snRNPs during maturation processes [80]. In addition, a 

recent study found that PP4R2, potentially acting upstream of SMN, is needed for proper 

differentiation of neuronal cells [81]. Additional functions of PP4R2 and PP4R3 

(PP4R3α or PP4R3β) in DNA repair, including dephosphorylation of γ–H2AX during 
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DSBs (double-stranded DNA breaks), will be discussed in the section below entitled 

‘One common function of PP2A family phosphatases as a γ-H2AX phosphatase’. 

 Finally, the function of the novel PP4R4 remains largely unknown. Knockdown 

(KD) of PP4R4 did not accumulate cells at S-G2/M, indicating that PP4R4 is not involved 

in cell cycle regulation [72]. Unlike PP4c and PP4R2, PP4R4 was found to be a 

cytoplasmic protein and not localized to centrosome [72], suggesting that it is probably 

not linked to regulation of centrosomal function. Knockdown of PP4R4 also did not lead 

to elevated level of γ–H2AX [72], suggesting that PP4R4 function is not linked to 

dephosphorylation of γ–H2AX during DNA damage repair signaling. However, a recent 

human genome-wide siRNA screen for novel NF-κB activation pathway components 

identified PP4R4, implicating PP4R4 in NF-κB signaling pathway [82]. 

  

Protein phosphatase 6 (PP6) 

 Mammalian PP6 is a heterotrimeric holoenzyme complex that consists of the PP6 

catalytic subunit (PP6c), a Sit4-associated proteins (SAPS) domain-containing regulatory 

subunit (PP6R1, PP6R2, and PP6R3), and an ankyrin repeat domain-containing subunit 

(ARS-A, ARS-B, and ARS-C). Similar to other PP2A family phosphatases, specificity of 

PP6 is determined by binding of different SAPS and ankyrin repeat domain subunits. 

SAPS domain subunits serve as scaffolds by binding the catalytic subunit via their SAPS 

domain on the N-terminus and ARS proteins via their C-terminal region [27, 83]. Of the 

three SAPS domain regulatory subunits, PP6R1 along with PP6c was found to 

dephosphorylate IκBε and protects it from degradation in response to tumor necrosis 

factor-α (TNF-α), implicating PP6c-PP6R1 in NFκB signaling pathway [83]. Later, it 
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was also demonstrated that depletion of PP6R1 or ARS-A, but not PP6R3, leads to a 

reduction of IκBε levels upon TNF-α treatment, implicating PP6 again in NFκB 

signaling [27]. PP6 also plays a critical role in mitotic spindle formation. PP6 

holoenzyme dephosphorylates a threonine residue within the activation or T loop of 

Aurora A, an essential mitotic kinase involved in mitotic spindle formation [84]. 

Depletion of PP6c or its regulatory subunits led to increased Aurora A activity which 

then interfered with spindle formation and chromosome alignment [84]. 

 Sit4, the yeast homolog of mammalian PP6c (Table 1), is required in late G1 for 

progression into S phase during cell cycle [85]. Sit4 is a cytoplasmic protein whose 

localization does not change during cell cycle [85]. However, the interaction of Sit4 with 

its regulatory, Sit4-associated proteins, SAP155 and SAP190 (Table 1), changes during 

cell cycle. While Sit4 exists as a monomer during G1 phase, it associates with SAP155 or 

SAP190 during the G1/S transition, suggesting that formation of these Sit4 complexes is 

required for progression into S phase [85]. SAP155, SAP190, and an additional protein 

called SAP185, get hyperphosphorylated in the absence of Sit4 (Table 1), suggesting that 

function of the SAPS domain proteins could be regulated by phosphorylation [86]. 

  

One common function of PP2A family phosphatases as a γ-H2AX phosphatase 

 One major common function of the PP2A family phosphatases is that they 

dephosphorylate γ-H2AX formed during DSBs (double-stranded DNA breaks). DSBs 

trigger formation of γ-H2AX by phosphorylation of histone H2A variant protein H2AX 

on Serine 139, which then recruits DNA repair proteins to DSBs for repair [87]. During 

or after repair is completed, γ-H2AX is cleared by dephosphorylation. Three PI3K-like 
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kinases, ATM (ataxia telangiectasia mutated), ATR (ATM- and Rad3-related), and DNA-

PK (DNA-dependent protein kinase), phosphorylate H2AX in response to DSBs [88]. 

ATM and DNA-PK function in response to IR (ionizing radiation) and radiomimetic 

drugs while ATR is activated in DNA replication-interfering conditions [88]. PP2A was 

first recognized as a γ-H2AX phosphatase during DSB repair [89]. Once DSBs form, 

PP2A gets recruited to DSBs forming discrete foci in the nucleus that co-localize with γ-

H2AX [89]. In the absence of functional PP2A, either by PP2A inhibitor treatment or 

depletion, elevated levels of γ-H2AX after DSB induction persisted longer as compared 

to control cells [89]. In addition, PP2A interacts with γ-H2AX only after DSB induction 

[89]. However, in the absence of functional PP2A, the γ-H2AX level seemed to decrease 

eventually, suggesting that other phosphatases may be involved as well. Consistent with 

this, PP4 and PP6 have also been recognized as γ-H2AX phosphatases. 

 The yeast PP4c counterpart, Pph3, was found to dephosphorylate γ-H2AX in 

Saccharomyces Cerevisiae (Table 1)[90]. Interestingly, while DSB repair was as efficient 

in Δpph3 cells as in wildtype cells, persistent γ-H2AX induced by Pph3 depletion led to 

checkpoint recovery defects and cells accumulated at G2/M. These results suggest that γ-

H2AX formation keeps cells arrested at G2/M until the repair is completed and that 

dephosphorylation of γ-H2AX by Pph3 is necessary for timely recovery from the DNA 

damage checkpoint [90]. As in yeast, human PP4, more specifically the PP4c-PP4R2 

complex, has been shown to dephosphorylate γ-H2AX in both damaged and undamaged 

cells, promoting recovery from the DNA damage checkpoint at G2/M [91]. PP2A and 

PP4 seem to exhibit distinct phosphatase activity toward γ-H2AX depending on the types 

of damage, for example, PP2A only showed minimal activity toward γ-H2AX at IR-
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induced DSBs as compared to PP4 [91]. The heterotrimeric PP4 complex, PP4c-PP4R2-

PP4R3β, was also found to dephosphorylate γ-H2AX generated by ATR during DNA 

replication [92]. Depletion of other PP4 regulatory subunits, PP4R1 or PP4R3α, did not 

induce γ-H2AX formation in undamaged cells and also did not interfere with γ-H2AX 

dissolution after CPT (camptothecin)-induced DSBs [92]. Additionally, the heterodimeric 

PP4 complex PP4c-PP4R2, independently of PP4R3α or PP4R3β, dephosphorylates 

RPA2, a single-stranded DNA binding protein involved in DNA repair, and mediates 

efficient homologous recombination (HR)-mediated repair of DSBs [93]. Besides HR-

mediated repair, DSBs are also repaired through an error-prone nonhomologous end 

joining (NHEJ)-mediated repair process. The PP4 holoenzyme complex containing PP4c-

PP4R2 was implicated in NHEJ-mediated repair of DSBs, potentially through regulating 

phosphorylation state of its novel substrate called KAP-1 [94]. Another group has also 

proposed that the PP4 complex containing PP4c and PP4R3β functions in DNA damage 

response by regulating the G2/M checkpoint and chromatin structure through KAP-1 [95].  

 Another member of the PP2A family phosphatases, PP6, has recently been found 

to regulate dephosphorylation of γ-H2AX, removal of γ-H2AX foci, and recovery from 

the G2/M checkpoint after IR-induced DNA damage [96]. Depletion of PP6c or PP6R1, 

but not depletion of PP6R2 or PP6R3, led to persistent γ-H2AX in response to IR, 

implicating the PP6 holoenzyme containing the PP6R1 regulatory subunit in γ-H2AX 

dephosphorylation during the IR-induced DNA damage response [96]. Interestingly, 

another form of PP6 holoenzyme containing PP6c and PP6R2 was found to be 

responsible for dephosphorylation of γ-H2AX after CPT treatment and homology-

directed repair of DSBs [97]. 
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PP4 and PP6 in human diseases 

 Several lines of evidence implicate PP4 and PP6 in a number of human diseases, 

especially cancer. Overexpression of PP4c and its regulatory subunits was detected in 

human breast and lung tumors, suggesting a correlation between PP4 expression levels 

and tumorigenesis [98]. In support of this idea, knockdown of PP4c sensitized breast and 

lung cancer cells to cisplatin treatment [98]. PP4c was also overexpressed in stage II 

pancreatic ductal adenocarcinoma (PDAC) and PP4c overexpression was associated with 

poor prognosis in stage II PDAC patients [99]. These data suggest that targeting PP4 may 

be a potential therapeutic strategy against cancer. 

 As for PP6, both oncogenic and tumor suppressive properties of PP6 have been 

reported in cancer. In an attempt to identify genes differentially regulated in malignant 

mesothelioma (MM), miR-31 was found to be lacking [100]. As a result of miR-31 

downregulation, one of its targets, PP6c, was found upregulated profoundly in MM 

samples, suggesting a role of PP6c in tumorigenesis [100]. In contrast, PP6c was 

downregulated in human hepatocellular carcinoma (HCC) tissues due to upregulation of 

its negative regulator miR-373 [101]. Upregulation of PP6c in glioblastoma multiforme 

(GBM) tissues has also been reported [102]. In that study, knockdown of PP6c in GBM 

cell lines as well as in a GBM mouse model increased sensitivity to radiation, suggesting 

that targeting of PP6c in GBM is a promising method of improving the effect of radiation 

treatment and patient survival [102]. Several PP6c mutations were identified in 

melanoma. These mutants exhibited compromised holoenzyme assembly and enzyme 

activity and promoted chromosome instability and DNA damage due to elevated Aurora 

A kinase activity [103]. Loss of PP6c in a skin keratinocyte-specific PP6c conditional 
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knockout mouse model predisposed the animals to skin carcinogenesis, suggesting a 

tumor suppressor function of PP6c [104]. Another study also performed a detailed 

analysis of a number of PP6c mutations observed in melanoma and found that they were 

of a heterogeneous nature, some showing oncogenic effect while others displayed tumor 

suppressive function [105]. 

 Besides cancer, PP6 has also been implicated in Crohn’s disease (CD) since its 

overexpression was detected in the inflamed colonic CD tissues [106]. 

 

Alpha4 (α4): a common binding partner of PP2A family phosphatases 

 Alpha4 (α4; homolog of the yeast Tap42 protein; also known as IGBP1, 

immunoglobulin-α-binding protein 1) is a common binding partner of PP2A, PP4, and 

PP6 catalytic subunits (Table 1)[107-112]. Tap42 was first identified as a high copy 

suppressor of a temperature-sensitive Sit4 (homolog of mammalian PP6c) mutant in yeast 

[107]. High copy number of Tap42 also suppressed temperature-sensitive mutants of 

Pph21/22 (yeast PP2Ac homologs), and was thus named Tap42 (‘two A and related 

phosphatase-associated protein’ of 42kDa) [107].  

 α4 binds to C subunits of PP2A family phosphatases independently of the 

previously identified phosphatase subunits. Evidence in yeast showed that the binding of 

Tap42 (yeast α4) and Tpd3/Cdc55 (yeast A subunit homolog/B subunit homolog) to 

Pph21/22 are mutually exclusive [113]. Consistent with this, Tap42 interacts with Pph21 

in the absence of Tpd3 [107]. In mammalian cells, PP2Ac was also found to form at least 

two mutually exclusive complexes, one with α4 and the other with A subunit [112]. 

Likewise, A subunit was not detected in co-immunoprecipitates of α4 containing PP2Ac 
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[108]. Thus, α4 and the regulatory/structural phosphatase subunits bind to C subunits of 

PP2A family phosphatases in a mutually exclusive manner. Although it is not clear how 

post-translational modifications of PP2Ac play a role in PP2Ac-α4 association, the 

PP2Ac double mutant (Y307F and L309Q) preferentially interacted with α4 over PP2A 

A/C and PP2A heterotrimer complexes [114]. In addition, enhanced interaction of Tap42 

and Pph22 has been seen in PPM1 (yeast LCMT-1)-deficient yeast cells [31]. Other than 

α4, PP2A family phosphatase C subunits, despite their high sequence similarities, do not 

for the most part share regulatory/structural subunits with each other. For example, in 

yeast, Tpd3/Cdc55 only interacts with Pph21/22 while Sap155, one of yeast PP6 

regulatory subunits, interacts only with Sit4 (PP6c homolog) [107]. Similarly, PP2A A 

subunit generally only interacts with PP2Ac but not with C subunits of PP2A-related 

phosphatases (PP4 and PP6) [112]. However, more recently, few, minor interactions 

between PP4c and PP2A structural/regulatory subunits have been reported. For examples, 

PP4c complexes containing PP2A A subunit and either Bα or B’δ were detected [72, 74] 

while another study showed interactions between PP4c and Aα, Bδ, or B’δ [73]. 

 Binding of α4 to PP2A family phosphatases plays significant roles in regulation 

of PP2A family phosphatases as well as in cellular processes including apoptosis. While 

cells produce PP2Ac proteins in inactive forms as a means to protect themselves from 

promiscuous phosphatase activity [116], free PP2Ac monomers are protected from 

degradation by interacting with α4. α4 functions as an adaptor protein to protect free 

PP2A C subunits from degradation and helps maintain proper PP2A function and 

assembly in both stressed and non-stressed conditions [117]. In addition to PP2A A and 

C subunits, C subunits of PP4 and PP6 levels were significantly decreased upon α4 
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deletion [117]. Interestingly, the level of methylated PP2Ac was also decreased by α4 

deletion [117]. α4 is a ubiquitin-binding protein that possesses a ubiquitin-interacting 

motif (UIM) [118]. The UIM of α4 protects the ubiquitin chains of PP2Ac from further 

elongation and therefore, in the absence of α4 UIM, PP2Ac polyubiquitination occurs.  

