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ABSTRACT

Protein Kinase C Substrates That Drive MotilityGzncer Cells

By
Xiangyu Chen

Advisor: Dr. Susan A Rotenberg

As the intracellular receptor of tumor promoting phorbol esters, prédease C (PKC) is
functionally linked to carcinogenesis and metastasis. Thereforis, drucial to identify
substrates of PKC in order to understand the mechanisms by whiehsiiestrate proteins
participate in cancer-related phenotypes such as motile behaherwork to be described
consists of two projects: 1) new PKC substrates that contributee tonotility phenotype of
human breast cells, and 2) the role of a known PKC substrate, MAR@K®Gstoylated
Alanine-Rch G-Kinase Sibstrate) in the motility pathway of mouse melanoma cells.

To identify direct substrates, a chemical-genetic approachuses to engineer the ATP
binding site of PKGCa, 6 and {to enable them to bind an unnatural ATP analogue.
Consequently, phosphorylation is attributed exclusively to the mutantmenzgnd the
phosphorylated protein bands are potential substrates. Following expreskiaman breast
cells (MCF-10A), co-immunoprecipitation of the mutant enzyme bouitd high affinity
protein substrates was carried out. Following addition of an ATRogual a number of
phosphorylated proteins were produced and subsequently analyzed by peetssnetry.
PKC-o andd traceable kinases had very similar phosphorylation patternseathe profile
for PKC{ was distinct. Several potential protein substrates involved inkglttal structure
were identified for PKGx and PKC8, including proteins that bind small GTP-binding

proteins (Rho Kinase-1, Cdc42ep4, Rho/cdc42/Rac activating proteis-Welhas proteins



that had been previously documented as PKC substrates (IQGAP, VASP).

In a second project, the role of MARCKS was investigated in tregt of mouse
melanoma cell motility. As a protein that is known to crosslinnagundles to the plasma
membrane, this PKC substrate has been linked with cell migraton adhesion. Upon
phosphorylation by PKC, MARCKS is released into the cytoplasm, ihgreomoting actin
rearrangement. Weakly metastatic B16 F1 cells do not expresgatde phospho-MARCKS.
However, F1 cells that are engineered to express a pseudo-phosgdonylatant of
MARCKS exhibit elevated motility. When F1 cells are treapgth okadaic acid (OA), an
inhibitor of protein phosphatases, increases in both phospho-MARCKS andtymatédi

observed. OA-induced motility can be substantially eliminated whbs are pre-treated with

a ShRNA reagent to knock down MARCKS expression, or when expressing a

phosphorylation-resistant mutant of MARCKS. Furthermore, a phosphonAdasistant
MARCKS mutant that was made exclusively cytoplasmic duectodéa myristoyl group was
observed to inhibit motility of OA-treated F1 cells as wellnastility of highly metastatic
melanoma cells (mouse F10 and human A375 cells). These findings tinapWMARCKS
promotes motility through cytoplasmic interactions involving its phospaimd effector
domain. It is concluded that phospho-MARCKS has a previously undocumeteeih the
cytoplasm that promotes motile behavior and possibly the metagiatimtial of many
different cancer cells.

Overall, this work describes substrates of PKC that trangmitrotility signal in cancer

cells, and suggests novel targets for the development of anti-metagétass a
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CHAPTER 1

INTRODUCTION

Protein kinase C (PKC) is a multi-functional serine/threonine prdi@ase. The first PKC
members were identified in bovine brain by Nishizuka and co-werked 977 (Nishizuka,
1984; Ekker and Parker, 1994). PKC comprises a super-family of 11 saflyetetated

isoforms that have distinct and overlapping cellular functions. Thesferins serve key
regulatory roles in cell proliferation, apoptosis, migration, adhesigioskeletal dynamics,

and metastasis.

PKC Activation and Classification

As shown in Figure 1, PKC activation in mammalian cells requtres presence of
diacylglycerol (DAG) and calcium ions (€& Growth factors (such as EGF) trigger increased
levels of these PKC activators by stimulating receptorst thae coupled to
membrane-associated phospholipase C (PLC). This enzyme cleasghatiaylinositol 4,5
bis-phosphate (PHy resulting in the formation of DAG plus inositol-1,4,5-triphosphatg) (IP
Consequently, IPelicits the release of &afrom the endoplasmic reticulum (ER) lumen.
Upon binding to elevated levels of DAG and*Caytoplasmic PKC is recruited to the plasma
membrane by a process called “translocation”. While assdciaiin the membrane, PKC
phosphorylates protein substrates that participate in a variesilofac responses. However,

only a few proteins have been identified as PKC substrates having functioniat angpei.
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Figure 1.  Activation of conventional PKC by an extracelular signal via G-coupled
receptors. (Koivunenet al, 2005)

The eleven known PKC isoforms are sub-divided into three sub-ceegmrcording to the
means by which they are activated. Conventional PKC isofarnfi, 31l andy) require DAG
and C&", while novel PKCsg ¢, n, 0) require only DAG. Atypical PKCs, namelyandi, are
not regulated by either DAG or €abut can be activated by lipids such agdRd ceramide
(Bourbonet al., 2000). In view of their differing regulation, PKC isoforms carry distinct
and overlapping responses to extracellular stimuli. These respamesapparently dependent
on the cell type in which the isoforms are expressed, wheré&vem gell type has a
characteristic isoform expression profile. RK@& a universally expressed isoform and has
been linked variously to cell growth, proliferation, adhesion and migratepending on the

cell type under study (Ghodl al., 2006).



PKC Sructure
PKC isoforms have a single polypeptide chain with an N-terminal regulatorgid@md a

C-terminal catalytic domain connected by a hinge region (Figure 2).
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Figure2. Domain composition of ABC protein kinase family members (Newton, 2008

The cysteine-rich C1 domain contains the binding site for diac@ghcthe same site
recognized by the phorbol ester TPA (tetradecanoyl-12-phorbol-18t@gea potent PKC
activator and tumor promoter produced in plants. Binding to the C1 domaw\Byor TPA
creates a continuous hydrophobic surface on the enzyme that grdahces its membrane
interactions. The C2 domain has a globular structure and containsath&i@ling site.
Conventional PKCs have functional C1 and C2 domains enabling them touageatby both
diacylglycerol and C&, whereas novel (G&independent) PKCs lack a functional C2 domain
but contain a functional C1 domain that makes them responsive to Dédauge atypical
PKCs do not contain a C2 domain and only a partial C1 domain, they canactiiated by
diacylglycerol or C&". However, the atypical isoforms can be activated by other lipicls as

ceramide (Bourbonet al., 2000). Endogenous PKCs are maintained in an inactive



conformation due to the binding of the pseudosubstrate sequence (locatesl amino
terminal region) to the substrate binding site in the catajpimain (see Figure 2). Upon
activation of PKC by DAG and Gj the pseudosubstrate is released from the substrate
binding pocket, thereby allowing exogenous protein substrates to bind andgainde
phosphorylation. When activated, PKC is re-distributed to various ifitdacelocations to
perform phosphorylation of substrates. The sub-cellular distribution & Ri§forms is
determined by anchoring proteins that serve as an extremely anpodntrol of this pivotal
kinase (Sukai and Mochly-Rosen, 1999). Following their activation, PKC mefaran
undergo down-regulation due to the actions of calpain, resultingeirtetimination of the

signal (Murrayet al., 1987; Kikkaweet al., 1989).

The conformation of the catalytic domain contains binding sites for ATP and proteirasegs
This conformation is well conserved in the ABC kinase family. Fatigwprotein synthesis,
PKC undergoes maturation by a series of phosphorylation events gattigtic domain: an
initiating transphosphorylation by phosphoinositide-dependent kinase-1 (PCHK-l1he
activation loop, followed by autophosphorylation events at the turn motifhgdicbphobic
motif. As shown in Figure 3, the three phosphorylation sites are highlgerved among all 11

isoforms of PKC, as well as in other related protein kinases.