 α4 mediates the interaction between PP2Ac and Mid1. Mid1 is a microtubule-

associated protein that is mutated in an X-linked, human genetic disease called Opitz 

syndrome (OS) [119]. In OS patients, Mid1 mutant loses its binding to the microtubule 

network and thus shows cytoplasmic localization. The inability of Mid1 to associate with 

the microtubule network is one potential mechanism underlying OS pathogenesis [120]. 

The C-terminal region of α4 binds Mid1 while the N-terminal region of α4 binds PP2Ac 

[121]. MAP kinase-mediated Mid1 phosphorylation promotes its binding to microtubules 

while α4-mediated Mid1 binding to PP2Ac leads to Mid1 dephosphorylation and thus 

release from microtubules [122]. Mid1 is also an E3 ubiquitin ligase targeting PP2Ac for 

proteasome degradation [123]. In OS, the Mid1 defect in ubiquitin ligase activity leads to 

accumulation of PP2Ac [123]. In turn, elevated PP2Ac causes dephosphorylation of 

microtubule-associated proteins and defective microtubule dynamics [123]. Thus, it 

appears that Mid1 regulates PP2Ac degradation while PP2Ac regulates Mid1 

dephosphorylation and thus its association with microtubules. 

 α4 complexes containing C subunits of PP2A family phosphatases have been 

implicated in the target of rapamycin (TOR) signaling pathway. In yeast, the association 

of Tap42 and PP2A family phosphatase C subunits is stimulated by nutrient signals and 

inhibited by rapamycin, implicating Tap42 and PP2A family phosphatases in rapamycin-

sensitive TOR pathway [107]. In addition, mutations in Tap42 or PP2A family 
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phosphatases rendered cells rapamycin-resistant [107]. Tap42 mutants also showed 

defects in translation initiation [107]. However, the effect of rapamycin on the interaction 

between PP2A family phosphatases and α4 in mammalian cells is still controversial. 

While there are studies showing that rapamycin reduced the interaction of α4 with PP2Ac 

[108, 110, 115], there is also evidence showing that the interaction of α4 with PP2Ac as 

well as with PP4c and PP6c is rapamycin-insensitive [109-112]. This inconsistency of 

results regarding rapamycin action on α4 complexes containing C subunits of PP2A 

family phosphatases may be cell-type specific since rapamycin-sensitivity varied among 

different cell lines [110]. Yet, conflicting data were obtained using the same cell line by 

different groups of researchers [108-110], suggesting that other issues may be involved. 

The effect of α4 or yeast Tap42 binding on PP2A family phosphatase activity is 

controversial, too. In some instances, α4 binding increased the phosphatase activity [108] 

while in other cases, α4 binding had a negative impact on the phosphatase activity of 

PP2A family phosphatases [112]. So far, it seems like the effect of α4 binding on the 

phosphatase activity differs depending on the type of substrate tested [111]. 

 Just as Tap42 is essential in yeast, loss of α4 in mice is embryonic lethal [115]. 

α4 is an anti-apoptotic protein. In α4 knockout MEFs, loss of α4-induced apoptosis is 

accompanied by enhanced cleavage of caspase-3 and PARP [115]. Knockdown of α4 led 

to apoptosis while overexpression of α4 enhanced anchorage-independent growth which 

was suppressed by a dominant-negative mutant of α4, supporting the idea that α4 is a 

pro-survival and anti-apoptotic protein [124]. Together, these results suggest that 

interfering with α4 function might be a potential therapeutic strategy against cancer 

[124]. In agreement with this, α4 was found to be overexpressed in multiple human 



27 

cancers and its overexpression has been correlated with the stage of lung 

adenocarcinomas [125, 126].  

 

The striatin family of proteins 

 The striatin family consists of three highly homologous proteins, striatin, S/G2 

nuclear autoantigen (SG2NA), and zinedin. Striatin family members function as 

scaffolding proteins with no intrinsic catalytic activity and organize a variety of 

multiprotein complexes including PP2A complexes. Striatin family members comprise 

the newest subfamily of PP2A regulatory B-type subunits, B’’’, and assemble into a 

PP2A heterotrimer by associating with PP2A A/C heterodimer [127]. Members of the 

striatin family are mainly expressed in the central and peripheral nervous systems and are 

likely to be important for brain function. However, their expression has been observed in 

other tissues as well. While these proteins share similar domain structures and 

localizations, their functions do not appear to be entirely redundant.  

 

Striatin 

 The founding member of the striatin family, striatin was named after the striatum 

where it is found most abundantly in the brain [128]. Striatin is a protein of 780 amino 

acids with four unique protein-protein interaction domains including a caveolin-binding 

domain, a coiled-coil domain, a Ca2+-calmodulin (CaM)-binding domain and a WD-

repeat domain and these domains are conserved throughout the striatin family (Fig. 1-

4)[129]. Consistent with the presence of these domains, striatin has been reported to bind  
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Figure 1-4. Domain structure of the striatin family members.  

 The domain structure of the human striatin family members including striatin 

(780 amino acids), two major isoforms of SG2NA, SG2NAα and SG2NAβ (713 and 797 

amino acids, respectively), and zinedin (753 aa) is shown drawn to scale. The four highly 

conserved protein-protein interaction domains are color-coded for comparison. Some of 

the domains depicted in SG2NA and zinedin are only predicted regions based on 

sequence comparisons and have not been experimentally verified. Cav, caveolin-binding 

domain; C-C, coiled-coil domain; CaM, Ca2+-calmodulin binding domain; WD-repeat, 

WD-repeat domain.  (Figure and legend were taken and modified from [130]). 
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caveolin-1 (Cav-1) and binds CaM in a Ca2+-dependent manner (Fig. 1-5)[128, 131]. 

Striatin is expressed throughout the central and peripheral nervous systems, especially in 

the striatum and motor neurons; however, it is also found in various tissues including 

lung, liver, kidney, skeletal muscles, and testes [128, 129, 132]. Striatin is exclusively 

localized to dendrites, especially in dendritic spines, and absent in axons, displaying a 

somato-dendritic localization in neurons [128]. The distribution of striatin in brain 

regions important for motor control led to a speculation that striatin may have a role in 

control of motor function [133]. Indeed this point was proven by a study in which 

downregulation of striatin in rat brains resulted in decreased nocturnal locomotor activity 

[134]. In addition, downregulation of striatin in motor neurons impaired the growth of 

dendrites without affecting axons, demonstrating the important role of striatin in dendritic 

growth regulation [134]. 

 

SG2NA 

 SG2NA was first described as a nuclear protein whose expression peaked during 

the S and G2 phases of the cell cycle, hence its name [135]. Afterward, SG2NA was 

shown to be mainly cytosolic and membrane-bound like striatin [129, 136]. SG2NA is 

highly expressed in the cerebellum and cortex of the brain and exhibits somato-dendritic 

localization in neurons with enrichment in dendritic spines [129, 136]. Expression of 

SG2NA is also detected in many other tissues. Similar to striatin, SG2NA is 

characterized by the four protein-protein interaction domains and binds to CaM in a Ca2+-

dependent manner (Fig. 1-4)[127, 129]. There are two major isoforms of SG2NA, 

SG2NAα and SG2NAβ, which are generated by alternative splicing, in addition to some 
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minor variants (Fig. 1-4)[137]. SG2NAα is a 713 amino acid protein which excludes 

exons 8 and 9 while SG2NAβ is a full-length protein of 797 amino acids [138]. A novel, 

nuclear-localized splice variant of rat SG2NA, rSTRN3γ, lacking all but one WD-repeat 

was identified and this isoform assembles an estrogen-inducible PP2A complex with 

estrogen receptor α (ERα) (Fig. 1-5) [139]. 

 

Zinedin 

 Zinedin is a protein of 753 amino acids and was identified through a homology 

search for proteins highly homologous to striatin and SG2NA [129]. Like striatin and 

SG2NA, zinedin is characterized by the four protein-protein interaction domains and 

binds CaM in the presence of Ca2+ (Fig. 1-4)[129]. Similarly, zinedin exhibits somato-

dendritic localization in neurons with enrichment in dendritic spines. Additionally, 

zinedin is highly expressed in the hippocampus of the brain and is also detected in 

various tissues [129, 140, 141]. 

 

Domain structure of the striatin family proteins 

 As stated above, striatin family members share a unique domain structure 

composed of a caveolin-binding domain, a coiled-coil domain, a Ca2+-calmodulin (CaM)- 

binding domain and a WD-repeat domain, listed from N-terminus (Fig. 1-4). The 

domains and their roles in striatin family functions will be discussed briefly below. 

 

The caveolin-binding domain 

 Striatin family members interact with caveolin-1 (Cav-1) via the caveolin-binding 
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Figure 1-5. Model of the STRIPAK (Striatin-interacting phosphatase and kinase) 

complex in signaling pathways. 

 The core STRIPAK complex is depicted in the center of the diagram with some of 

the STRIPAK components that are thought to mediate several functions of the STRIPAK 

complex. Other STRIPAK components are omitted for simplicity of the figure. Some of 

the known or potential connections of STRIPAK components to signaling pathways and 

cellular events are depicted by arrows. Through Mob3 the STRIPAK complex may 

associate with components of clathrin-dependent endocytosis (for example, Eps15) and 

function in this process. The STRIPAK complex might also function in caveolae-
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dependent endocytosis by interacting with Cav-1. Striatin targets ERα to membranes, 

probably caveolae, and forms a STRIPAK-like complex containing ERα, Gαi, and eNOS 

to regulate rapid nongenomic ERα signaling. Striatin binds APC and regulates 

organization of tight junctions (TJs). Ccm3 forms dynamic complexes with either 

STRIPAK or other Ccm proteins to regulate GCKIII activity and function and cell 

junction stability. Ccm3 stabilizes VEGFR2 on the cell surface by inhibiting its 

internalization. GCKIII kinases, Ccm3, and STRIPAK function in Golgi assembly, cell 

polarity, and cell migration. Rat STRN3γ and PP2A modulate ERα-mediated 

transcriptional activity in nucleus. The STRIPAK complex is predicted to be involved in 

Ca2+ signaling by binding to Ca2+-CaM through the Ca2+-CaM-binding domain, thus 

responding to changing Ca2+ concentrations in cells. (Figure was taken from [130] and 

legend was modified from [130]). 
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domain [131]. Caveolins are the major components of caveolae, specialized, invaginated 

compartments found in the plasma membrane of cells. The caveolin scaffolding domain 

found in the N-terminus of caveolins mediates the interaction between caveolins and 

many signaling proteins [142]. Striatin family members interact with the caveolin 

scaffolding domain of caveolins via the consensus sequence ΦXXXXΦXXΦ, where Φ is 

an aromatic amino acid and X is any amino acid, found in their caveolin-binding domains 

[129, 143]. It is now believed that caveolae may be the center of cellular signaling 

pathways by recruiting molecules involved in multiple signaling pathways. In fact, 

nongenomic effects of estrogen are mediated by ERα localized in caveolae [144]. During 

this process, striatin, which is likely targeted to caveolae through its interaction with Cav-

1 organizes a PP2A complex containing ERα, Gαi, and eNOS for rapid, non-genomic 

ERα signaling (Fig. 1-5)[145]. 

 

The coiled-coil domain 

 The striatin family members form homo- and hetero-oligomers using their coiled-

coil domains [136, 138, 140]. The coiled-coil domain is made up of heptad repeats that 

favor homo- and hetero-oligomerization of the striatin family of proteins [140]. In 

addition to being important for oligomerization, this oligomerization domain has been 

shown to be necessary for targeting of SG2NA to dendritic spines, suggesting that the 

striatin family oligomerization might be a necessary step for their targeting to the 

dendritic spines [140]. 

 

The Ca2+-calmodulin (CaM)-binding domain 
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 The striatin family members interact with calmodulin (CaM) in a Ca2+-dependent 

manner [127-129]. The CaM-binding region within striatin was identified by utilizing 

deletion mapping and site-directed mutagenesis [146]. Although it is currently not clear 

how the striatin family members function in Ca2+ signaling, it has been proposed that 

they might function as Ca2+ sensors responding to changes in intracellular Ca2+ 

concentration and to convey the signals to other proteins (Fig. 1-5)[138]. For instance, 

changes in intracellular Ca2+ concentration appear to modulate striatin interaction with 

other proteins and thus affect its subcellular localization. It has been demonstrated that 

the interaction of striatin with Cav-1 was decreased in the presence of Ca2+ [131]. In a 

separate study, the presence of Ca2+ during cell lysis increased the fraction of striatin 

found in cytosol [146]. 

 

The WD-repeat domain 

 The WD-repeat domain consists of four or more copies of a conserved sequence 

motif of about 40 amino acids characterized by a glycine-histidine (GH) dipeptide at the 

N-terminus and a tryptophan-aspartate (WD) dipeptide at the C-terminus [147, 148]. The 

WD-repeat domains create a stable platform made up of β-propeller structures for 

interaction with various proteins involved in multiple cellular processes. Among all WD-

repeat proteins, the striatin family members are the only proteins that associate with CaM 

[128]. The WD-repeat domain of the striatin family has been demonstrated to be 

important for association of adenomatous polyposis coli (APC) and CCT proteins. The 

armadillo repeat domain of APC protein has been shown to bind striatin through 

interacting with the WD-repeat domain [149]. The striatin proteins also interact with 
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CCT complex proteins that are involved in folding of WD-repeat-containing proteins 

[150, 151]. Thus, it is hypothesized that CCT proteins bind WD-repeat domains of the 

striatin family and help them fold properly. 

 

STRIPAK (Striatin-interacting phosphatase and kinase) complexes 

 In addition to the previously mentioned proteins that bind to the striatin family via 

the four protein-protein interaction domains within striatin protein, many other proteins 

have been reported to interact with the striatin proteins, forming multiprotein, striatin-

associated complexes. A recent proteomic analysis revealed that striatin family-

associated complexes consist of not only PP2A but also germinal center kinase III 

(GCKIII) kinases in addition to many other proteins, and hence the name striatin-

interacting phosphatase and kinase (STRIPAK) complexes [150]. While functions of the 

STRIPAK complexes still remain to be elucidated, numerous clues about their functions 

have come from the study of striatin proteins themselves as well as striatin-interacting 

proteins. Some of these functions are illustrated in Figure 5. Of note, there are also 

STRIPAK-like complexes that have not yet been determined to contain both PP2A and a 

kinase within the same complex. 