PKC and Cancer
The potent binding and activation of PKC by the tumor promoter TPAheafrst indication

that PKC activity is linked to cancer progression (Castafyah, 1982). Upon activation by



nanomolar concentrations of TPA, PKC stimulates diverse celbnsgs that affect the rate of
proliferation, morphology, movement and survival (Dempseyal., 2000). Of the three
subfamilies, PKGg, 6 and( are the most widely expressed in all tissue types, whileso#rer
tissue specific (Mellor and Parker, 1998; Nishizuka, 1989). In many rcaealtdines, such as

melanoma cells, PK&is the most abundantly expressed isoform.

PKC Activation loop Turn motif Hydrophabic motif

|H| {84 DFGHCEENIWDG-VTTK T FCGTPDYIAPELII 6ZH WFDRFFTRHPPVL T FPP-DDEVIRNIDQS----EFEGF 8 FVNSEFLEPEVES

(0 1R1 DFGNCEEHMMDG-VTTR T FCGTPDYIAPEII £25 NFIKFFTRGOPVL T PP-DOLVIANIDOS - ——-DFECF 8 YVNPOFVHPILOSAV

E‘ 184 DEGNCEKENIWDG-VTTK T FCGTPDYIAPEI1 629 KFDKEFTROPVEL T PT-DELFIMNT.DON---=EFAGF 8 YTNPEFVINY

i 495 DFGHCEENVFFG=STTR T FCGTPDYIAPEII §42 WFDKFFTRAAPAL T PP-DRLVLASIDOL----DF(GF T ¥YVNPOFVHEDARSETSPVEVEVM

h 189 DPGMCEENIF-GENRAS T FCGTPDYIAPEIL 630 KFLDPEFLUEEPQL 8 FE=DENLIDEMI)T----AFXGF 8 FVNPEYEQFLE

j.' 550 DFGHNCEEGILKG-VTTT T FCGTPDYIAPEIL 97 NFDQDFTREERVL T LV-DEAIVEOINQE----EFEGE 8§ YFOEDLMP

£ 194 DYGMCEEGLGPGR-TTS T FCGTPNYIAPEIL 547 WPDTQPTSEFVQL T PD-DEDATERIDQS----LFEGE B YINPLLLSTEESY
1)/l 496 DPGMCKEGICHG=VTTA T FOGTPDYTAPETL 632 NFOPDFIKEEPVL B PI-DEGHLPMTNQD--——FFRENF 8 ¥YVSPELQD
H i 527 DFGMCEENML-GDARTN T FCGTPOYIAPEIL £43 NFOKEFLNEEPRL 8 FA-DRALINSMDON====MFRNF 8§ FMNPGHSG

L/ 387 DYGHCEEGLREGR-TTS T FCGTPNYIAPEIL 542 WFDSQFTHEFVQL T PR-DDDIVREIDQS-=-<EFEGF B YINPLLMSARECY

PKBe/AktT 308 aous T FCOTPEYLADE 437 JFDEEFTAQMITI T PP-DODDSMECYVDSERRPHFPQF B ¥YSASCT
p70SBK 225 rvrH T FCGTIEYMAPE 358 QFDSKFTROTPVD 8 PD-DSTISESANQV-----FLGF T YVAP...
PRK?2 812 DRTS T FCGTPEFLAPE 945 NFDDEFTSEAPIL TPPREPRILSEEEQE-—--NFRDEF D YIADWC
PKA 193 GRTW T LCGTPEYLAPE 326 NFDDYEEEEIRV- 8 IN-EXCCK---ommmmmm EFTEF

Figure3. Alignment of activation loop, turn motif and hydrophobic motif of PKC
isoforms, Akt and PKA. (Newton, 2008

In various cancers, including melanoma and breast tumorsy-tb@form of PKC has been
associated with tumor progression and metastasis. Previous stuidoegeds that
over-expression of wildtype PKCin non-transformed non-motile human breast MCF-10A
cells causes a dramatic increase in cell motility (Suwh Rotenberg, 1999). Similarly, when
B16 F1 mouse melanoma cells are treated with TPA, they gaiastagc potential that is
comparable with B16 F10 cells, a sub-line with highly invasive behg@opalakrishna and
Barsky, 1988). In some studies it has been shown that many high-igradive tumors

express elevated levels of PKQWetselet al., 1992). This evidence shows a direct linkage



between PK@G expression and cell invasiveness that is the hallmark afstasis. However in
advanced breast tumors, P&ds often down-regulated (Kerfoadt al., 2004), thereby
suggesting that other PKC isoforms such as BK@ay promote metastasis (see below). As
cell movement is an aspect of cancer metastasis, it isumptising that many intracellular
PKCa substrates are associated with the cytoskeleton. Most evidetiwreghto date is

consistent with PK@ serving a role in the metastatic phenotype.

Similarly, PKG expression levels were observed to be very high in breastrsapseshown

by Real-Time PCR. These increased expression levels cedeldth a poor prognosis
(McKiernan et al., 2008), thereby indicating a stimulating role of RK@uring cancer
progression. Furthermore, the ability of PK{© activate MAP kinase often correlates with an
oncogenic outcome (Ueaal., 1996). The primary evidence that ties PG cell migration
comes from studies in which cytoskeletal proteins such as ingegriyosin light chain and
adducins were shown to have been phosphorylated by RPKICet al., 2004; lwabu Aet al.,
2004; Kileyet al., 1999). In a separate study, PKghosphorylated.6p4 integrin dimers and
caused disassembly of hemidesmosomes. The subsequent loss ofadtedsion in turn
facilitated basal cell migration (Alet al., 2004). When weakly metastatic cells were
engineered to stably express wildtype RK@ey acquired increased anchorage-independent
growth, which often accompanies metastasis as a result oidedrattachment to the matrix
(Kiley et al., 1999). PKG was also found to be elevated at both the mRNA level and the
protein level in highly invasive rat mammary tumor cells whempared to cells with low

metastatic potential. Taken together, these findings suduastnt breast cells, PK&has a



pro-metastatic effect.

The atypical form PKC is another important PKC member which regulates cell functions
such as proliferation and migration. Although its role in growth egmn is apparently
cell-type dependent, PKCsuppresses Ras-induced lung carcinogenesis in mice by inhibiting
interleukin-6 production, consequently promoting tumor cell growth under nutiégmived
conditions (Galve=zt al., 2009). Consistent with its apparent anti-carcinogenic effect,(PKC
was shown to inhibit migration of B16 F1 mouse melanoma cells througiteaadtion with
PAR-4 (Sanz-Navareet al., 2001). This finding suggests that PK@as an anti-metastatic
role. Moreover, in normal mouse mammary cells stably transfesith wildtype PKQ,
adhesion was enhanced and cell migration was greatly inhibited edanined by wound
healing assay (Urtregest al., 2005). Thus, by controlling key steps such as adhesion and
migration in metastasis, PK@xerts a suppressive role in cancer metastasis that contrasts with

the functions of PKGx andsd.

Tumor metastasis

Metastasis is the process by which a cell of the primanpt dissociates and is disseminated
throughout the body. For a tumor cell to metastasize, the cellbeusble to move out of the
original tumor and enter the circulation (intravasation) in a prabessnvolves the release of
proteases such as urinary-type plasminogen activator. The blood tharae cell exits the
circulation by first adhering to capillary walls (extravasa) and invades other tissues such as

lung (Figure 4).
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{less than 1 in 1000 cells
will survive to form metastases)

Figure4. Eventsthat definethe process of metastasis(Albertset al., 2002)

Because PKC promotes adhesion and cell movement of cancer cedist(lonelanoma, etc.),
its catalytic activity is somehow involved in the metastatiocpss. The Rotenberg lab
demonstrated that, in murine melanoma cells, motility is inhibitpdn expression of
dominant negative (kinase-dead) RKGullivanet al., 2000). Because of the availability of a
mouse model (C57BL/6) that is syngeneic with B16 murine melamneihs the B16 cell line
offers an excellent model to examine the effect of RI€Ctivity on cell behaviom vitro and

to correlate the results with comparabfevivo studies. Two related B16 sub-lines with
differing metastatic potential are F1 cells, which araklye metastatic, and F10 cells, which
are highly metastatic in C57BL/6 mice (Gopalakrishna and Bafd88). Followingn vitro
manipulation of PKC activity in either cell line - by trandfec with either mutant PK&
cDNA or treatment with inhibitors - the metastatic potentsad be measured by injecting cells
into the tail vein of the C57BL/6 mouse, and subsequently counting theesdtiak form in

the lung following pulmonary colonization. Various PKC isoforms arpressed in B16



melanoma cells where PKds the most abundant (Becketral., 1990). Although it has been
shown that PKG and PK@ both increase melanin synthesis in murine melanoma cells
(Gordon and Gilchrest, 1989), the precise substrate remains unknownyéipwekage
between melanogenesis and cell migration has not been denmamhsstaggesting that the two
phenotypes occur by distinct pathways via different PKC subst(Ssz-Navaregt al.,

2001).

PKC in cell adhesion and motility

Cell movement arises from a series of events consisting ofipiat; adhesion and retraction
steps. To initiate movement, the cell protrudes the plasma memfwankEmellapodia or
filopodia) that establishes adhesion to the extracellular matrvigraction between the cell
membrane and the matrix requires membrane-associated integge@mgprthat bind the matrix
and provide adhesive strength. Many proteins, including focal adhesiasek{FAK), are
recruited to the focal adhesion site when the cell is makintacowith the matrix. It has been
shown that in MCF-7 human breast cells that had been engirteesgdrproduce PK& (Ng

et al., 1999), PKG interacts with1 integrin to promote movement of integrin to the tip of the
filopodia. Upon treatment of MCF-7 transfectants with TPA, thés agere found to have
increased migration on fibronectin, laminin, or collagen substrates, naplied a role of
PKCa in regulating adhesion. Similarly, when B16 F10 cells wagirneered to over-express
a kinase-defective form of PKC they exhibited a substantial decrease in migration and

adhesion to collagen 1V, as shown in Figure 5 (Sullistzad., 2000).
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Figure 5. Inhibition of adhesion and migration on collagen 1V of B16 F10 cells
transfected with kinase-defective PKCa. To assay migration, 12-well Costar
polycarbonate Boyden chambers were coated witfc2t collagen IV. Cells
were seeded at 16ells per well and incubated for 3 h at 37 °C, 5% @®2lIs that
migrated across the microporous filter were stained and countedliRare
representative of three independent experiments. Error bars,Dt/p$.0.001.
[Dark bars, migration; gray bars, adhesion]. (Sullieaal., 2000)

PKC substrates

Until recently, elucidation of PKC-mediated pathways was nuffieult by the absence of a
suitable technique to identify direct substrates of a protein kiffdsg challenge arises from
the fact that once a phospho-protein is formed, it is almost impessildentify the protein
kinase that produced it. The presence of a phosphorylation site knownrdoolgaized by a
specific protein kinase (its consensus sequence) is helpful, but ceommicated by the
possibility that more than one protein kinase will recognize thes dule to overlapping

substrate specificities.

Although PKC is known to phosphorylate many substratestro, only a limited number of
proteins have been identified as intracellular substrates whose phdapborigas functional

significance for the cell. The two major biochemical approaches Wwere traditionally
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employed to identify intracellular PKC substrates have explottesse attributes that
distinguish PKC from other protein kinases. The first approack twa pre-label the
intracellular ATP pool by treating cells with radioactive phosphar (followed by treatment
with TPA to produce a pattern of radiolabeling that was duet &ctivation. Because TPA
activates several isoforms (conventional and novel isoforms), thihothewas not
isoform-specific. Furthermore, the radiolabeling pattern would als@npally include
¥2p_labeled protein substrates of protein kinases lying downstreanpathway activated by
PKC. In a different approach, the known consensus sequence of PKC (iKemtkeKrebs,
1991), namely K/R3Xo2S/TX0-2R/K;1.3 can be used to search primary protein sequences for
PKC-related recognition sequence motifs, followed by a deterimmat whether this protein
undergoes radiolabeling in cells treated with TPA. With the aliity of isoform-specific
antibodies, a third approach could use immunoprecipiation of a PKC isaef®m@mmeans to

identify binding partners that may serve also as substrate proteins.

Given below is a listing of proteins that have been characterigethteacellular PKC
substrates.

Adducin was first identified in 1986 in the red blood cell membrane (GardndrBennett,
1986) and was found to undergo rapid phosphorylation upon TPA treatmen&i(BingL986).

It is a protein that caps and assembles actin filaments paitirsn, a cytoskeletal protein in
erythrocyte membranes. This process is critical for maimgithe shape of red blood cells.

Once phosphorylated by PKC, the ability of adducin to cap actin filaments is skxtrea
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Fascin bundles actin filaments and is important in cell movement, edlyaaidhe protrusion
step. It was identified in 1978 as an actin-interacting protein feanurchin (Brian and Kane,
1978). By aligning the cDNA sequence across different speciegnaensus motif for
phosphorylation by PKC was located between amino acid residues 50 #ddreishyet al.,

2002). Like adducin, phosphorylation of fascin by PKC on a serine residue inhibittivisy.

ERM (ezrin-radixin-moesin) proteins function as connectors of theafiiaments with the
plasma membrane. They also play a role in signal transductionsph®hglation of these
proteins by different PKC isoforms inhibits their activity. For exampleesm was found to be

phosphorylated by PK&C(Pietromonacet al., 1998).

AFAP-110 is a multi-domain protein that is believed to transduce PKC sigtwmlthe
cytoskeleton. It can cross-link actin filaments and bind to Srcskitarough SH2 and SH3
domains and thereby activate it. By analysis of its primaguence, AFAP-110 was predicted
to be a PKC substrate (Flymhal., 1993). This prediction was later confirmed experimentally
(Qianet al., 2002). Once phosphorylated by classical PKCs, AFAP-110 is ablditvate Src

kinase.

Vinculin has been shown to undergo increased phosphorylation in cells by treaithed#*
and TPA (Werth and Pastan, 1983), and was confirmed to serve astaP#if2 substratéen
vitro. Vinculin functions as an intracellular anchoring protein that conmetis filaments and

integrins in cell-cell junctions and the cell-matrix adhesion process.
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B4-Integrin is a key protein involved in determining the connections between cellshe
matrix as mediated by hemidesmososmes Type |l (Desmosomes onathkantth are cell-cell
junctions). When PK& or PKG phosphorylateg$4 intergrin, hemidesmosomes disassemble
and facilitate cell migration (due to loss of stable adhegi@apinowitzet al., 2004; Altet al,

2004).

MARCKS (Myristoylated Aanine-Rch C Kinase_Sibstrate) is one of the first identified PKC
substrates (Wt al., 1982). This 87 kDa protein is a membrane-associated protein that also
binds to actin cytoskeleton. Upon phosphorylation by PKC, MARCKS disssdiate the
membrane and translocates to the cytosol. This process is bebawngdhte cell movement in

fibroblasts (Disatnilet al., 2004).