 The core mammalian STRIPAK complex consists of PP2A A and C subunits, 

monopolar spindle-one-binder family 3 (Mob3; Phocein; HUGO Gene Nomenclature 

Committee approved symbol, MOB4), members of the GCKIII subfamily of the 

mammalian sterile 20-like (Mst) kinases including Mst3 (Stk24), Mst4 (MASK), and 

Ysk1 (Sok1/Stk25), cerebral cavernous malformation 3 (Ccm3/PDCD10), and striatin-

interacting proteins 1 and 2 (STRIP1/2) (Fig. 1-6) [150, 152]. Additional proteins bind to  
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Figure 1-6. Mammalian STRIPAK complexes. 

 The core STRIPAK components include a striatin family member, the PP2A A/C 

heterodimer, Mob3, STRIP1 or STRIP2, and a GCKIII kinase bound via Ccm3. Binding 

of different, mutually exclusive accessory proteins to the STRIPAK core results in the 

formation of different STRIPAK complexes. For example, SLMAP and SIKE are not 

detected in STRIPAK complexes containing CTTNBP2/NL and vice versa. In addition, 

some STRIPAK complexes contain alternative kinases such as Mink1, Map4k4, and Tnik 

(latter not shown in figure), likely in a mutually exclusive manner. For this reason their 

binding is shown as competitive (arrows). However, whether Mink1 and Map4k4 bind 

via Ccm3 or directly to striatin family members is not known. (Figure was taken from 

[130] and legend was modified from [130]). 
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the core complex in a mutually exclusive manner forming distinct STRIPAK complexes 

containing either a cortactin-binding protein 2 family member (CTTNBP2 or 

CTTNBP2NL) or sarcolemmal membrane-associated protein (SLMAP) and a suppressor 

of IKKε (SIKE) family member [150]. Some STRIPAK complexes also appear to contain 

alternative kinases such as members of the GCKIV kinases, Misshapen-like kinase 1 

(Mink1), TRAF2- and NCK-interacting kinase (Tnik), and Map4k4 [153] (Fig. 1-6). 

 

Negative regulation of kinases by STRIPAK-associated PP2A 

 The fact that a phosphatase and one of several kinases exist in STRIPAK 

complexes suggests that functions of STRIPAK complexes are regulated by reversible 

phosphorylation processes carried out by these enzymes. In fact, many of the STRIPAK 

components are phosphoproteins [150], and it has been shown that PP2A inhibition by 

OA enhanced phosphorylation of several striatin family-associated proteins including 

striatin, SG2NA, and Mob3 [136]. GCKIII kinases include Mst3, Mst4, and Ysk1, and 

are one of major constituents of the STRIPAK complexes. While Ysk1 has been shown 

to be dephosphorylated and inactivated by purified PP2A in vitro [154], data regarding 

other GCKIII members remain unknown. Since GCKIII kinases are important in various 

cellular processes including cell cycle, cell survival, apoptosis, Golgi assembly, and cell 

migration [155], it would be key to determine if STRIPAK is involved in these processes 

through PP2A-dependent regulation of these STRIPAK-associated kinases. 

 It appears that STRIPAK-associated PP2A also regulates members of GCKIV 

kinases. Recently, one of the GCKIV kinases, Mink1 was identified as a novel STRIPAK 

component [153]. Mink1 plays an important role in abscission process during cytokinesis 
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and knockdown of either Mink1 or zinedin led to abnormal abscission [153]. While 

zinedin enhanced dephosphorylation of Mink1 by PP2A in vitro, enhanced 

phosphorylation of Mink1 was observed during mitosis when PP2A is known to be 

inhibited [153, 156]. Together, these results suggest that STRIPAK-associated PP2A 

negatively regulates Mink1 function in abscission. 

 Other GCKIV kinases were also found to interact with the striatin family 

members. For example, Map4k4 was identified to interact with SG2NA and zinedin [153, 

157]. Map4k4 is a mediator of tumor necrosis factor α and interleukin-1β production in 

response to an inflammatory stimulus and is also involved in cancer cell motility and 

invasion [158, 159]. Although the significance of the interaction between STRIPAK and 

Map4k4 remains unclear, it would be interesting to investigate whether STRIPAK-

associated PP2A regulates Map4k4 in these cellular events. Lastly, another GCKIV 

kinase, Tnik also interacts with zinedin [153]. Tnik is an effector of the small G protein 

Rap2A to induce brush border formation upon polarization of intestinal epithelial cells 

[160]. When activated by Rap2A, Tnik induces relocalization of Mst4 from Golgi to 

apical membrane of polarized intestinal epithelial cells, leading to phosphorylation of its 

target ezrin and microvilli formation [160]. It would be interesting to determine how the 

interaction of Tnik and STRIPAK-associated zinedin plays a role in brush border 

formation. So far, STRIPAK complexes seem to regulate members of GCKIII and 

GCKIV kinases that are involved in various cellular processes. At the same time, it is 

also possible that the STRIPAK complexes themselves are regulated by the kinases that 

they interact with.  
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STRIPAK and vesicular trafficking 

 Several lines of evidence propose possible roles for the STRIPAK components in 

endocytosis and vesicular trafficking. For instance, inhibition of vesicular trafficking by 

brefeldin A treatment rapidly altered the association of SG2NA and Mob3 with Golgi 

[161].  Mammalian striatin and SG2NA also associate with GAIP-interacting protein, C 

terminus (GIPC) that is involved in receptor endocytosis and trafficking such as TrkA 

[162]. Interestingly, Mob3 has sequence homology with the σ light chain subunit of 

clathrin adaptor complexes, suggesting that Mob3 might be involved in vesicular 

transport. Additionally, Mob3 interacts with proteins involved in clathrin-dependent 

endocytosis, including epidermal growth factor receptor substrate 15 (Eps15), dynamin I, 

and nucleoside-diphosphate kinase (NDPK). Eps15 is an endocytic adaptor protein 

involved in endocytosis of receptor tyrosine kinases such as epidermal growth factor 

receptor (EGFR) [163]. Eps15 has also been shown to associate directly with dynamin I 

[164], a GTPase that is critical in the fission of clathrin-coated vesicles from the plasma 

membrane during endocytosis [165]. Similarly, NDPK was also shown to interact 

directly with dynamin I [165]. In a study using Drosophila, NDPK was shown to regulate 

endocytosis by providing a local pool of GTP for dynamin I [166]. Additional studies 

with the Drosophila Mob3, dMob4 revealed that its function is important for microtubule 

organization, axonal transport, synapse assembly, and neurite growth and branching [167, 

168]. Moreover, dMob4 mutants exhibited phenotypes that were common to other 

endocytic mutants such as Drosophila Eps15 [167]. Together, all these findings suggest 

that STRIPAK may function in endocytosis and vesicular trafficking via Mob3. 
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 Homologs of STRIPAK components found in yeast and several filamentous fungi 

also support the idea of STRIPAK complexes function in vesicular trafficking. Many of 

these STRIPAK components homologs were localized to vacuole or vacuolar structures 

including Golgi and endoplasmic reticulum [169-171]. Also, mutations in these homologs 

resulted in abnormal vacuole phenotypes. For instance, mutations in Ham-2 (STRIP1/2 

homolog), Ham-3 (striatin homolog), or Ham-4 (SLMAP homolog) in Neurospora crassa 

caused enlarged vacuole phenotypes [172]. The yeast SLMAP homolog Far9 has been 

shown to be important for proper sorting of proteins to the vacuole and for secretion of α-

factor [173]. Thus, evidence from multiple organisms implicates a role for STRIPAK 

complexes in endocytosis and vesicular trafficking. 

 

STRIPAK and cerebral cavernous malformation (CCM) disease 

 The identification of Ccm3 as a STRIPAK complex core component implicated 

the STRIPAK complexes in cerebral cavernous malformation (CCM) [150], which can 

result from Ccm3 mutation [174]. CCM is characterized by abnormally enlarged capillary 

cavities that are predominantly found in the central nervous system, especially the brain. 

CCM lesions consist of clusters of dilated blood vessels lined by a single layer of 

endothelium lacking supportive smooth muscle cells. These characteristics of CCM 

lesions make them prone to recurrent hemorrhages. Symptoms include headache, stroke, 

seizure, or even death, while many carriers remain asymptomatic (for reviews, see [175-

178]). Approximately one in 200-250 people are affected by CCM, among which the 

majority is sporadic cases [179, 180]. Familial CCM accounts for the rest of the cases. 

Loss-of-function mutations in one of three CCM loci leads to familial CCM. The three 
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CCM genes are Ccm1 (K-Rev interaction trapped 1; Krit1) [181, 182], Ccm2 

(Osmosensing Scaffold for MEKK3; OSM; Malcavernin) [183, 184], and Ccm3 [174]. 

Since Ccm3 is the only Ccm proteins that associate with STRIPAK, the known functions 

of Ccm3 and how they relate to CCM pathogenesis will be discussed below. 

 

Ccm3 functions and their relation to CCM pathogenesis 

 Ccm3 is implicated in a variety of cellular processes, including apoptosis, cell 

proliferation, cell migration, cell-cell adhesion, cell polarity, and vascular development. It 

has been shown that overexpression of Ccm3 wildtype but not CCM patient-derived 

Ccm3 mutants induced apoptosis, suggesting that the aberrant apoptosis due to loss of 

Ccm3 might lead to the disease [185]. However, the role of Ccm3 in apoptosis is 

controversial as some studies reveal a proapoptotic role of Ccm3 while others reported an 

anti-apoptotic function.  

 Ccm3 is important for vascular development. Depletion of Ccm3 in human 

umbilical vein endothelial cells (HUVECs) increased angiogenic sprouting and led to 

failure in lumen formation, while morpholino KD of Ccm3 in zebrafish showed defects in 

cranial vasculature lumenization [186-188]. In mice, loss of Ccm3 caused defective cell-

cell junctions and vascular integrity, and also vascular defects including increased venous 

size and venous rupture [186, 189]. Similar phenotypes were also reproduced by using 

endothelial cell lines in which Ccm3 loss caused increased vessel size, decreased vessel 

density, compromised vessel integrity, and disruption of tight junctions (TJs) and 

adherens junctions (AJs) [189]. Thus, these observed phenotypes of Ccm3 loss in cell 

lines as well as model organisms may contribute to the characteristics of CCM lesions. 
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 Ccm3 has been shown to stabilize vascular endothelial growth factor receptor 2 

(VEGFR2) by blocking its endocytosis and degradation [189]. Interestingly, expression 

of CCM patient-derived Ccm3 mutants with C-terminal truncation enhanced VEGFR2 

internalization and degradation, suggesting that Ccm3 function in VEGFR2 stabilization 

may be linked to CCM pathogenesis [189]. While one study failed to show the 

connection between Ccm3 and VEGF signaling, it would be interesting to further 

investigate the functional significance of Ccm3 regulation of VEGFR2 and its relation to 

STRIPAK and CCM pathogenesis. 

 Several lines of evidence suggest that Ccm3 is important for STRIPAK-associated 

PP2A-mediated regulation of GCKIII kinases and that misregulation of GCKIII by Ccm3 

mutants lead to CCM development. Ccm3 binds GCKIII kinases via its dimerization 

domain at N-terminus [190]. Ccm3 also binds to the striatin family members of 

STRIPAK complexes [150, 152], binds Ccm2 forming a Ccm1-Ccm2-Ccm3 complex 

(Ccm complex) [191-194], and binds paxillin as well via its C-terminal FAT-homology 

domain [192]. In line with this, Ccm3 has been shown to recruit GCKIII kinases to the 

STRIPAK complexes [152]. Additionally, association between GCKIII kinases and 

Ccm2 has been detected [194, 195], suggesting a possible role of Ccm3 in recruiting 

GCKIII kinases to the Ccm complex. In addition to the previously discussed role of 

STRIPAK in negatively regulating GCKIII kinases probably through Ccm3, which 

tethers the kinases to STRIPAK, Ccm3 also regulates Golgi assembly, Golgi and 

centrosome polarization, and cell migration by stabilizing GCKIII kinases [196]. Ccm3 

knockdown resulted in ubiquitination and degradation of GCKIII kinases and defects in 

Golgi assembly, Golgi and centrosome polarization, and cell migration [196]. More 
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importantly, CCM patient-derived Ccm3 mutants that do not interact with GCKIII 

kinases did not rescue the phenotypes due to Ccm3 depletion, indicating the functional 

significance of Ccm3 and GCKIII interaction in Golgi function and cell polarity and 

migration may be key to CCM pathology [196]. 

 Studies in zebrafish also implicate the potential importance of the interaction 

between Ccm3 and GCKIII kinases in CCM pathogenesis. A CCM patient-derived Ccm3 

mutant with a small N-terminal in-frame deletion and/or the equivalent deletion mutant in 

zebrafish does not bind GCKIII kinases while still forming the Ccm complex with Ccm1 

and Ccm2 [197, 198]. Inactivation of Ccm3 genes (Ccm3a and Ccm3b) or morpholino in-

frame skipping of GCKIII binding site in Ccm3a with inactivation of Ccm3b in zebrafish 

led to severe cardiovascular phenotypes including cardiac dilation and pericardial edema 

[197, 198]. Also, depletion of all GCKIII kinases or of a combination of Ccm3 with 

either Mst3 or Ysk1 resulted in similar cardiovascular defects [198]. Together, these data 

support the idea that the interaction between Ccm3 and GCKIII kinases are critical in 

proper cardiovascular development in zebrafish as well as in understanding the 

mechanisms underlying CCM pathology [197, 198].  

 

Goals of the Dissertation 

 For the last few decades, PP2A has been the focus of numerous studies which 

found that the heterotrimeric nature of PP2A forms potentially over 90 different 

complexes that regulate a plethora of cellular processes. These studies also revealed that 

complex regulatory mechanisms control PP2A. Among these, carboxyl methylation on 

the C-terminal leucine residue of PP2Ac was found to be critical for formation of 
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methylation-dependent holoenzyme complexes and thus regulates specificity and 

function of the enzyme. Evading normal cellular control of PP2A by PP2Ac methylation 

was also demonstrated to be a means for tumor viruses to promote tumorigenesis [199]. 