From what is known about PKC substrates to date, many areassowith the cytoskeleton
whose dynamic changes triggered by PKC phosphorylation are involveé imdchanisms
that drive cell adhesion and migration (Larsson, 2006). However, thexasisn to believe that,
in view of the pleiotropic actions of PKC, additional substratekbeilfound elsewhere in the
cell. To address the question of PKC substrates, the presdgtsirnessed an open-ended
approach called the “Traceable Kinase Method” to identify novekisubs of PKCe, & and{

and to compare their overall patterns of phosphorylation in MCF-10A ceke$ysat

I dentification of new PKC substrates by the Traceable Kinase Method

To identify intracellular substrates of PKC presents a clgitignproblem. All protein kinases
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must bind ATP which serves as the phosphate donor. Because the ATP bitediagirtually
identical in all protein kinases, their activity cannot be diststged by their ability to bind
and utilize ATP. The conserved nature of the ATP binding sitedst iprotein kinases was
exploited by Dr. K. Shokat from the University of Californiaa{SDiego) whose laboratory
developed The Traceable Kinase Method (Sdtah, 1997; Tinget al., 2001; Shah and Shokat,
2002; Wituckiet al., 2002). This chemical-genetic approach allows one to distinguisteirpr
kinase of interest from all other protein kinases by genetically engigade ATP binding site
so that it can bind an unnatural (“bulky”) ATP. As a result, protpimssphorylated by this
mutant in the presence of the ATP analogue would be the directadabstf that protein
kinase (Liuet al., 1998). The Traceable Kinase Method entails making a single sittiom at
the ATP binding site where theé’fdmino group of ATP contacts the enzyme. A large side-chain
residue (typically Met or lle) is replaced by a simplelesthain such as hydrogen (Gly) or a
methyl group (Ala). The newly enlarged ATP binding site inrthgant enables it to utilize an
unnatural phosphoryl donor A*TRe.@., N°-phenyl-ATP) which is an ineffective phosphoryl

donor for all other protein kinases.

Following site-directed mutagenesis at the ATP binding site, ¢DNA encoding an
epitope-tagged mutant kinase is transfected into target celi®er Aexpression and
immunoprecipitation of the mutant kinase, it can be used as a realgaegt with the ATP
analogue €g., N°-phenyl-ATP) and co-immunoprecipitated protein substratesirforitro

phosphorylation. This experiment is conducted under detergent-free ooaditiat preserve

protein-protein interactions. As a result, immunoprecipitation of tlwamh kinase would
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co-immunoprecipitate any high affinity protein substrates. When cadpaith the bands
obtained with the wildtype enzyme, samples with the mutant kinasédstesult in bands
whose phosphorylation can be attributed directly to the mutant proteinekidass

spectrometry analysis is used to identify potential protein substrates liand(s).

To determine the site of mutation in the RK@xctive site, the ATP binding domain of PKC
was aligned with that of v-Src (used by the Shokat group) atidtiwe catalytic domain of
cAMP-dependent protein kinase (PKA), which has a high degree of sedqumnoéogy with

PKC and had been co-crystallized with ATP (Zheng., 1993).

PKCau (412) R-L-Y-F-VM-E-Y-V-N-G (423).
V-SIC (333) P- I- Y-I-Vi- E-Y-M-S- K (343)
PKA (115) N-L-Y-M-VAVI-E-Y-V-P-G (125)

ATP Binding Domain of PKA

b, s

VALIL04 S
\U A . o3
GLU Ill -

'. METI120

L f}— B L
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Figure®6. Crystal structure of PKA with bound ATP The model shows the
three-dimensional structure of cyclic AMP-dependent protein kir{R$&\)
with bound ATP in which the adenosine moiety is delineated by dnsltrcent
surface. The proximity of M120 to the adenosine moiety is illiesdrat
Molecular modeling was performed with Protein explorer (PDByelATP).
(Abeyweera and Rotenberg, 2007).
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Alignment of the primary sequence of PKA and v-Src revealed Met-120 in PKA
corresponds to 1-338 in v-Src, the site modified by the Shokat labaratblgt-120 was also
identified in a three-dimensional structure of PKA (co-cryzadl with ATP) as a sidechain in
the ATP binding domain that is closely positioned to theaMino group of adenosine
(Abeyweera and Rotenberg, 2007). In both v-Src and PKA, the residue at thmnposities
within 5 A of the N amino of the adenosine of ATP. In PKCthis site corresponds to
Met-417 (M417). Mutants of PK& were prepared in which M417 was substituted by either
alanine (Ala) or glycine (Gly) (Abeyweera and Rotenberg, 200&éspide the enlarged ATP

binding cavity, the mutant forms were also able to utilize traditionBl 28 substrate.

------ WT-PKCot————— ---M417A-PKC----

Phe Bnz PhenEt 3MeBnz Phe Bnz PhenEt 3MezBnz YC MBFP P-MBP
- e - " <— 18 kDa

IP: Anti-FLAG
IB: Anti-PKC Substrate

Figure 7. Phosphorylation of an artificial substrate (myelin basic protein) by
WT-PKCa or M417A-PKCo with different N°-ATP analogues.
FLAG-PKCa plasmids (WT or M417A-PK&) were transfected intslCF-10A
cells and immunoprecipitated with anti-FLAG antibody. The immunefsl|
were aliquotted into Eppendorf tubes and used in a kinase reaction valim my
basic protein (MBP) plus non-radioactive 1Q01 ATP analogue. ATP
analogues consisted of (from left): ®Nhenyl-ATP, N-benzyl-ATP,
N®-phenethyl-ATP, and fN(3-methyl)-benzyl-ATP. The reactions were
incubated at 3@ for 10 min, resolved by SDS-PAGE, and transferrea to
PDVF filter. The membrane was probed with an antibody thabgnizes
phosphorylated PKC  substrates. Protein standards consisted of
non-phosphorylated MBP (MBP) and phosphorylated MBP (P-MBP).

When incubated with a protein substrate, namely myelin basic pretethdifferent ATP

analogues, the traceable mutant M417A lekgOuld utilize three of the four analogues present,
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whereas the wildtype PK&Cshowed no reaction with any of the bulky analogues, as shown in

Figure 7 (Abeyweera and Rotenberg, 2007).

Because of the importance of PKC in cancer metastasisgsssential to identify its substrates
in order to understand the mechanisms underlying various cancerous phendtypss
substrates would greatly facilitate the discovery of anti-@arrugs and therapies. The
following scheme shows an incomplete model of what is known ofoP&ivities and their

cellular consequences.

Madel of PRC s Activities and their Cellular Conssquences

Intracellular Substratoes Collular Phonatypse
ATP AP
PFPMARCKS Vin small
F-Adducin ¥im evinskeleton . L3 protein —
PRC ——— | Adhesion ———— Mutility
"-p4-Integrin T
¥ Via p2Tkip

_____________________ - s | Proliferation and
Muclens Cell Cyele Effects

————————————— <+ —— | Redox Effects
Cytaplrsm

In the first project to be presented (Chapter 3), comparative phospiamyprofiles were
determined for PK@, & and(, thus representing the conventional, novel and atypical isoforms,
respectively, in MCF-10A cells using the traceable mutant of each isoform. M@spwvas to
identify potential substrates that co-immunoprecipitate with warakergo phosphorylation by
each mutant kinase, as well as to determine the degree ofppiegaspecificity by these

isoforms.



18

The Role of Myristoylated Alanine-Rich C Kinase Substrate (MARCKS) in Cell Motility

MARCKS is a known intracellular PKC substrate and its phosphawgléias been used as an
indication of PKC activation. Phosphorylation of this protein by PKCum at four distinct
sites (see below), that can be inhibited through competitive binding?&t&modulin to this
segment in the protein. Four serine residues have been idemidigdhosphorylation sites

recognized by PKC (Grafét al., 1989) in the so-called effector domain:

(150) | ysLysLysLysLysArgPh8ePheLysLySePheLysLe$eGlyPheSePheLysLysAsnLysLy$

MARCKS interacts with anionic phospholipids in the plasma membranaghrelectrostatic
interactions of the positively charged lysine residues within efffector domain and
hydrophobic interactions of the N-terminal myristoyl group. Assalteof phosphorylation, the
electrostatic interactions are disrupted, leading to theselefthe protein from the membrane.
Following its release, phospho-MARCKS is cycled back via microtubanesis returned to
the membrane as MARCKS, presumably upon dephosphorylation by PP1 and tRB2A
protein phosphatases that are known to act on phospho-MARCKS (@alke1993) and to
be associated with microtubules (Meisingeal., 1997). During the interval that MARCKS is
not associated with the membrane, actin cytoskeleton undergoesgearemt. Binding of
MARCKS with C&*/ calmodulin during C& signaling also triggers the release of MARCKS
into the cytoplasm while masking the phosphorylation domain. Howeverjawastream

effect of C&*/calmodulin binding to MARCKS is not well established.
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Actin filaments of the cytoskeleton of B16 melanoma cells larewn to be critical to
membrane protrusion at the leading edge during cell movement, netréetion of the trailing
edge is associated with microtubule dynamics (Ballestetral., 2000). When bound with
MARCKS, actin filaments are bundled into a rigid complex thdigkeved to maintain cell
shape. Upon phosphorylation of MARCKS by PKC and its dissociation fl@mattin
cytoskeleton, actin filaments reassemble and initiate themdHhusion step. The association of
MARCKS with actin filaments inhibits cell migration, presumalldy preventing actin
rearrangement. MARCKS has been reported to be associatechavitttatelet-derived growth
factor receptor in human hepatic stellate cells and its oveessipn could inhibit cell
migration stimulated by PDGF in these cells (Rombeugs., 2008). However, when a siRNA
reagent was used to specifically knock-out membrane-bound MARCHK Sniggation was
greatly enhanced in the presence of PDGF (Romimbais, 2008). This finding confirms the
model in which membrane-bound MARCKS crosslinks actin and inhibits migration. MARCK
has also been shown to be associated with dynamic adhesions andlize gtadn in highly
motile melanoma cells (Pfenningaral., 2009). These studies established a role for MARCKS
at the membrane and cytoskeleton. As a direct PKC substrate, KIBRE known to be
involved in cell migration and adhesion through its association twéhcytoskeleton but the
activities of phospho-MARCKS in the cytoplasm have not been furttmumented.
Nonetheless, evidence of phospho-MARCKS in cells is an intragelhdaation that PKC is

catalytically active.
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The interest in MARCKS arose from the fact that it is diygghosphorylated by PKC and it is
associated with migration activity. While its function in thenmbeane has been extensively
studied, the possibility that it serves an additional role in thaptasm has not been explored.
Upon its phosphorylation by PKC in fibroblasts (Allen and Aderem, 1995), OKR
associates with lysosomes prior to its return to the membranaierotubules. However, the
specific significance of the phospho-MARCKS-lysosome interactias wot investigated
further, nor was it reported to be correlated with cell mutilih the second project to be
described (Chapter 4), phospho-MARCKS is examined for its rolee@mtotility of mouse
melanoma cells, B16 F1 and F10. The two related cell lines haeeimjffmetastatic potential
in a syngeneic model (C57BL/6 mice). F1 cells are not métastad are weakly motilen
vitro, whereas F10 cells are metastatic in mice and are highifemotwitro (Gopalakrishna

and Barsky, 1988).

The work described here investigated PKC substrates on the ynodititiway in cancer cells.
The findings shed light on the underlying mechanisms of cancer tamtasnd provide

potential targets for future anti-cancer drug design.
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CHAPTER 2

MATERIALSAND METHODS

Materials. MCF-10A cells were obtained from The Barbara Ann Karmanos Cabester
(Detroit, Michigan). B16 F1 and F10 mouse melanoma cells weggnebt from Memorial
Sloan Kettering Cancer Institute, and A375 and WM 278 human melanotsaweske
purchased from ATCC. DMEM/F12, RPMI 1640 cell media, fetal calf serum, DNéeseing
primers, Alexa fluor antibodies and pCDNA3.1 vector were obtained frowitrdgen
(Carlsbad, CA). DMEM, EMEM and a plasmid encodim@-tubulin were purchased from
ATCC (Manassas, VA). FLAG antibody (M2), the pCMV4 vector ahd Quik-Change
Mutagenesis kit were purchased from Stratagene (La Jolla, AA-FLAG EZ-view beads,
mouse monoclonaki-tubulin antibody (DM1A), nocodazole and phosphatase inhibitors
cocktail were acquired from Sigma-Aldrich (St. Louis, MO). MAR&Kand
phospho-MARCKS rabbit monoclonal antibodies were obtained from EpitdBicingame,
CA), phospho-PKC substrate antibody was purchased from Cell Signgdichnology, Inc.
(Beverly, MA), and the shRNA-encoding plasmids were from OggéRockville, MD).
Mouse monoclonal GFP antibody, PKC-terminal antibody, horseradish
peroxidase-conjugated secondary antisera, radioimmune precipitatien (RIA buffer) and
protein A/G agarose beads were obtained from Santa Cruz Biotechr{Slagia Cruz, CA).
PKCe N-terminal antibody was purchased from BD Biosciences, and tR8pdag plasmid
encoding wildtype PKC: was a gift from Dr. M.G. Kazanietz (University of Pennsylani
Fugene 6 transfection reagent was obtained from Roche Applied S¢iedimapolis, IN),

and PolyExpress DNA transfection reagent was purchased fromitant¢. (Gaithersburg,
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MD), and the chemiluminescence reagent (Supersignal West Pisodhtained from Pierce
Co. (Rockford, IL). Immobilon-P transfer membranes and mouse monoclonainymt
antibody were purchased from Millipore Corp. (Bedford, MA). Calphostin C
bis-indoleylmaleimide and Go6976 were acquired from EMD Biosciences(liecJolla, CA).
ATP analogues (phenyl-ATP, benzyl-ATP, phenethyl-ATP and 3ylithzyl-ATP) were
obtained from Axxora (San Diego, CA). The DAG-lactone reagertl@HE-153) was a gift
from Dr. V. Marquez (NCI-Frederick, NIH) and was the purerRntiomer contained in the

previously reported racemic mixture (Garcia-Bermetjal., 2002).

Cdll culture and transfection. B16 F1 and F10 cells were cultured in 10-cm plates in RPMI
1640 medium supplemented with 10% fetal calf serum, 1% of peniciléiptetmycin and
0.1% of fungizone. MCF-10A cells were cultured in DMEM/F12 medium supehted with
5% fetal calf serum, 2% penicillin/streptomycin, 0.2% fungizonels®@atre incubated at 32
with 5% CQ and split twice per week (F1 cells), or once per week (MCF<&l&). Human
melanoma A-375 cells were cultured in DMEM supplemented with 108b datf serum and
1% penicillin/streptomycin, and WM-278 cells were cultured in 2% duiedium. Cells
were re-plated one day prior to transfection so that the celitgevess 60-70% on the day of
the experiment. Cells were washed with PBS and cultured in deeengrowth medium prior
to transfection. Plasmid DNA was mixed with Fugene 6 tratisfeceagent in a 1:2 ratio
(m/v). For 10-cm plates, pg of plasmid DNA was mixed with 12 Fugene 6 and incubated
for 30 min at room temperature. The mixture was added to ineisrum-free medium and

incubated at 3T with 5% CQ. After 6 h, complete medium was restored to the cells and
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incubation continued overnight. For cells transfected with Fugene 6efflogency was
50-60%. The shRNA-encoding plasmidy@ for 60 mm plate) was prepared with PolyExpress
DNA transfection reagent in a ratio of 1:3g( shRNA/Ll reagent) in serum-free medium.
The reagent was added to cells in 2.8 ml complete medium andllh&vere incubated for 72

h at 37C (5% CQ). The bi-cistronic sShRNA encoding plasmid (Origene) co-expresses t
shRNA product and red fluorescent protein (RFP), therefore providingaas by which to
assess transfection efficiency. For F1 cells transfectddtiagt PolyExpress reagent, efficiency

was judged to be 80% or higher.