As a result, ways to increase PP2Ac methylation levels such as using inhibitors of PME-1 

may be an alternative strategy to combat cancer where PP2Ac methylation is defective. 

However, similar knowledge on the methylation-dependency of PP2A-related 

phosphatases (PP4 and PP6) is lacking. The C subunits of PP4 and PP6 contain the 

completely conserved leucine residue that is the site of carboxyl methylation in PP2Ac, 

but only PP4c has been shown to be methylated. The organization of PP4 and PP6 

holoenzymes has just begun to be explored as well. Therefore, it remains to be 

determined whether similar mechanisms to PP2A exist for regulation of PP4 and PP6 

methylation and function. Specifically, whether PP6 is methylated needs to be 

determined and, if it is, the methyltransferase(s) responsible for PP4c and PP6c 

methylation needs to be identified. Moreover, the mechanistic role of methylation in the 

regulation of these phosphatases would then need to be uncovered. 

Among the many heterotrimeric complexes of PP2A found in normal cells are 

complexes that are methylation-independent. The most well established of these are 

PP2A heterotrimeric complexes containing B’’’ (striatin family) B-type subunits. 

Recently, there was an explosion of research focused on these striatin-associated PP2A 

complexes to determine their molecular organization and function. Intriguingly, the 

striatin-associated PP2A complexes have been implicated in a number of human diseases, 

especially cerebral cavernous malformations (CCM). In addition to the presence of 

striatin and PP2A, the striatin-associated PP2A complexes consist of a number of core 
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proteins, including Mob3, GCKIII kinases, and Ccm3 and Ccm3, the gene encoding 

Ccm3 protein, is one of the three CCM family genes mutated in CCM. However, the 

mechanisms that regulate the molecular structure and function of the striatin-associated 

PP2A complexes and the functional significance of the co-existence of a kinase and a 

phosphatase in this one functional unit remain largely unexplored. 

 To address these gaps, studies presented in this dissertation were performed to 

investigate the control of PP2A family phosphatase holoenzyme assembly and function 

by methylation (Fig. 1-7A). In addition, the molecular architecture of the striatin family-

associated PP2A complexes were studied in great detail (Fig. 1-7B). The findings reveal 

that PP6c, like PP2Ac and PP4c, is methylated and that LCMT-1 is the major 

methyltransferase for all three of these PP2A family phosphatases. Also, similar to PP2A, 

PP4 forms both methylation-dependent and methylation-independent complexes. The 

importance of PP6c methylation for PP6 holoenzyme assembly remains to be further 

explored. In addition, studies in this dissertation on the striatin-associated PP2A complex 

indicate that striatin brings PP2A and GCKIII kinases together to negatively regulate 

GCKIII kinase activity by PP2A-mediated dephosphorylation of GCKIII kinases. 

Overall, these studies provide important insights into the mechanisms that regulate the 

formation and function of complexes formed by both PP2A and PP2A-related 

phosphatases (PP4 and PP6). These insights may relate to pathogenesis of some human 

diseases where dysfunction of these enzymes is observed. 
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Figure 1-7. Hypothetical models illustrating the regulation mechanisms of PP2A family 

phosphatases and the STRIPAK complex. 

 (A) LCMT-1 is the methyltransferase for PP2Ac. PP2Ac methylation by LCMT-1 

regulates the holoenzyme assembly and function of PP2A. While PP4c methylation has 

been reported, no evidence exists for PP6c methylation. Since both PP4c and PP6c 

possess the conserved C-terminal leucine, the site of methylation in PP2Ac, it was 
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hypothesized that LCMT-1 is the major methyltransferase for both PP4c and PP6c. In 

addition, it seems highly likely that LCMT-1 also regulates the holoenzyme assembly and 

function of these PP2A family phosphatases. (B) The striatin-associated PP2A complex 

was found to interact with a number of proteins, including Mob3, GCKIII kinases, and 

Ccm3, and forms a multiprotein complex called STRIPAK. Aims of this study were to 

identify the mechanisms that regulate the molecular structure and function of the striatin-

associated PP2A complexes. Additionally, it is intriguing that GCKIII kinases and PP2A 

co-exist in this one functional unit and it led to a hypothesis that 

phosphorylation/dephosphorylation by these enzymes plays an important role in 

regulating the striatin-associated PP2A complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 

CHAPTER 2 

Results 

 

Carboxyl Methylation of Protein Phosphatase 4 by LCMT-1 is 

important for PP4 holoenzyme assembly and function 

 

Introduction 

 Protein phosphatase 2A (PP2A) is a multifunctional serine/threonine protein 

phosphatase that is involved in a variety of cellular processes including cell cycle 

regulation, cell signaling, apoptosis, and development [4]. PP2A primarily exists as 

heterotrimeric complexes made up of a structural A subunit (PP2A A), a catalytic C 

subunit (PP2Ac), and one of many B-type regulatory/targeting subunits. B-type subunits 

are encoded by different genes, some with multiple splice variants, and are classified into 

4 groups: B (PPP2R2), B’ (PPP2R5), B’’ (PPP2R3), and B’’’ (Striatin family). 

Combination of the PP2A A/C core dimer with one of many B-type subunits determines 

enzyme activity, substrate specificity, and subcellular localization.  

The PP2A-related phosphatases, protein phosphatase 4 (PP4) and protein 

phosphatase 6 (PP6), are also involved in numerous cellular processes including cell 

cycle regulation and cell signaling pathways [85, 200, 201]. PP4 and PP6 have functions 

that are distinct from PP2A but also some common or overlapping functions. For 

example, one common function of PP2A, PP4, and PP6 is to dephosphorylate γ-H2AX, a 



49 

marker of DNA double-stranded breaks, formed during DNA replication or by DNA 

damage [89-97]. 

 PP2Ac is methylated on its carboxyl-terminal leucine, leucine 309 (L309). 

Carboxyl methylation on Leu309 is tightly regulated by leucine carboxyl 

methyltransferase 1 (LCMT-1) [15-20] and protein phosphatase methylesterase 1  (PME-

1) [21-23]. The C-terminal residues (307YFL309) of PP2Ac are completely conserved in 

PP2A-related phosphatases, PP4 and PP6 [202]. While the catalytic subunit of PP4 

(PP4c) is methylated on its conserved C-terminal leucine, Leu307 [62], methylation of the 

catalytic subunit of PP6 (PP6c) has not yet been described. In addition, the identities of 

the PP4 methyltransferase and methylesterase remain unknown. 

 One major function of PP2Ac carboxyl methylation is to regulate PP2A 

holoenzyme assembly. Depending on the methylation state of PP2Ac, PP2Ac binds 

different sets of B-type subunits creating either methylation-dependent or methylation-

independent complexes. Organization of PP4 and PP6 holoenzymes is not fully 

understood and has only recently begun to be elucidated. PP4 and PP6 form hetero-

oligomeric complexes that consist of a catalytic subunit and one or more 

regulatory/targeting subunits. Five different PP4 regulatory subunits have been reported 

thus far: PP4R1, PP4R2, PP4R3α and β, and PP4R4 [69-72]. PP4c associates with one or 

two of these regulatory subunits forming either a heterodimeric or heterotrimeric 

complex. PP6 is known to assemble into a heterotrimeric complex formed by PP6c 

binding to a SAPS (Sit4-Associated Proteins) regulatory subunit and an ARS (ankyrin 

repeat subunit) regulatory subunit [27, 83]. As for PP2A, enzyme activity and substrate 

specificity are specified by the regulatory subunits that associate with PP4c and PP6c. 
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Despite high sequence similarities, each PP2A family phosphatase has a set of regulatory 

subunits that are generally not shared with each other. One exception is a protein called 

α4, a common binding partner of PP2A family phosphatases that binds to C subunits 

independently from other regulatory or structural subunits [107-112]. While the role of 

PP2Ac methylation on PP2A heterotrimeric assembly is understood, how PP4 and PP6 

holoenzymes are assembled has not been studied in detail. Therefore, how methylation of 

these PP2A-related phosphatases relates to their holoenzyme assembly is of fundamental 

interest. 

 Here we show that as for PP2Ac and PP4c, PP6c is methylated in vivo. Like for 

PP2Ac, LCMT-1 is the major methyltransferase for PP4c and PP6c. As previously 

reported for PP2A and Tap42 in yeast, loss of LCMT-1 leads to increased PP2Ac 

interaction with α4. Intriguingly, loss of LCMT-1 altered distribution of PP4 complexes 

as observed by blue native polyacrylamide gel electrophoresis (BN-PAGE), indicating 

that PP4 forms both methylation-dependent and methylation-independent complexes. 

Further analyses of PP4 holoenzyme assembly reveal that the methylation-dependent PP4 

complex that is lost in LCMT-1 KO MEFs contains PP4R1 while the largely 

methylation-independent PP4 complex is composed of PP4R2 with either PP4R3α or 

PP4R3β. Lastly, hyperphosphorylation of HDAC3, a substrate of PP4R1-PP4c complex, 

was observed by LCMT-1 loss. Thus, our data indicate that LCMT-1 not only regulates 

carboxyl methylation of PP2A family phosphatases but also their holoenzyme assembly 

and function.  
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Methods and materials 

 

Antibodies and other reagents 

 Methylation-sensitive antibodies were used to detect the level of demethylated 

PP2Ac (clone 4b7; available from EMD Millipore), PP4c (Bethyl Laboratories, Inc.), and 

PP6c (Bethyl Laboratories, Inc.). Methylation-insensitive antibodies were used to detect 

the total level of PP2Ac (BD Transduction Laboratories), PP4c (Bethyl Laboratories, Inc. 

and R&D systems), and PP6c (Proteintech). Other antibodies used include anti-α-tubulin 

mouse monoclonal antibody (Calbiochem), anti-GAPDH mouse monoclonal antibody 

(Novus Biologicals), anti-actin goat polyclonal antibody (Santa Cruz Biotechnology), 

anti-HA tag mouse monoclonal antibody 16B12 (Covance), anti-α4 mouse monoclonal 

antibody (EMD Millipore), anti-PP2A B subunit mouse monoclonal antibody clone 2G9 

(EMD Millipore), anti-HDAC3 rabbit monoclonal antibody (EMD Millipore), and anti-

phospho-HDAC3 (Ser424) rabbit polyclonal antibody (Cell Signaling). All rabbit 

antibodies against PP4 regulatory subunits were from Bethyl Laboratories, Inc. Protein 

G-Sepharose 4B beads (Invitrogen), TrueBlot® anti-Rabbit Ig IP Beads (Rockland 

Immunochemicals Inc.), TrueBlot® anti-Rabbit IgG (HRP) (Rockland Immunochemicals 

Inc.), and Clean-Blot Detection Reagent (HRP) (Thermo Scientific) were used for 

immunoprecipitation and detection.  

 Peptides corresponding to C-terminal residues of PP4c (Ac-

CTRGIPSKKPVADYFL-Me) and PP6c (Ac-CSERVIPPRTTTPYFL-Me) were 

synthesized by NeoBioScience (Cambridge, MA) and used to characterize the 
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methylation-sensitive PP4c and PP6c antibodies. PP2A C-terminal peptide was used to 

pre-adsorb PP4c antibody.  

 

Cell culture and transfection 

 LCMT-1 wildtype, hemizygous, and homozygous knockout mouse embryonic 

fibroblasts (MEFs) were isolated from E14.5 or older mouse embryo torsos and cultured 

in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine 

serum, 1mM sodium pyruvate, and nonessential amino acids at 37°C in 5% CO2. QBI293 

(QBI-HEK-293 from QBiogene) cells were cultured in DMEM supplemented with 10% 

fetal bovine serum at 37°C in 10% CO2. QBI293 cells were transfected using FuGENE™ 

6 transfection reagent (Promega) and Opti-MEM® I Reduced Serum Medium (Gibco®) 

according to the manufacturer's protocol. 

 

Cell lysis, immunoprecipitation, SDS-PAGE, and immunoblotting 

 Cells were washed with ice-cold phosphate-buffered saline and IP wash buffer 

(0.135 M NaCl, 10% glycerol, 20 mM Tris, pH 8.0) before being lysed with IP lysis 

buffer (IP wash buffer containing 1% Nonidet P-40, 0.04 trypsin inhibitor units/ml 

aprotinin, 1 mM phenylmethylsufonyl fluoride, 50 mM sodium fluoride, and 1mM 

sodium orthovanadate) by rocking for 20 minutes at 4°C. Lysates were cleared by 

centrifugation at 13,000 × g for 10 minutes at 4°C. Protein concentration was determined 

by using Bio-Rad Protein Assay Dye Reagent Concentrate according to the 

manufacturer's instruction. In order to co-immunoprecipitate protein complexes, cell 

lysates were incubated either with crosslinked antibody-sepharose beads or with 
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immunoprecipitating antibody and sepharose beads for 1.5 hours at 4°C. Protein lysate 

samples and immunoprecipitates were resolved by SDS-PAGE and transferred to 

nitrocellulose membranes for western blotting. Bands from immunoblotting were 

visualized by enhanced chemiluminescence and a Fluor S-Max Chemilumimager (Bio-

Rad), which directly measures band intensities via a supercooled CCD camera that 

provides linear data over 4.8 orders of magnitude. Quantity One software from Bio-Rad 

was used to quantify band intensities. 

 

Methylation assay 

 Methylation assays for PP4c and PP6c were performed as previously reported for 

PP2A [34]. Briefly, two equal aliquots of cell lysates were prepared. One aliquot of each 

cell lysate was treated with pre-neutralization solution to preserve methylation state of 

PP4c and PP6c. The other aliquot was treated with 200mM NaOH base solution for 5 

minutes on ice, which removes all C-terminal carboxyl methylation. Samples were 

analyzed by SDS-PAGE and immunoblotting using methylation-sensitive antibodies to 

determine the level of carboxyl methylation on PP4c and PP6c. 

 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) 

 To preserve native protein complexes, cells were lysed in non-denaturing lysis 

buffer containing 1% Triton X-100. 20ug of cell lysates per lane were resolved by 

NativePAGE™ Novex 4–16% Bis-Tris Gels (Life Technologies) according to the 

manufacturer's instruction. Proteins were transferred to PVDF (polyvinylidene difluoride) 

membranes for immunoblotting. For BN-PAGE experiments, freshly prepared cell 
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extracts were always used instead of frozen cell lysates to preserve the native state of 

protein complexes.  

 

Results 

 

LCMT-1 is the major methyltransferase for PP4c and PP6c 

 We hypothesized that PP6c is methylated because of its similarity to PP2Ac and 

PP4c, including the identity of their C-terminal YFL residues, which include the C-

terminal leucine methylated in PP2Ac and PP4c (Fig. 2-1A). For the same reason we also 

hypothesized that LCMT-1 was the methyltransferase for these PP2A family 

phosphatases. To test this hypothesis, we first developed western blot-based assays for 

PP4c and PP6c methylation analogous to the assay we use routinely for determining the 

methylation state of PP2Ac [34]. Based on our previous experience with antibodies to 

PP2Ac, we reasoned that antibodies raised to unmethylated C-terminal peptides of PP4c 

and PP6c may be largely specific for unmethylated PP4c and PP6c. To test this, we 

obtained C-terminal antibodies to these phosphatase catalytic subunits from Bethyl 

laboratories and tested their specificity for peptides corresponding to the C-termini of 

methylated and unmethylated PP4c and PP6c. Both the PP4c and PP6c C-terminal 

antibodies showed high specificity for unmethylated PP4c and PP6c peptides and almost 

no reactivity to the corresponding methylated peptides (Fig. 2-1B and C), demonstrating 

that the binding of these antibodies is indeed inhibited by methylation. Thus, these 

antibodies provide valuable reagents for analyzing the methylation state of PP4c and 
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Figure 2-1. PP4c and PP6c are highly methylated in vivo by LCMT-1. 

 (A) A stick diagram illustrating PP2Ac, PP4c, and PP6c proteins. The conserved 

C-terminal YFL sequence is shown where the leucine residue is the known methylation 
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site in PP2Ac and PP4c. (B-C) Testing methylation-sensitive PP4c and PP6c antibodies. 

PP4c and PP6c peptides of 16 C-terminal amino acid residues were synthesized to 

characterize the methylation-sensitive PP4c and PP6c antibodies. Two different 

concentrations of the PP4c (B) and PP6c (C) peptides were demethylated by base 

treatment and spotted onto nitrocellulose membranes along with methylated peptides. 

Western blotting was performed using the methylation-sensitive PP4c (B) and PP6c (C) 

antibodies. (D-F) Equal amounts of cell lysates from LCMT-1 WT and KO MEFs were 

treated with or without base. Cell lysates were resolved by SDS-PAGE and western 

blotting was performed using the methylation-sensitive PP4c (D) and PP6c (E) antibodies. 

α-Tubulin (α-Tub) serves as a loading control. Base treatment removes all carboxyl 

methylation in proteins and thus the plus base lane (+) represents total amount of 

demethylated proteins of interest in reactions. Normalizing the amount of demethylated 

protein in the minus base lane (-) to that of the plus base lane (+) gives the percent 

demethylation of the protein, which can then be converted to the percent methylation 

(100 - % demethylation). The percent methylation of PP4c and PP6c are quantified in (F). 

The error bars represent the standard deviation of at least three independent experiments. 

**, p ≤ 0.01. 
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PP6c and the same lot of them that was characterized in Figure 2-1B and C was used 

throughout this study.  

To use these antibodies for quantitation of PP4c and PP6c methylation on western 

blots, it is critical that they specifically only recognize the corresponding protein or that 

the phosphatases can be clearly separated. While the PP6 antibody specifically 

recognized PP6 (data not shown), we found that the C-terminal PP4c antibody 

demonstrated some cross-reactivity to PP2Ac. While we could usually resolve PP4c and 

PP2A on gels, to produce a more specific antibody specific for unmethylated PP4c, we 

pre-adsorbed this antibody with a PP2Ac C-terminal peptide, resulting in an antibody 

highly specific for unmethylated PP4c (Fig. 2-2). 

We next used these antibodies to analyze PP4c and PP6c methylation in vivo and 

to determine the importance of LCMT-1 for their methylation. Cell lysates from LCMT-1 

wildtype (WT) and knockout (KO) mouse embryonic fibroblasts (MEFs) were treated  

with or without base, which removes all carboxyl methylation. Lysates were then 

resolved by SDS-PAGE and western blotting was performed using the methylation-

sensitive antibodies tested in Fig. 2-1B and C. The results showed that PP4c is highly 

methylated (75.0%±12.8) in WT MEFs but almost unmethylated (6.9% ±4.2) in LCMT-1 

KO MEFs (Fig. 2-1D and F). These results indicate that PP4c is highly methylated in 

vivo and that LCMT-1 is the major PP4c methyltransferase. Similarly, PP6c was also 

highly methylated (76.6%±11.0) in WT MEFs while its methylation level decreased to 

12.6%±2.4 in LCMT-1 KO MEFs (Fig. 2-1E and F), indicating that PP6c is also highly 

methylated in vivo by LCMT-1. Therefore, PP6c is indeed methylated in vivo and  
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Figure 2-2. Pre-adsorption of the PP4c antibody with PP2Ac peptides. 

 PP4c methylation-sensitive antibody was pre-adsorbed with PP2Ac C-terminal 

peptides for an hour rocking at 4°C. While the untreated PP4c antibody detected both 

endogenous PP2Ac and PP4c, pre-adsorption of PP4c antibody helped clear out PP2Ac 

signal without affecting PP4c detection. +, 20ug of PP2Ac peptides; ++, 50ug of PP2Ac 

peptides. 
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LCMT-1 is the major methyltransferase for all three PP2A-related phosphatases PP2Ac, 

PP4c, and PP6c.  

 

Loss of LCMT-1 affects formation of PP2A holoenzyme complexes 

 Previously, our lab has shown that association of PP2Ac with the methylation-

dependent Bα subunit is decreased by LCMT-1 knockdown in HeLa cells [203]. To 

examine whether this association is also compromised by LCMT-1 knockout in MEFs 

isolated from embryos, co-immunoprecipitation was performed using cell lysates from 

LCMT-1 WT, hemizygous, and KO MEFs. Consistent with our previous finding, the 

association of PP2Ac with B subunit was decreased by more than 50% in LCMT-1 KO 

but not in hemizygous MEFs as compared to WT MEFs (Fig. 2-3B and C). It is 

noteworthy that B subunit protein level is also decreased in LCMT-1 KO MEFs, probably 

due to destabilization of B subunit in the absence of LCMT-1 (Fig. 2-3A). Considering 

both the reduction of B subunit amount and the reduced binding of the remaining B 

subunit, we calculate that B subunit trimers are decreased over 90% in LCMT-1 knockout 

MEFs (not shown). 

 To study the effects of LCMT-1 loss on PP2A family phosphatases, we employed 

BN-PAGE, which preserves the integrity of complexes while separating them by 

apparent size. To characterize BN-PAGE for this purpose, we first used it to examine 

changes in PP2A complexes upon LCMT-1 knockout. Non-denatured cell lysates from 

two independently derived sets of LCMT-1 WT and KO MEFs (M1 and M2) were 

resolved by BN-PAGE, and then western blotted with antibodies specific for PP2A B 

subunit and PP2Ac  (Fig. 2-4A and B, respectively) to compare the PP2A complexes.  
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Figure 2-3. Association of PP2A C subunit and B subunit is decreased in LCMT-1 KO 

MEFs. 

 Co-immunoprecipitation was performed using crosslinked 2G9-Protein G 

sepharose beads and cell lysates from LCMT-1 WT (+/+), hemizygote (+/-), and KO (-/-) 

MEFs. Inputs (A) and immunoprecipitates (B) were resolved by SDS-PAGE and 

analyzed by immunoblotting. Actin serves as a loading control. C, control, beads only. 

The relative association of PP2Ac and B subunit is quantified in (C). Error bars represent 

S.D. of three independent experiments. **, p ≤ 0.01. 
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Figure 2-4. Loss of methylation-dependent PP2A heterotrimer in LCMT-1 KO MEFs. 

 Two sets (M1 and M2) of LCMT-1 WT and KO MEFs were lysed in non-

denaturing lysis buffer and equal amounts (20ug/well) of lysates were resolved by BN-

PAGE. Formation of the PP2A complex in the presence and absence of LCMT-1 was 

analyzed by immunoblotting with various antibodies including antibodies against the B 

subunit (2G9) (A) and total PP2Ac (B). (A) Asterisk, the decreased methylation-

dependent PP2A heterotrimer; arrows, the decreased B subunit-containing complex in 

KO; open arrowhead, the high molecular weight PP2A complexes containing A and B 

subunits plus unknown binding partner(s). (B) Asterisk, the methylation-dependent PP2A 

heterotrimer; solid arrowhead, the methylation-independent PP2A heterotrimer; arrow, 

the high molecular weight PP2A complex containing PP2Ac plus unknown binding 

partner(s). 
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The results were striking. PP2A B and C subunits formed a number of major complexes 

with a wide range of molecular weights. First, a substantial amount of PP2A B subunit in 

both WT and KO MEFs is present in a novel large complex of approximately 720kDA 

apparent molecular weight (open arrowhead; Fig. 2-4A) that apparently lacks PP2Ac. 

PP2A A subunit was detected co-migrating with this complex by western blotting (data 

not shown), suggesting that this novel complex contains B subunit and A subunit 

complexed with other yet unidentified proteins in the absence of PP2Ac. Reciprocally, 

the majority of PP2Ac was present in a complex of approximately 150kDa that lacks B 

subunit (solid arrowhead; Fig. 2-4B) but co-migrates with A subunit (not shown). This 

complex is not affected by the loss of LCMT-1, suggesting that this is a methylation-

independent PP2A heterotrimer(s) (solid arrowhead in Fig. 2-4B). The remainder of the B 

subunit in WT MEFs is present mainly in smaller bands of approximately 180kDa 

(asterisk; Fig. 2-4A) and 110kDa, sizes consistent for BAC heterotrimers and BA 

heterodimers, respectively, and a small band of approximately 55kDa, likely B subunit 

monomer (arrows; Fig. 2-4A). Consistent with these possible assignments, the 180 kDa 

complex immunoblots with PP2Ac antibody in WT cells (Fig. 2-4B; asterisk) and A 

subunit antibody (not shown), while the 110kDa complex (solid arrowhead; Fig. 2-4) 

immunoblots only with A subunit (Fig. 2-4B and data not shown). Moreover, the BAC 

PP2A heterotrimer complex (asterisk; Fig. 2-4A and B) is nearly lacking in LCMT-1 KO  

MEFs, consistent with its known dependency on PP2Ac methylation for efficient  

assembly [34, 35]. 

While loss of methylation due to LCMT-1 KO clearly reduced the PP2A BAC 

complex, it generated a novel band containing PP2Ac of very high molecular weight 
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(arrow; Fig. 2-4B). Although only a weak band is shown in Fig. 2-4B due to low 

abundance of this complex, we have consistently observed existence of a small amount of 

this high molecular weight PP2A complex in LCMT-1 WT MEFs as well. This PP2A 

complex will be discussed in more detail below. 

 

Loss of PP2Ac methylation by LCMT-1 knockout redistributes PP2A complexes: Loss 

of PP2Ac methylation by LCMT-1 knockout increases co-migration of α4 with PP2Ac 

 To determine the identity of the minor but very large PP2Ac-containing complex 

that increased in LCMT-1 KO MEFs (arrow in Fig. 2-4B), we searched for candidate 

proteins that interact with PP2Ac in the absence of the A and B subunits. Alpha4 (α4) is 

known to associate with PP2Ac independently of A and B subunits [107, 108, 112, 113]. 

In yeast, Tap42 (yeast α4)-associated PP2Ac accounts for about 2% of the total cellular 

PP2A [4]. As shown in Fig. 2-5A, α4 forms a number of complexes as analyzed by BN-

PAGE. Intensity of the α4 band with the highest molecular weight was enhanced in 

LCMT-1 KO MEFs as compared to WT MEFs (open arrowhead in Fig. 2-5A). 

Interestingly, this α4 complex co-migrated with the PP2Ac band in Fig. 2-4B (arrow) that 

also increases in LCMT-1 KO MEFs, suggesting that α4 and PP2Ac assemble into a very 

large molecular weight complex with other unknown interactors and that the interaction 

between α4 and PP2Ac is enhanced by LCMT-1 KO.  

 To confirm that the loss of the methylation-dependent PP2A heterotrimer and 

redistribution of PP2A complexes in LCMT-1 KO MEFs are indeed due to loss of 

LCMT-1 and therefore loss of PP2Ac methylation, HA-tagged PP2Ac WT and ΔLeu309 
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Figure 2-5. Loss of PP2Ac methylation by LCMT-1 knockout increases co-migration of 

α4 with PP2Ac. 

 (A) Cell lysates from two sets (M1 and M2) of LCMT-1 WT and KO MEFs were 

prepared under non-denaturing conditions and resolved by BN-PAGE for further 

analysis. To determine overall distribution of α4-contatining complexes, antibody against 

α4 was used for immunoblotting. Open arrowhead, α4 co-migrating with PP2Ac; arrow, 

the α4 band that does not co-migrate with PP2A components; bracket, additional α4-

specific bands. (B) QBI293 cells expressing HA-tagged PP2Ac WT and ΔLeu309 mutant 

were lysed in non-denaturing conditions and cell lysates were resolved by BN-PAGE. 

Antibody against HA-tag (16B12) was used to determine PP2A complexes containing 

PP2Ac WT and ΔLeu309 mutant. Asterisk, the methylation-dependent PP2A heterotrimer; 

solid arrowhead, the methylation-independent heterotrimer; arrow, the free PP2Ac; open 

arrowhead, co-migration with α4. 
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mutant were analyzed by BN-PAGE. While HA-tagged PP2Ac WT formed both 

methylation-dependent and methylation-independent heterotrimers similar to endogenous 

PP2Ac (asterisk and solid arrowhead, respectively; Fig. 2-5B), the PP2Ac ΔLeu309 mutant 

formed only methylation-independent heterotrimers (solid arrowhead in Fig. 2-5B). 