Transformation of bacterial cells and plasmid preparation. Plasmid DNA was diluted to
approximately 50ngd. Competent DH& cells were gently thawed on ice and B@ells were
transferred to a pre-chilled Eppendorf tube. One microliter of theediDNA was added to

the bottom of the cells and the mixture was incubated on ice forirBQAfiter subjecting the
cells to heat-shock for 45 sec at’@2the mixture was incubated on ice for another 2 min.
Pre-warmed (to 3€) S.0.C medium (0.9 ml) was added to the mixture and incubated in a
water bath shaker for 1 h at°87at 200 rpm. The reaction medium (28pPwas spread on an
agar plate prepared with the appropriate antibiotic. The plate incabated in a 3T
incubator for over 16 h. Single colonies were isolated and culturesufimequent plasmid
preparation. Plasmids were isolated from bacterial cellgskeyof the Midi-prep kit (Qiagen,

Valencia, CA).
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Ste-directed mutagenesis and construction of myc-tagged o6-tubulin. The plasmid DNA
template was mixed with the reagents from the Quik-Changetkétg§ene) plus two custom
synthesized mutagenesis primers (Invitrogen) at the approgoatentrations. All forward
primers are shown in Table 1. The mutagenesis PCR cycle parameateisenas instructed by
the manufacturer. After PCR, L of Dpn-1 restriction enzyme was added to the PCR product
and the mixture was incubated for 1 h at@7Oneypl of the digested product was used to
transform 5QuL Blue-script super-competent cells. The plates were inculaat@dC for 24 h

and five colonies were analyzed for presence of the plasmid. THA oi3ert in each plasmid
was detected by restriction digestion. To verify the presentieeaiutation, cONA sequence
analysis of the entire open reading frame was performed omrtwwore clones (Macrogen,

Inc., Rockville, MD).

Mutant Primer

PKC3-M427A 5'-AAG GAC CAC CTG TTC TTT GTG GCG GAG TTC

CTC AAC GGG GGG GAC C-3

PKCZ-1330A 5-CGG TTG TTC CTG GTC GCG GAG TAT GTC AAT

GGC GGG-3’

GFP-A2G_N/S-MARCKS| 5-CTT TGT TGA AGA CCA GCA TGG CCGOC AGT

TCT CCAAGACCG C-3

Tablel. Oligonucleotide primersused for site-directed mutagenesis.

For preparation of the A2G_N/S mutant of GFP-MARCKS, a secondtionutgsly - Ala)

was introduced into N/S-MARCKS at the site of myristoylat{@ly-2) in order to prevent
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acylation. The resulting double mutant (A2G_N/S-MARCKS) was coct&d by a standard
PCR approach (Quik-Change) using a primer in which the mutatess lzae underlined as
shown in Table 1. The sequence was confirmed by DNA sequencing ehtire open reading

frame (Macrogen Inc., Rockville, MD).

Human a6-tubulin constructs (prepared by T.P. Abeyweera) were subclonedafio@MV4
vector into the pCDNA3.1-myc vector (Invitrogen) so as to coaferyc tag on each construct.
cDNA constructs for the wildtype6-tubulin, the pseudo-phosphorylated mutant (S165D) and
the phosphorylation-resistant mutant (S165N) were amplified from MV@dCvector by a
standard PCR method with engineered 5 BamHI and 3’ Xbal sitesafipdified fragment
was inserted into a pCDNA3.1 vector at these restriction slies. entire sequence was
verified by DNA sequencing (Macrogen Inc.). Protein expressiomyai-tagged constructs
was verified by Western blot analysis using a rabbit polyclon@dnayc antibody (Millipore

Corp.).

Immunoprecipitation. Cells were lysed in hypotonic, detergent-free buffer [20mid giH 7.4,
2 mM MgCh, 2 mM EGTA and 1 mM dithiothreitol (DTT)] containing protease inloitst(1
mM phenylmethanesulfonyl fluoride, 10ng/mL leupeptin, and 10ng/mL soybs@sirt
inhibitors) and phosphatase inhibitors. Sixty microliters of EZviéw& beads
(pre-equilibrated in cold PBS) were added to p00ysate and rotated for 2 h atGt The
beads were centrifuged at 8200 x g for 30 sec and washed twic®a@l PBS and a third

time with 500ul kinase buffer (50 mM Tris, 12 mM magnesium acetate, 1 mMAa&Wd 1
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mM DTT). For immunoprecipitation of solubtetubulin, the soluble fraction was prepared as
follows: MCF-10A cells were collected and pelleted by cergafion for 5 min at 1000 x g.
Cells were lysed in 0.2 ml microtubule stabilization buffer (0.1PNPES, pH 6.9, 30%
glycerol, 5% (v/iv) DMSO, 1mM MgS§) 1mM EGTA, protease inhibitors and phosphatase
inhibitors) for 20 min at room temperature. After centrifugation4fdrmin at 100,000 x g at
25°C to remove membranes and polymerized tubulin, the supernatants (adritained
soluble tubulin) were transferred to fresh tubes and normalizetbtfar protein. The total
volume was increased to 1 ml by adding RIPA buffer containinge@se inhibitors and
phosphatase inhibitors. Monoclonal anttubulin antibody (2:g) (DM1A) was added to each
lysate and immunoprecipitation was carried out’at with rotation. After 2 h, 4Ql of protein
A/G beads suspension was added to each lysate and the incubation waseddor 1 h at
4°C. The immunocomplex was pelleted by centrifugation at 3000 x g fein5and washed
three times with 50@1 PBS prior to addition of 5X SDS sample buffer and heating for 5 min
at 95C. For immunoprecipitation of myc-taggeetubulin mutants, cells were lysed in 500
ul RIPA buffer containing protease inhibitors and phosphatase inhibitors 18nh
bis-indoleylmaleimide-1 (BIM). After normalizing for total proteitme volume of each lysate
was increased to 1 ml by adding RIPA buffer. Mouse monoclonal aatiamtibody (8ug)
was added to each lysate and immunoprecipitation was carried auighnveas described

above.

Cdl lysisand western blot. Samples of known protein concentration were denatured with 5X

SDS sample buffer (50% glycerol viv, 1% SDS, 0.05 % bromophenol blue, Uris MH 6.8,
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and 2mM B-mercaptoethanol) which was diluted with the protein sample to d fina
concentration of 1X, followed by heating at°@5for 5 min. Samples were resolved by
SDS-PAGE (typically 8% polyacrylamide) and electrophordiiciansferred to a PVDF
membrane (Millipore Corp.). The primary antibody was applietiedotot and incubated for 2

h at room temperature (or overnight &C4as indicated) with shaking. After washing the
membrane three times with TBST (0.9% NacCl, 20 mM Tris pH 7.48p0Ween 20 v/v), the
appropriate secondary antibody (Santa Cruz Biotechnology) was add#te tblot and
incubated for 1 h at room temperature with shaking. After wigstihiree times with TBST, the
membrane was developed with the chemiluminescent reagent (Bieteehnology, Rockford,

IL).

ATP Analogue Assay. MCF-10A cells were transfected with wild-type (WT) PX@r
PKC{ and the cells were lysed in hypotonic detergent-free buffer. WOsRa, d, or £) or the
corresponding traceable mutant kinases were immunoprecipitated Zvitle®-FLAG beads
(o or & isoforms) or anti-PKE (for PKC< proteins). The immunopellets with bound WT or
mutant enzyme were aliquotted to each of five Eppendorf tubes intd wiais added either
ATP or the appropriate ATP analogue (phenyl-ATP, benzyl-ATP, phgr&TP or
3-methylbenzyl-ATP). The reaction mixture consisted of 25 mM diHs7.4, 0.5 mM EGTA,
10 mM magnesium acetate, 1 mM DTT with protease inhibitors and phasphahibitors,
1mg/ml phosphatidylserine, 50g myelin basic protein (MBP) and 1QM ATP or ATP
analogue was added to initiate the reaction (t = 0). To stimBk@, 10 uM DAG-lactone

was added to the reaction mixture, whereas Plks@mulation was produced with @M
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ceramide. The reaction was carried out for 10 min &€ 3thd quenched by adding 5X SDS
sample buffer. The samples were heated for 5 min %@ @6d analyzed by SDS-PAGE. The
best analogue for each mutant was determined by assay ofphBphorylation by Western

blot using the phospho-PKC substrate antibody.