Interestingly, the PP2Ac ΔLeu309 mutant had a great increase in free C subunit (arrow in 

Fig. 2-5B) compared to WT PP2Ac, consistent with a previous report that a small 

population of a similar methylation-deficient PP2Ac L309A mutant exists as free C 

subunits [36]. Moreover, the high molecular weight PP2Ac complex associated with α4 

was enhanced in PP2Ac ΔLeu309 mutant as compared to WT (open arrowhead; Fig. 2-

5B), confirming that loss of PP2Ac methylation leads to increased association between 

PP2Ac and α4. Our results from Fig. 2-5A and 2-5B are consistent with the previous 

finding in yeast that the interaction of Tap42 (yeast α4) with Pph22 (yeast PP2Ac) 

increased in PPM1 (yeast LCMT-1)-deficient yeast cells [31], demonstrating that the 

conservation of this phenomenon between different species. 

 

LCMT-1-mediated PP4 methylation regulates the stable formation of certain PP4 

complexes 

 PP2Ac methylation greatly enhances the formation of certain PP2A heterotrimers, 

enhances the formation of others to a lesser degree, and has no effect on still others [32-

34]. To determine whether LCMT-1-mediated methylation regulates the steady-state 

levels of PP4 and PP6 complexes, PP4 and PP6 complexes were examined in matched 

WT and LCMT-1 knockout MEFs using BN-PAGE. As shown in Fig. 2-6A, PP4c 

formed a large complex at about 450kDa (filled arrowhead) that was found in similar  
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Figure 2-6. Loss of LCMT-1 affects formation of the PP4 protein phosphatase 

complexes. 

 Formation of the PP4 and PP6 complexes in the presence and absence of LCMT-1 

was analyzed by BN-PAGE and immunoblotting with antibodies including antibodies 

against total PP4c (A) and total PP6c (B). Cell lysates of two sets (M1 and M2) of 

LCMT-1 WT and KO MEFs that were prepared under non-denaturing conditions were 

used. (A) Asterisk, the methylation-dependent complex; filled arrowhead, the 

methylation-independent complex; bracket, increased in KO. (B) Filled arrowhead, the 

major PP6 complex. 
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amounts in WT and LCMT-1 KO MEFs, indicating that this complex is mainly 

methylation-independent (hereafter referred to as “450kDa PP4 complex”). Of note, this 

PP4 complex always migrates slightly slower in LCMT-1 KO MEF lysates, suggesting 

that post-translational modification of one or more components or gain or exchange of 

one or more binding partners may have been induced by loss of LCMT-1. Interestingly, 

PP4c formed a second large complex(es) migrating as a broad band between 

approximately 250kDa and 350kDa (asterisk) and much of this complex was lost in 

LCMT-1 KO MEFs (hereafter referred to as “300kDa PP4 complex”), indicating that this 

complex is largely methylation-dependent. Corresponding with the great loss of the 

300kDa PP4 complex, new, smaller PP4c complexes appeared only in LCMT-1 KO 

MEFs (bracket; Fig. 2-6A), suggesting that there is a redistribution of PP4c population by 

LCMT-1 loss. Based on its size, the smallest band indicated by the bracket probably 

represents free PP4c monomers, which are absent in WT MEFs, while the larger band in 

the bracket may be a PP4c complex that lost or exchanged one or more interacting 

protein(s). Therefore, similar to the case for PP2A, PP4 methylation appears to 

differentially affect the stable assembly of PP4 holoenzymes. Interestingly, however, in 

apparent contrast to PP2A and PP4 protein complexes, similar analysis of PP6 complexes 

in WT and LCMT-1 KO MEFs showed that PP6 formed one major complex of about 

250kDa that did not change upon LCMT-1 KO (filled arrowhead; Fig. 2-6B), suggesting 

that PP6 forms one major methylation-independent protein complex in MEFs. Whether 

this complex is in fact a mixture of co-migrating PP6 complexes or is a single complex 

predominating in MEFs remains to be determined. Thus it is possible that methylation-

sensitive PP6 complexes exist but were not amenable to detection in this system.  
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PP4R1-associated PP4 holoenzyme complex is methylation-dependent 

 To determine the components of the 450kDa and 300kDa PP4 holoenzyme 

complexes identified in Fig. 2-6, cell lysates of WT and LCMT-1 KO MEFs were 

resolved by BN-PAGE and analyzed using antibodies against PP4 regulatory subunits 

(PP4Rs). PP4R1 co-migrated with the 300kDa PP4 complex that was greatly reduced in 

LCMT-1 KO (asterisk; Fig. 2-7A). Consistent with the hypothesis that PP4R1 is part of 

the methylation-dependent 300kDa PP4 complex, the 300kDa PP4R1 band was 

substantially decreased in LCMT-1 KO MEFs as compared to WT (asterisk; Fig. 2-7B). 

On the other hand, PP4R2 was found to co-migrate with the 450kDa PP4 complex that 

was mostly intact in LCMT-1 KO MEF lysates (filled arrowhead; Fig. 2-7A). As was the 

case for the 450kDa complex containing PP4c (filled arrowhead; Fig. 2-6A), PP4R2 

migration was slightly retarded in LCMT-1 KO MEF lysates (filled arrowhead; Fig. 2-

7C). This result supports the idea that PP4R2 is indeed a component of the 450kDa PP4 

complex and that PP4R2 and PP4c remain in the same complex even in the absence of 

LCMT-1 and PP4c methylation (i.e., that PP4R2-PP4c association is not regulated by 

methylation). BN-PAGE analysis also showed that the majority of PP4R3α co-migrates 

with the 450kDa PP4 complex while a minor population of PP4R3α co-migrates with the 

300kDa PP4 complex (Fig. 2-7A). Lastly, PP4R3β was found in the upper band of PP4 

complex (filled arrowhead; Fig. 2-7A). Finally, PP4R4 could not be studied by this 

approach due to lack of commercially available antibody with sufficient specificity. Thus, 

based on co-migration and in the case of PP4R2 its altered electrophoretic mobility in 

LCMT-1 KO MEF lysates, these experiments suggest that the 450kDa PP4 band is  
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Figure 2-7. PP4R1-associated PP4 holoenzyme complex is methylation-dependent. 

 Cell lysates of LCMT-1 WT MEFs were analyzed by BN-PAGE and 

immunoblotting using antibodies against the total PP4c and PP4 regulatory subunits 

(PP4R1, PP4R2, PP4R3α, and PP4R3β) (A). Migration of PP4R1 (B) and PP4R2 (C) 

subunits was compared between LCMT-1 WT and KO MEFs. Filled arrow indicates the 

migration of the 450kDa PP4 complex, while asterisk indicates the migration of the 

300kDa PP4 complex. 
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minimally comprised of PP4c, PP4R2, and either PP4R3α or PP4R3β, while the 300kDa 

PP4 band is minimally composed of PP4c and PP4R1 and/or PP43α. 

 While the co-migration results above are suggestive of which PP4 holoenzymes 

might constitute the 450kDa and 300kDa PP4 complexes, we devised an additional 

approach termed BN-PAGE EMSA (blue native polyacrylamide gel electrophoretic 

migration shift assay) to test directly which PP4 regulatory subunits are found in these 

two PP4 complexes. For this assay, cell lysates from WT MEFs were incubated with 

different PP4 regulatory subunit immunoprecipitating antibodies prior to being analyzed 

by BN-PAGE to determine if the antibodies are capable of retarding the migration of 

(“shifting”) one or both of the PP4 complexes. If an antibody shifts a PP4c band, it would 

imply that the target of that antibody is a component of that PP4c band. The results of our 

analysis are shown in Fig. 2-8A and 2-8B and the first lane in each panel is a control lane 

that shows the 450kDa (filled arrowhead) and 300kDa (asterisk) PP4 bands described in 

Fig. 2-6A) that are seen if no antibody is added to the lysate prior to electrophoresis.  

When PP4R1 antibody was used (lane 2; Fig. 2-8A), it shifted the majority of the 

300kDa PP4 complex (asterisk) without disturbing the upper band of PP4 complex (filled 

arrowhead). The shifted 300kDa PP4 band can be seen in part just above the 450kDa PP4 

band in the PP4R1 antibody lane. This indicates that PP4R1-associated PP4c constitutes 

at least a large portion of the 300kDa PP4 complex whose formation is largely lost in 

LCMT-1 KO MEFs. The fact that some of the 300kDa PP4 complex was not shifted by 

PP4R1 antibody suggests that this complex may be a mixture of two co-migrating 

complexes, one containing PP4c and PP4R1 and another PP4c and an unidentified PP4 

regulatory subunit. PP4R4 is a potential candidate for the unidentified PP4 regulatory  
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Figure 2-8. The 300kDa PP4 band is minimally composed of PP4c and PP4R1, while the 

450kDa PP4 complex is minimally comprised of PP4c, PP4R2, and either PP4R3α or 

PP4R3β.  

 Cell lysates of LCMT-1 WT MEFs were incubated with PP4R-

immunoprecipitating antibodies which would then bind and retard the migration of 

corresponding PP4 complexes. The resulting supershifts of the PP4 complexes were 

analyzed by BN-PAGE. (A) Supershift of PP4 complexes by PP4R1 or PP4R2 

antibodies. (B) Supershift of PP4 complexes by PP4R3α, PP4R3β, or both PP4R3α/β 

antibodies. Asterisk, the methylation-dependent complex (the 300kDa PP4 band); filled 

arrowhead, the methylation-independent complex (the 450kDa PP4 band); bracket, 

migration of PP4 complexes whose migration slowed down. 
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subunit since epitope-tagged PP4R4 exhibited similar mobility as the lower band of PP4 

complex when analyzed by BN-PAGE (data not shown).  

While PP4R1 antibody shifted the 300kDa PP4 complex but not the 450kDa 

complex, antibody to PP4R2 did the opposite (lane 3; Fig. 2-8A). Strikingly, PP4R2 

antibody bound and shifted the entire 450kDa PP4 complex (lane 3, filled arrowhead), 

creating higher molecular weight bands (bracket). The variability of the size of the shifted 

bands likely results from the use of a polyclonal R2 antibody, which might allow the 

binding of a variable number of antibodies to R2. No change in the 300kDa PP4 complex 

was observed using PP4R2 antibody (lane3, asterisk; Fig. 2-8A). This reveals that the 

entire population of the 450kDa PP4 complex contains PP4R2.   

 Figure 2-8B shows the results of testing the effect of PP4R3α and PP4R3β 

antibodies. PP4R3α antibody bound and shifted the majority of the upper band of PP4 

complex (lane 2, filled arrowhead), creating higher molecular weight bands (bracket). 

Binding of the PP4R3α antibody did not affect the lower band of PP4 complex for the 

most part (lane 2, asterisk; Fig. 2-8B). These results demonstrate that the majority of the 

upper band of PP4 complex consists of PP4R3α in addition to PP4R2. On the other hand, 

PP4R3β antibody bound and shifted only a fraction of the upper band of PP4 complex 

(lane 3, filled arrowhead; Fig. 2-8B), giving rise to much less higher molecular weight 

bands (bracket) as compared to those generated by addition of the PP4R3α antibody (lane 

2, bracket). This indicates that only a small portion of the upper band of PP4 complex 

consists of PP4R3β in addition to PP4R2. It is therefore clear that the PP4R2-associated 

PP4 complex is assembled into two mutually exclusive complexes either with PP4R3α or 

PP4R3β, where a larger portion of the PP4R2-associated PP4 complex is bound to 
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PP4R3α. Indeed, when both PP4R3α and PP4R3β antibodies were used, all of the upper 

band of PP4 complex (lane 4, arrowhead; Fig. 2-8B) was shifted, corroborating our 

hypothesis that the majority of the PP4R2-associated PP4 complex has PP4R3α while 

only a small population of the PP4R2-associated PP4 complex is with PP4R3β. This is in 

agreement with a previous report that identified PP4 heterotrimeric complexes composed 

of PP4c, PP4R2, and either one of PP4R3 subunits, PP4R3α or PP4R3β [71]. 

 

The methylation-dependent PP4R1-associated PP4 holoenzyme complex is largely 

disrupted by LCMT-1 knockout 

 In order to confirm that loss of PP4c methylation by LCMT-1 KO leads to 

disruption of the methylation-dependent PP4 holoenzyme assembly, co-

immunoprecipitation experiment was performed using PP4R antibodies and the 

association of PP4Rs with PP4c was examined in the presence and absence of LCMT-1. 

As shown in Figure 2-9A and D, the association of PP4R1 with PP4c was dramatically 

decreased to 51% as compared to that of wildtype upon LCMT-1 KO. Considering the 

fact that the PP4R1 protein level is downregulated (by 19%; Fig. 2-9A and E) upon 

LCMT-1 KO, the association between PP4c and PP4R1 may be further diminished. 

However, the interaction of PP4R2 with PP4c remained mostly unaffected (by 13%) in 

the absence of LCMT-1 (Fig. 2-9B and D). Interestingly, the protein level of PP4R2 was 

upregulated (1.62 fold increase) by LCMT-1 loss (Fig. 2-9B and E). Binding of PP4R3β 

to PP4c showed about 23% of decrease by LCMT-1 loss (Fig. 2-9C and D). Similar to 

PP4R1, the PP4R3β protein level is downregulated (by 19%; Fig. 2-9C and E) upon 

LCMT-1 KO. Interestingly, PP4c protein expression was also upregulated in LCMT-1  
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Figure 2-9. Formation of PP4R1-associated PP4 holoenzyme complexes is decreased by 

LCMT-1 knockout. 

 (A-C) Co-immunoprecipitation was performed using PP4R antibodies and cell 

lysates from LCMT-1 WT and KO MEFs. Inputs and immunoprecipitates were resolved 

by SDS-PAGE. Relative association of PP4c with PP4R1 (A), PP4R2 (B), and PP4R3β 

(C) in the presence and absence of LCMT-1 were analyzed by immunoblotting. The 

relative association of PP4c and PP4R1, PP4R2, or PP4R3β is quantified in (D). Protein 

levels of PP4Rs and PP4c in the presence and absence of LCMT-1 are quantified in (E) 

and (F), respectively. Error bars represent S.D. of at least three independent experiments. 

*, p ≤ 0.05; **, p ≤ 0.01. 
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KO (Fig. 2-9F). These results corroborate the findings that loss of PP4c methylation by 

LCMT-1 KO leads to disruption of the methylation-dependent PP4R1-associated PP4 

holoenzyme complexes primarily without disturbing the methylation-independent PP4 

complexes.  

 

Loss of LCMT-1 results in hyperphosphorylation and activation of HDAC3 

 Since our experiment showed that loss of LCMT-1 have a profound effect on the 

PP4R1-associated PP4 complex formation, we examined the downstream substrates of 

PP4R1-associated PP4 complex. HDAC3 is one of known substrates of the PP4R1-

associated PP4 complex. It has been reported that PP4R1-PP4c complex downregulates 

HDAC3 activity by dephosphorylation at Ser424 [75]. To determine whether loss of the 

methylation-dependent PP4R1-associated PP4 complex due to LCMT-1 knockout leads 

to hyperphosphorylation of HDAC3, cell lysates of LCMT-1 WT and KO MEFs were 

analyzed for phosphorylation of HDAC3 at Ser424. Indeed, LCMT-1 KO MEFs exhibited 

hyperphosphorylation at Ser424 as compared to WT (Fig. 2-10). Therefore, it appears that 

since phosphorylation of HDAC3 on Ser424 stimulates its HDAC activity, disruption of 

the PP4R1-associated PP4 complex due to loss of LCMT-1 results in 

hyperphosphorylation and activation of HDAC3. 

 

Discussion 

 Here we provide the first evidence that indicates PP6c is carboxyl methylated in 

vivo (Fig. 2-1E). The use of methylation-sensitive antibody against PP6c in methylation 
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Figure 2-10. Loss of LCMT-1 results in hyperphosphorylation and activation of HDAC3. 

 (A) Cell lysates of LCMT-1 WT and KO MEFs were resolved by SDS-PAGE and 

analyzed by immunoblotting to determine the level of phpspho-HDAC3 (Ser424). Total 

HDAC3 antibody was used to compare the amount of HDAC3 protein in each sample. 

The relative amount of phpspho-HDAC3 is quantified in (B). 
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assay proved that PP6c is highly methylated. The increase of antibody sensitivity to base 

treatment suggests that it is indeed the carboxyl methylation since no other modifications 

have been shown to be base-sensitive other than carboxyl methylation. Methylation assay 

using the methylation-sensitive PP4c antibody also confirmed the carboxyl methylation 

of PP4c reported first elsewhere (Fig. 2-1D)[62]. In addition, we first reveal the identity 

of the methyltransferase for PP4 and PP6. It is thus clear that LCMT-1 is the major 

methyltransferase for all PP2A family phosphatases. 

 As for PP2A, in-depth knowledge of PP2A holoenzyme assembly is available, 

including the role of carboxyl methylation in formation of PP2A methylation-dependent 

and methylation-independent complexes. However, comparable studies on PP4 and PP6 

holoenzyme assembly are lacking. In an attempt to learn about the function of carboxyl 

methylation on PP4 and PP6 holoenzyme assembly, epitope-tagged PP4c and PP6c 

mutants lacking the C-terminal leucine residue were created. For PP2A, the methylation-

deficient ΔLeu309 C subunit mutant failed to form the methylation-dependent complex 

(Fig. 2-5B). By contrast, analysis of the epitope-tagged PP4c and PP6c constructs was 

hindered as the epitope-tagging alone interfered with methylation of PP4c and PP6c 

wildtype proteins (data not shown). Thus, in this paper, BN-PAGE served as a valuable 

tool for analyzing PP2A family phosphatase complexes and helped us advance our 

understanding of the PP2A family phosphatase holoenzyme assemblies and the role that 

methylation has in the process.  

 Our BN-PAGE analysis detected the methylation-dependent PP2A heterotrimer 

containing Bα as its B subunit at about 180kDa (Fig. 2-4 and 2-5), which is consistent 

with a previous detection of PP2A native complex containing methylated PP2Ac of about 
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178kDa by gel filtration [15]. This demonstrates that our method of examination of PP2A 

family phosphatase native complexes was reliable. Moreover, this BN-PAGE method 

offered interesting perspectives on analyzing native complexes of PP2A family 

phosphatases that have not been tried before. As shown in Figure 2-4 and 2-5, PP2A 

forms not only complexes of estimated sizes (PP2A heterotrimeric complex made up of 

PP2Ac, A, and B subunits, for example) but also incredibly large molecular weight 

complexes. A number of PP2A complexes whose molecular weights exceed 700kDa 

were detected. The composition of these large multiprotein complexes has not been 

determined in our study but remains as an interesting area of further investigation. Study 

of these large complexes, their composition and the identity of the binding proteins, 

would help us further understand PP2A family phosphatase holoenzyme assembly and 

unexplored functions.  

 We proposed α4 as one of the potential binding partners of the PP2A high 

molecular weight complexes and that the association between PP2Ac and α4 strengthens 

upon LCMT-1 knockout (Fig. 2-5). While additional components found in this high 

molecular weight complex were not determined, it is highly possible that CCT 

(Chaperonin containing TCP-1) complex may be present in this multiprotein complex. It 

has been reported that PP4c forms a mutually exclusive complex with α4 and CCT 

complex without regulatory subunits [71]. CCT is a large, heterooligomeric complex of 

over 800kDa, explaining the huge molecular weight.  

 In addition to the involvement in TOR (target of rapamycin) signaling pathway, 

the interaction between PP2Ac and α4 plays a significant role in PP2A degradation and 

regulation. It has been reported that α4 is involved in PP2Ac ubiquitination and 



79 

degradation via E3 ubiquitin ligase Mid1 [123]. α4 is also a ubiquitin-binding protein and 

possesses a ubiquitin-interacting motif (UIM). UIM of α4 opposes polyubiquitination of 

PP2Ac and thus prevents PP2Ac from degradation [118]. Moreover, it is believed that α4 

functions as a reservoir protecting the free C subunits from degradation and preparing 

them to be assembled promptly into complexes when necessary [117]. Therefore, it is 

possible that the free PP2Ac subunits not assembled into complexes due to loss of their 

methylation in LCMT-1 KO may be bound by α4, which then prepares the C subunits to 

be assembled quickly into complexes. In addition to the PP2A A and C subunits, C 

subunits of PP4 and PP6 levels were significantly decreased upon α4 deletion [117]. 

Since α4 is a common interacting partner of the PP2A family phosphatases, it is highly 

likely that α4 also regulates degradation of PP4c and PP6c. However, more investigation 

is necessary to confirm this hypothesis. 

 We present the first indication that, similar to PP2A, PP4 forms both methylation-

dependent and methylation-independent complexes (Fig. 2-6). Based on our results, PP4 

formed two major complexes, one at about 450kDa and the other, broader band at about 

300kDa. The larger 450kDa complex was proposed to be largely methylation-

independent since its presence was not lost by LCMT-1 knockout (Fig. 2-6A). However, 

this upper band of PP4 complex appeared to be little shifted in LCMT-1 KO, which may 

be due to PP4R2 shift in LCMT-1 KO (Fig. 2-7C). In addition, this 450kDa PP4 complex 

also co-migrated with PP4R3α and PP4R3β (Fig. 2-7A). The broad 300kDa PP4 

complex was primarily lost in LCMT-1 KO MEFs, suggesting that it is the major 

methylation-dependent PP4 complex (Fig. 2-6A). Further analysis showed that PP4R1 

was present in this 300kDa PP4 complex (Fig. 2-7A). Similar to our findings, PP4 
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complexes from bovine testis protein extracts by gel filtration detected two major PP4c-

containing complexes of approximately 270-300 and 400-450 kDa [69], again ensuring 

the reliability of our assay.  

 In contrast, PP6 complex formation did not seem to be affected by loss of LCMT-

1. As revealed by our BN-PAGE analysis, PP6 formed essentially one major complex 

that was largely methylation-independent (Fig. 2-6B). To ensure that it is not the cell 

line- or tissue-specific issue, we have also assessed PP6 holoenzyme assembly in other 

cell lines as well as in mouse brain lysates and found no clear evidence of methylation 

dependency, at least in our system. It would be important to discover the functional 

significance of carboxyl methylation of PP6c since it does not seem to be playing a major 

role in PP6 holoenzyme assembly. However, we cannot completely rule out the 

possibility of methylation-dependency of PP6 holoenzyme assembly just based on our 

results. Using reliable PP6 regulatory subunit antibodies in BN-PAGE and co-

immunoprecipitation experiments in the presence and absence of LCMT-1 would help 

establish whether PP6c methylation is important for PP6 holoenzyme assembly. 

 As shown in Figure 2-3, the protein level of the B subunit is decreased by LCMT-

1 KO. Similarly, expression level of the methylation-dependent PP4R1 was decreased 

upon LCMT-1 loss (Fig. 2-9E), although the reduction was minimal as compared to that 

of PP2A B subunits. Surprisingly, PP4R2 protein expression was upregulated by more 

than two fold (Fig. 2-9E). Additionally, protein expression of PP4c was increased upon 

LCMT-1 KO (Fig. 2-9F). These data suggest that LCMT-1 regulates protein expression 

of PP4c and its regulatory subunits. 
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 Finally, LCMT-1 loss resulted in enhanced phosphorylation of PP4R1 substrate 

HDAC3 at Ser424 which is critical for HDAC activity (Fig. 2-10), suggesting that 

downregulation of PP4c methylation by LCMT-1 loss and disruption of the PP4R1-

associated complex increase HDAC3 activity (Fig. 2-11). HDAC3 has been implicated in 

cancer due to several reasons. Increased HDAC3 mRNA and proteins levels were 

detected in various tumors such as squamous cell lung carcinomas and astrocytic glial 

tumors. Interestingly, depletion of HDAC3 in colon cancer cell lines rescued the 

cancerous phenotypes, leading to inhibition of cell growth and increased programmed 

cell death. Recently, it has been shown that LCMT-1 KD results in cancer phenotypes 

including anchorage-independent growth [199]. It would be interesting to see if HDAC3 

inhibition would rescue the anchorage-independent growth phenotype in LCMT-1 KD 

cells. Together, HDAC3 is a potential target for cancer therapy and selective targeting of 

HDAC activity might provide therapeutic approaches to some cancers. 
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Figure 2-11. Proposed model for the regulation mechanism of PP4c methylation in 

PP4R1-associated PP4 complex formation and function. 

 LCMT-1 is the major methyltransferase for PP4c. Downregulation of PP4c 

methylation by LCMT-1 loss leads to disruption of the PP4R1-associated PP4 complex. 

HDAC3 is a known substrate of PP4R1-associated PP4 complex. Thus, disruption of the 

PP4R1-associated PP4 complex results in hyperphosphorylation of HDAC3 on Ser424, 

which is critical for the HDAC3 activity. 
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CHAPTER 3  

Results 

 

Protein Phosphatase 2A (PP2A) Binds Within the Oligomerization 

Domain of Striatin and Regulates the Phosphorylation and Activation of 

the Mammalian Ste20-Like Kinase Mst3 

 

 (The material contained in Chapter 2.2 was originally published [204] and was included 

in this dissertation. See reference [204]) 
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CHAPTER 4  

Additional Results 

 

PP2A negatively regulates the recruitment of Mst3 and Mst4 to striatin 

complexes 

 

Increased binding of Mst3 and Mst4 to striatin upon inhibition of PP2A by okadaic 

acid 

 To determine whether PP2A has a role in regulating the recruitment of Mst3 to 

striatin complexes, I measured the relative amount of Mst3 association with striatin in the 

presence or absence of okadaic acid. Okadaic acid treatment of HEK293 cells causes a 

robust (~4-fold) increase in Mst3 association with striatin (Fig. 4-1). Examination of the 

Mst3 immunoblot of lysates from these cells (Fig. 4-1A) reveals that this increase was 

not simply due to an increase in the steady-state level of Mst3 protein in the okadaic acid-

treated cells. Immunoblotting for the related striatin associated kinase, Mst4, shows that 

PP2A inhibition also increased its association with striatin over 4-fold with no increase in 

Mst4 seen in lysates, indicating that PP2A regulates Mst4 recruitment to striatin 

complexes as well. Therefore, inhibition of PP2A by okadaic acid treatment increased 

binding of Mst3 and Mst4 kinases to striatin complex. 

 

Discussion 

 Results from Chapter 3 and Chapter 4 indicate that the striatin-associated PP2A 

not only regulates dephosphorylation/activation of Mst3 kinase but also its recruitment to  
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Figure 4-1. Okadaic acid (OA) treatment causes increased binding of Mst3 and Mst4 to 

striatin.  

 (A) HEK293 cells were transfected with empty vector (Vector) or HA-striatin 

expressing plasmid (Wild-type). 72 hours post-transfection, cells were treated with either 

DMSO or 100nM OA for 4 hours. Lysates and HA-striatin  (HA-IP) were analyzed for 

the presence of HA-striatin, Mst3, and Mst4 by immunoblotting. (B) Band intensities of 
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HA-striatin, Mst3, and Mst4 were quantitated using a chemilumimager. Relative levels of 

Mst3 and Mst4 in the HA-striatin complex were determined by normalizing the amount 

of Mst3 and Mst4 to the amount of wild-type HA-striatin. Relative association of 

Mst3/Mst4 and striatin was increased by about 4 fold upon OA treatment, suggesting that 

PP2A may also regulate the recruitment and/or release of Mst3 and Mst4. The error bars 

represent the S.D. of three independent experiments. *, p ≤ 0.05; **, p ≤ 0.01 relative to 

DMSO control. 
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the striatin complexes. It remains to be determined whether there is increased recruitment 

of Ccm3 to the striatin-associated complexes in the presence of okadaic acid. Given the 

fact that Ccm3 brings Mst3 and Mst4 to the striatin complexes, it would not be surprising 

to find that the binding of Ccm3 to the striatin complexes is indeed enhanced by okadaic 

acid treatment. Although the striatin-associated PP2A-mediated dephosphorylation and 

activation of Mst4 kinase was not determined in this study (Chapter 3), it was clear that 

Mst4 binding to the striatin complex was increased upon PP2A inhibition. Thus, it would 

be interesting to investigate whether a similar negative regulation mechanism controls 

other GCKIII kinases including Mst4 and Ysk1. 