For determination of protein phosphorylation profiles, WT BK&nd PKG and their
corresponding traceable mutants were expressed in MCF-10A axetistheir lysates were
prepared in hypotonic, detergent-free buffer, as described aboveyl-Ahén(100 uM) was
added to each pellet containingu® DAG-lactone, PS (1@g/ml), kinase buffer and 1 mM
DTT. The reaction was carried out for 1 h af@@&nd quenched by adding 5X SDS sample
buffer followed by heating at 96 for 5 min. Samples were loaded onto a 7.5% SDS-PAGE
gel, transferred to a PVDF membrane and developed using rabbitopallyphospho-PKC

substrate antibody as the primary antibody.

Motility assay. In motility assays, cells (2 x $@er ml) were plated on a glass slide with
small wells. The cells were applied to a 10-well slide throaigtell sedimentation manifold
(CSM Inc.), thereby ensuring that the cells sedimentedightaconcentric circle in each well.
After incubation for 16 h at 3T, the manifold was removed and each image was recorded for
the cells at the t = 0 time point. By taking images aiterltime point (typically 6 h) (Motic
Image 2.0 software), the increased area occupied by the cells was amandait#ieir motility.

For some experiments that entailed addition of a reagent @t(¢g. DAG-lactone or okadaic

acid), the specific details are indicated in the correspondingefiggends. Each condition was
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carried out in triplicate wells and the results were averaged.

Immunocytochemistry and confocal microscopy. For B16 cells transfected with a plasmid that
encodes a GFP fusion protein, cells were seeded onto cover s giost-transfection and
each coverslip was placed in a 6-well tissue culture plate remubated overnight at 3.
Each coverslip was washed twice in 2 mL PBS and the cells fixad for 10 min with 4%
paraformaldehyde in 1X PBS (diluted from 10% paraformaldehyde inPEBX) and mounted

in DABCO.

For immunocytochemistry of microtubules, cells were first incedbatvith microtubule
stabilizing buffer (80 mM PIPES, 1 mM MgCKW mM EGTA, 0.5% Triton-X100) for 30 sec
and then fixed in -Z« methanol for 3 min. Cells were treated with antidbulin (DM1A)
antibody (1:400 dilution) for 30 min at 37 and washed three times with PBS containing
0.1% Trition X-100. Cells were treated with secondary antibodyxgARuor 594 anti-mouse

IgG) for 30 min, washed 3X with PBS with 0.1% Triton X-100 and mounted in DABCO.

Protein Identification by Mass Spectrometry. Identification of potential PKC substrate proteins
in gel slices was performed at the Keck Foundation Mass SpettydrResource Laboratory at
Yale Cancer Center. Gel-resolved proteins were digastedu with trypsin (Promega) and
batch-purified on a reversed-phase microtip, and resulting peptide weods individually
analyzed by liquid chromatography-tandem mass spectrometry \Gfaters Q-TOF mass

spectrometer, as previously described (Abeyweera and Rotenberg, 200 @Bndem mass
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spectrometry spectra were searched using the automated MASIQGrithm. Identification

required that two or more spectra matched the same protein entry in the data base.
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CHAPTER 3

| dentification of PKC-a., 8 and ¢ substratesin human breast cells and characterization of
a6-tubulin asa PKC substrate.

The first project in this chapter utilized the traceable kimasthod with PKCe, 6 and( and
successfully identified several potential substrates in MCF-10Aahumeast cells by MS-MS
analysis. Two protein substrates, namely ROCK-1 and Cdc42-EP4anayzed as potential

substrates.

In the second project, a novel PKGubstrate, namely6-tubulin, was examined in human
breast cells to map its phosphorylation site in cells. The stimglaole of a6-tubulin in
motility upon PKQr phosphorylation was mediated by intact microtubules. These results
completed a study previously begun by T.P. Abeyweera (T.P. AbegwebrD. Dissertation,

2007) and were recently published (Abeywestra., 2009).

Preparation of the traceable kinase mutants of PKC-8 and C.

The objective of this study was to compare the phosphorylation profildee three distinct
PKC members in MCF-10A cells and to identify potential subsghtef each enzyme. In
addition to the conventional isoform PKCPKC- and( represent the novel and atypical
PKC families, respectively. Their potential substrates could beefurther analyzed for their

effect on cancer phenotypes or tested as possible anti-drug targets.
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Wildtype PKG cDNA was subcloned into a pCMV4A vector that conferred a GLiag
during expression. PKLCcDNA was contained in a pCR3 vector that conferred a &P4G.
The PKG tag was a short C-terminal sequence of PKGed to the N-terminus of PK@&Gnd
proved to be useful in immunoprecipitation using an anti-2&@ibody (Calocat al., 1997).
In order to locate the amino acid to be mutated at the ATP bisdm¢p prepare the traceable

mutants, sequences of PKGnd¢ were aligned with that of PKd&Cas follows:

PKCa (412) R-L-Y-F-VM-E-Y-V-N-G  (423)  M417A
PKCS (422) H-L-F-F-WI-E-F-L-N-G  (432)  M427A
PKCZ (325) R-L-F-L-V4 -E-Y-V-N-G  (335)  I330A

The M417 mutation of PK& was located by alignment with v-Src and PKA, as described in
the Introduction (Chapter 1). The traceable mutant of ®#K@&d been prepared previously
(Abeyweera and Rotenberg, 2007). Based on the sequence inforrffatieach isoform,
M427A for PKG and 1330A for PKC were made by site-directed mutagenesis. The mutations

were confirmed by DNA sequencing (Macrogen USA, Rockville).

Characterization of PKC-a, 8 and { mutantsin M CF-10A cells.

The first step was to evaluate the expression levels of dcedible mutants. The traceable
kinase of PK@ was previously well characterized (Abeyweera and Rotenberg, .2B077)
PKC-5 and{, plasmids encoding WT or the corresponding mutant were transientgfacted
into MCF-10A cells. Western blotting was performed to asses&xpeession level of the
enzymes by use of either anti-FLAG (for P&@r PKCe antibody (for PKQC). As shown in

Figure 8, PK@ and PK( were stably expressed at a high level.
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Figure 8. Western Blot analysis of PKC-8 and { mutants. (A) Wildtype (WT) and
active site mutant (ASM) PK& were expressed as a 72-KDa band when
compared to empty vector (VC) and parental cells (10A) and twe<loheach
were tested. (B) Wildtype (WT) and mutant (M) PK@ere expressed as a
75-KDa band when compared to empty vector (VC) and parental celly (10A
and five clones of each were tested.

For PKGu, an important step to validate the intracellular function of thectible mutant was
to assay for its effect on motility. After transfectiona MCF-10A cells, the traceable mutant
of PKCa, also referred to as the active site mutant (ASM), was foumttease cell motility
to the same level as the wildtype enzyme (Abeyweera and Ragerti¥7). This finding
implied that the traceable mutant is competent to phosphorylatathe set of substrates in
the cell that lie on the motility pathway. This approach was egpb the traceable mutants of
PKC- and( as a means to validate their enzyme activities in theA=lshown in Figure 9,
PKGCSs (WT and ASM mutant) increased motility by 7-fold and eadlvidg was stimulated by
DAG-lactone, a conventional and novel PKC activator. In contrast, thesponding forms of

PKCZ had no effect on motility and did not suppress the action of DAGHacwhich



stimulates only conventional and novel PKC isoforms.
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Figure 9: PKC-8 over-expression increases MCF-10A cell motility but PKC-£ has no
effect. (A) MCF-10A cells were transfected with VC (empty vect@adWT
(PKCs wildtype) or 6-ASM (PKCS mutant) and were treated with or without
DAG (DAG-lactone, a PKC activator) followed by motility agses described in
the Methods. (B) MCF-10A cells were transfected with VC (emgtor),
PKCL-WT (PKCL wildtype) or PKE-ASM (PKCZ mutant) and assayed for
motility as described in the Methods.