 It is also interesting to note that there was an increase of Mst3 and Mst4 

recruitment to the striatin complexes without an increase in the steady state levels of 

these kinases. This result suggests that the hyperphosphorylated and activated forms of 

Mst3 and Mst4 kinases have higher affinity for the striatin complexes than the 

dephosphorylated forms. It is also possible that the enhanced association of Mst3 and 

Mst4 with the striatin complexes is due to the changes of the striatin complexes and/or 

Mst kinases in subcellular localization by okadaic acid. Overall, our results support a 

model in which striatin orchestrates both the recruitment and regulation of Mst3 and 

Mst4 by PP2A. 
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CHAPTER 5 

Discussion and future directions 

 

PME-1, PME-1 inhibitors, and cancer 

 While LCMT-1 was demonstrated to be the common methyltransferase for all 

PP2A family phosphatases, PP2A is the only known substrate for PME-1 so far (Fig. 5-

1). Considering the highly conserved C-terminal residues among the C subunits of PP2A 

family phosphatases, it is highly likely that PME-1 is also involved in demethylation of 

PP4 and PP6. To prove this point, it would be necessary to show how methylation of 

PP4c and/or PP6c changes upon manipulation of PME-1 levels by depletion and 

overexpression. Using purified PME-1 enzyme could also be an alternative way to show 

that it could demethylate PP4c and/or PP6c in vitro. To corroborate this hypothesis, it 

would be important to further show that PME-1 wildtype overexpressing cells reduce the 

methylation level of PP4c and/or PP6c while catalytically inactive PME-1 mutant 

(S156A) overexpressing cells do not. Recently, aza-β-lactam (ABL) compounds have 

been discovered as selective inhibitors of PME-1 [54]. These potent PME-1 inhibitors 

would make useful reagents to further test if PME-1 is the major methylesterase of PP2A-

related phosphatases. Our preliminary data showed that the ABL compounds were 

capable of reversing the action of PME-1 on PP2Ac methylation. Yet the effect on PP4c 

and/or PP6c is still in question.  

 Investigation of PME-1 and its inhibitors could be critical in cancer research since 

PME-1 overexpression has been reported in malignant glioblastomas as well as 

endometrial adenocarcinomas [52, 53]. Since PME-1 overexpression is detected in these 
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cancers, it is predicted that they would have greatly increased levels of demethylation of 

PP2A family phosphatases. Experimentally, it was also shown that loss of LCMT-1 and 

PP2Ac methylation led to cancerous phenotypes in cells [199]. Additionally, tumor 

viruses appear to replace the methylation-dependent B-type subunits and evade cellular 

control of PP2A by methylation to promote tumorigenesis [199]. Therefore, PME-1 

inhibitors may potentially serve as valuable drugs for treatment of cancer where PME-1 

overexpression and/or defective PP2A methylation are observed. Furthermore, since PP4 

also appears to form both methylation-dependent and methylation-independent 

complexes and overexpression of PP4 has been observed in certain cancers, it would be 

interesting to study if similar mechanisms exist for PP4 and cancer, and whether PME-1 

inhibitors would have the potential to reverse the cancerous phenotypes in these cases. 

Lastly, although PP6c is under tight control of methylation by LCMT-1, it was not fully 

determined whether PP6 shows methylation-dependency in holoenzyme assembly and it 

would be an interesting area of further research. 

 

LCMT-1 negatively regulates HDAC3 phosphorylation and activation 

 It is of high importance to recognize the fact that some of the functions ascribed 

to PP2A may actually come from PP4 and/or PP6. For example, data obtained using 

drugs at concentrations specific for PP2A inhibition may be misleading since the 

concentration of the drug used may inhibit PP2A-related phosphatases as well. In the 

present study, LCMT-1 KO MEFs were utilized as an approach to study methylation of 

PP2A-related phosphatases. It was also demonstrated that LCMT-1 KO shows enhanced 

phosphorylation and activation of HDAC3. However, since LCMT-1 KO leads to 
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disruption of the methylation-dependent PP2A complexes and perhaps PP6 complexes, 

caution is required when interpreting the data obtained here with HDAC3 as well as other 

published data regarding LCMT-1 functions. Although there is no evidence yet for PP2A 

and PP6 in regulating HDAC3 phosphorylation and activation, it would be especially 

important to gain deeper insights into mechanisms involved in regulation of HDAC3 by 

protein phosphatases in order to assign the function as a HDAC3 phosphatase solely to 

PP4. To make sure that the effect of LCMT-1 knockout on HDAC3 is in fact due to PP4 

dysfunction by LCMT-1 loss, it would be necessary to determine whether specific 

inhibition of PP2A by knocking out or depletion would alter the phosphorylation state 

and activity of HDAC3. Similar studies to specifically inhibit PP6 would be a good 

starting point to determine the connection between PP6 and HDAC3 as well, if any. 

 

Functional significance of the PP4c methylation 

 This study showed that loss of LCMT-1 has a major effect on PP4R1-associated 

PP4 complex (Fig. 5-1). Interestingly, PP4R1 is involved in regulation of HDAC3, while 

other PP4 regulatory subunits have important functions in many aspects of DNA repair 

processes. Since PP4R1 is the major methylation-dependent PP4 complex component and 

other regulatory subunits seem mostly methylation-independent, I hypothesized that PP4c 

methylation regulates the function of PP4 enzymes in processes other than DNA repair. 

According to this hypothesis, dysfunction of LCMT-1 and abnormal PP4c methylation 

would not lead to major defects in DNA repair processes. In agreement with this, my 

preliminary data suggests that the methylation levels of PP4c and PP6c do not change 

upon DNA damage (not shown). Thus, the fact that PP4 regulatory subunits involved in 
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DNA damage response are mostly methylation-independent suggests that this may be a 

means for cells to actively repair DNA damage for cell survival without being affected by 

the changes in PP4c methylation state. However, considering the fact that PP4 regulatory 

subunits other than PP4R1 showed minor phenotypes in the absence of LCMT-1, LCMT-

1 loss might show limited defects in DNA repair process as well. For instance, the 

function of KAP-1, a substrate of PP4R3β, in NHEJ-mediated repair of DSBs [94] and in 

regulation of G2/M checkpoint [95] may be affected in LCMT-1 KO. Moreover, there 

was a clear reduction of migration of the native PP4R2/PP4 complexes in LCMT-1 

knockout cells, and this could indicate some type of alteration in this complex that might 

affect its function. Therefore, more investigation will be needed to further reveal the 

functional significance of methylation control of PP4 holoenzymes. 

 As mentioned above, loss of LCMT-1 also affected the PP4R2- and PP4R3β- 

associated PP4 complexes. Although the interaction between PP4R2 and PP4c remained 

mostly intact, the migration of the native PP4R2-associated PP4 complex was slightly but 

clearly reduced in LCMT-1 KO. This suggests that the complex is modified either by 

post-translational modifications or by changes in binding partners. Considering the fact 

that there was a minor reduction in the PP4R3β-associated PP4 complex formation in 

LCMT-1 KO, the PP4R2-associated PP4 complex may have established new interactions 

as a substitute for PP4R3β. In this case, even though the PP4R2-associated PP4 complex 

still exists in LCMT-1 KO, its substrates and thus the function of the PP4R2-associated 

PP4 complex may be altered. To further explore the changes in the assembly of the PP4 

holoenzyme complexes, AP-MS analysis could be utilized to compare and identify PP4-

interacting proteins in the presence and absence of LCMT-1. The results from this 
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suggested study will provide more insights into the regulation mechanisms of the PP4 

holoenzyme complexes and function by methylation. 

 

Regulation of subcellular localization of the striatin complexes 

 In addition to the fact that deletion of the Ca2+-CaM-binding domain of striatin 

greatly increases the association of the GCKIII subfamily kinases, Mst3 and Mst4, with 

striatin, PP2A inhibition also enhances the binding of both Mst3 and Mst4 to striatin. 

There was an increase in phosphorylation of Mst3 and Mst4 by PP2A inhibition and it 

was this population of Mst3 and Mst4 that showed enhanced interaction with striatin 

under this condition. These data indicate that in addition to the Ca2+-CaM-binding 

domain, PP2A may negatively regulate the binding of Mst3 and Mst4 to striatin as well, 

and releasing Mst3 and Mst4 from striatin by dephosphorylation. Considering these and 

other evidence that showed changes in striatin localization due to Ca2+ concentration, it is 

tempting to speculate that Ca2+-CaM may regulate binding of GCKIII kinases to striatin 

by altering striatin subcellular localization. A direct analysis of the effect of Ca2+-CaM 

binding on GCKIII kinase association with striatin would be interesting. Similarly, 

investigation of the effect of PP2A inhibition on subcellular localization of the striatin 

family and the associated proteins would provide more insights into the regulation 

mechanisms of the striatin-associated PP2A complexes and function. 

 

Implication of Ccm3-GCKIII and STRIPAK functions in CCM pathogenesis 

 It appears that the interaction between Ccm3 and GCKIII kinases are critical for 

normal functioning of cells and dysfunction of any of these processes due to their 
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disrupted interaction leads to CCM development. As mentioned in Chapter 1, several 

lines of evidence support this proposal. An additional study in Drosophila again clearly 

demonstrates functional connections between Ccm3 and GCKIII kinases in cellular 

processes that may be relevant to CCM development. In this study, loss of Ccm3 or the 

single dGckIII kinase resulted in a tracheal tube lumenization failure which could not be 

rescued by a Ccm3 mutant that cannot bind to dGckIII, indicating that Ccm3 functions 

through dGckIII in this process [186]. 

 Considering the fact that loss of function of Ccm3 and GCKIII kinases seems to 

activate CCM-relevant pathways, mutations that increase the expression of the striatin 

family members or enhance the ability of STRIPAK to downregulate GCKIII kinases 

might contribute to CCM development. For that reason, it would be important to examine 

the status of STRIPAK components in CCM patients. By contrast, loss of STRIPAK 

function might activate Ccm3–GCKIII kinase function and not lead to CCM. In 

agreement with this, depletion of striatin family proteins promotes cell polarization [152], 

while depletion of Ccm3 or GCKIII kinases impairs it [152, 196]. Since STRIPAK is the 

upstream regulator of Ccm3 and GCKIII kinases, it seems unlikely that inhibition of 

STRIPAK function would be therapeutically beneficial against CCM disease caused by 

Ccm3 mutations that fails to tether GCKIII kinases to STRIPAK. However, in CCM 

patients where Ccm3–GCKIII signaling is at least partially intact, inhibiting STRIPAK 

could serve as a novel therapeutic strategy to fight CCM.  

 Another important area of further research would be to elucidate the role of 

STRIPAK complexes in RhoA signaling and its relation to CCM development. Recently, 

RhoA signaling was found to be upregulated in human CCM cases. In addition, depletion 
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of Ccm3, Mst3, or Ysk1 enhanced RhoA activation, suggesting that Ccm3 and GCKIII 

kinases negatively regulate RhoA signaling. Since STRIPAK is a negative regulator of 

GCKIII kinases, and GCKIII kinases in turn negatively regulate RhoA activation, 

STRIPAK may act as a positive regulator of RhoA signaling pathway. Therefore, it 

would be critical to determine if modulation of STRIPAK function regulates RhoA 

signaling as well as to investigate the possibility of targeting STRIPAK therapeutically to 

fight CCM disease. 

  

Overview 

 This study focused on addressing some of the unanswered questions on the 

regulation and function of PP2A family phosphatases. Chapter 2 showed that LCMT-1 is 

the major methyltransferase for both PP4 and PP6, and that methylation of PP4c plays an 

important role in PP4 holoenzyme assembly. Loss of PP4c methylation by LCMT-1 

knockout resulted in loss of methylation-dependent PP4 holoenzyme complexes. Results 

indicated that the PP4R1-associated PP4 complex is largely methylation-dependent while 

other PP4 complexes containing PP4R2, PP4R3α, and PP4R3β are may be primarily 

methylation-independent. Consistent with this, LCMT-1 knockout led to 

hyperphosphorylation of PP4R1 substrate, HDAC3 on the Ser424 residue which is critical 

for histone deacetylase activity. Therefore, these data support the hypothesis that 

carboxyl methylation of PP2A family phosphatase C subunits is a general strategy for 

regulating holoenzyme assembly and function of PP2A family phosphatases. In Chapter 3 

and 4, a structure-function analysis was performed to determine the molecular 

organization of the striatin-associated PP2A complexes, which have recently been 
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implicated in human diseases, especially cerebral cavernous malformations (CCM). The 

results indicate that striatin-associated PP2A regulates the phosphorylation and activation 

of Mst3 kinase. Additionally, inhibition of PP2A by okadaic acid enhanced recruitment 

of Mst3 and Mst4 kinases to the striatin complexes. Altogether, these studies provide 

significant insights into the regulation of PP2A family phosphatase holoenzyme assembly 

and function by carboxyl methylation, and the molecular organization and function of the 

striatin-associated PP2A complexes. Overall, these research have laid the foundation for 

further investigation of the role of methylation in PP2A family phosphatase holoenzyme 

formation and function, and the complex regulation mechanisms controlling the function 

of the striatin-associated PP2A complexes.  
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Figure 5-1. Proposed model for the regulation mechanisms of PP2A family phosphatases 

and the STRIPAK complex. 
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 (A) PP4c methylation is regulated by LCMT-1. Whether PME-1 is involved in the 

PP4c demethylation is still in question. PP4 forms both methylation-dependent (blue 

arrows) and methylation-independent (black arrows) complexes. Loss of LCMT-1 results 

in major loss of the PP4 complex containing PP4R1, suggesting that PP4R1 is largely 

methylation-dependent. Thus, loss of LCMT-1 would lead to dysfunction of PP4R1-

mediated pathways. The PP4R2- and PP4R3β-associated PP4 complexes remain mostly 

intact in the absence of LCMT-1, suggesting that they are largely methylation-

independent. Methylation-dependency of the PP4R4-associated PP4 complex is not 

known. (B) Structure-function analysis performed in this study as well as previous 

studies reveal the molecular organization of the striatin-associated PP2A complex and 

that striatin-associated PP2A regulates the phosphorylation and activation of Mst3 kinase. 

(Figure was taken and modified from [204]). 
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