I solation of the traceable kinase by immunoprecipitation.
One key aspect in the successful application of the TraceablseKMathod was to utilize
cells where very little PKC-mediated phosphorylation occurs (MQ& cells). Thus,

immunoprecipitation of the traceable kinase is carried out undergeet-free conditions,
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thereby promoting retention of high affinity (unphosphorylated) substrat the substrate
binding site. To facilitate this method, PKkiCandé mutants were subcloned in a pCMV4A
vector, which contained a FLAG tag for efficient immunoprecipitatigtn FLAG antibody.
PKC{ was inserted in a pCR3 vector withegag, a short amino acid sequence of the
C-terminus of PKE. Even though PKC could be immunoprecipitated by anti-P&éntibody,

the fact that endogenous PK@ould also be precipitated posed a problem for downstream
applications. To circumvent this difficulty, an extra immunopredipitastep was adopted to
pre-clear endogenous PK®y using an anti-PK€antibody directed against the N-terminus of
wildtype PKCe. The two-step immunoprecipitation isolated RKilat was not contaminated

with PKCeg, as shown in Figure 10.

Anti-N-term PKCz  Anti-C-term-PKCs
P1 P2

W

T ASM  WT  ASM
72 kD <PKCC

Figure 10. Isolation of PKCE from MCF-10A cell lysates by immunoprecipitation.
MCF-10A cells were transfected with either WT-RKQWT) or the PKC
mutant (I330A) and a two-step immunoprecipitation was performed using
anti-N-terminal PKE to pre-clear endogenous PKdollowed by addition of
anti-C-terminal PKE antibody to immunoprecipitatetagged PKC. The pellets
were analyzed for PKCcontent by Western blotting using C-terminal RKC
antibody.

Selection of the appropriate AT P analogue for PKC-a, 8, and { mutants.
To utilize the traceable kinase mutants of PKG-and( for identifying potential substrates, it
was important to select the appropriate ATP analogue that suppanise activity of the

traceable mutant but not that of the WT enzyme. The appropriake akhalogue was
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determined by performing kinase assays with myelin basic pr@#BP) as substrate and four
commercially available ATP analogues that are all derivatofethe N amino group of the
adenosine moiety, as shown in Figure 11. It had already been deresh$tia the PKG@
traceable kinase prefers®ghenyl-ATP to the other analogues (T.P. Abeyweera, Ph.D.
Dissertation). Following immunoprecipitation of WT and mutant formsP&C- or (,
phosphorylation of MBP by these enzymes was carried outiim\atro assay with each of the
four ATP analogues or traditional ATP. Phospho-MBP was analipgeWestern blotting
(shown in Figure 12) as a means to evaluate the preference ob RKE@E for one or more
ATP analogues. Phospho-MBP was detected by Western blot witmanercially available
primary antibody that recognizes the phosphorylated PKC conseniseis (BKC
phosphosubstrate antibody). The analogue that gave rise to the highest giiBsplavels in

the mutant reaction but not in the wildtype reaction was seledetheaappropriate ATP
analogue. By this criterion, Dphenyl-ATP was chosen for use with each of the three PKC

isoforms.

N"-Phenyladenosine triphosphate  N*-Benzyladenosine triphosphate
3

— —_
4 > ., 4 ) S—
\ 7/ < /N

NE-AdnPPP

Nh—il-Phcny lethyljadenaosine triphosphate N3 Methylbenzyl Jadenosine triphosphate

CHy
/
\ =\
L\
"a," fy \\ Y ;:’ ~.\'
: Lo NRAdnPPP N/ NY-AdnPPP

Figure1l: Commercially available ATP analogues.
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Figure 12. ATP analogue assays of PKC-a, 6 and £. MCF-10A cells were transfected
with the wildtype or mutant of PKC-a, -8 and -{. Determination of the
preferred ATP analogue by each PKC isoform. Following immunopreaogpitaf
PKC-oand & with FLAG antibody or of PKG with PKCe antibody,
dephosphorylated MBP and an analogue of ATRhenyl-ATP, N-benzyl-ATP,
N®-phenethyl-ATP, R-3-methyl-benzyl-ATP) or conventional ATP were added to
the pellet. The reaction was carried out for 10 min for Bkd 30 min for
PKC-5 and {. Phosphorylation of MBP (18 kDa) was analyzed by Western
blotting with the PKC-phospho-substrate antibody. (The results fQoRiere
reproduced from T.P. Abeyweera, Ph.D. Dissertation 2007)

Comparison of the phosphorylation profile of PKC-a, 8 and £ in MCF-10A cells and
identification of potential substrates.

To identify potential substrate(s) for PK&-6 and £ in MCF-10A cells, the substrate
co-immunoprecipitation method was used and followed by a kinase asihy the
NC-phenyl-ATP analogue. High affinity substrates bound to each dhthe traceable kinases
were phosphorylated using ®4dhenyl-ATP.  The resulting phospho-protein bands were
detected by Western blot with the PKC phospho-substrate antibodypHAdsphorylation

profiles of the three different PKCs were compared and are shown in Figure 13.
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Figure 13. Phosphorylation profile of PKC-a, & and £ in MCF-10A cells. Cells were
transfected with PKG, 6 or £ and following immunoprecipitation of the WT
(wildtype) and mutant (M417A for PK& M427A for PKG and I330A for
PKCZ), N°-phenyl-ATP was added to the pellet. The reaction was carriefbou
1 h at 36C. Phospho-protein bands were resolved by duplicate 7.5% SDS-PAGE
gels. The proteins on one gel were transferred to a PVDibnaee and PKC
substrates were detected by Western blotting with the PKCppbssbstrate
antibody. The other gel was stained with Gelcode Blue angpared with the
results of the first gel.

M ass spectrometry analysis of the bands produced exclusively by the traceable kinase PK C.
Phosphorylation of high-affinity substrates immunoprecipitated with ttheeable kinase
revealed several unique bands (discernable with Gelcode Blue st@in)were present
exclusively in the mutant reaction. Several bands from the GelBade stained gels for the
PKC-a and 6 profiles and the 130-kDa in the PK@attern were excised and evaluated by
mass spectrometry (Keck Foundation at Yale University Caneete@. A number of proteins

were detected in each of the bands analyzed and a sampling is listed i@.TaBtEme
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PKCa
43 kDa: cdcd2 effector protein-d, g-actin, VASP*
53 kDa: o- and p-tubulin, dynein-1, LIM protein
82 kDa: PAKZ, desmoglein, MAPKKKY, Ras GTPase activating protein-
binding protein,Hsp&0, LIM protein-3
200 kDa: Rho-associated protein kinase (ROCK-1/2), IQGAP-1*, CLASP1,
tensin-3, Rhofeded2/Rac activating protein-1 (RICS), plectin®
BCL-2-associaled transcription factor, myosin

PKC3
43 kDa: cdcd?2 effector protein-d, VASP*, desmoglein, f-actin,
sphingomyelinase*

200 kDa: Rho-associated protein kinase (ROCK-1/2), IQGAP*,
Rho/cde42/Rac activating protein-1 (RICS), brefeldin A-inhibitor of
GTP-exchange protein-2 (ARFGEF2), plectin (isoforms 1, 2),
ARFGAP with Rho-GAP domain, MAP-4, CLIP-1, BCL-2-associated
transcription factor

PKCE
130 kDa: NAD(P) transhydrogenase

Table2. Proteinsthat co-immunoprecipitated with each traceable kinase and were
identified by mass spectrometry. Proteins that were previously known to be
PKC substrates are indicated by an asterisk (*).

proteins were already known to be PKC substrates such as IQ&@ARPmanovat al., 2004)

and VASP (Chitalewt al., 2004), or PKC binding proteins such as plectin (Osmanagic-Myers
and Wiche, 2004), thus validating the methods used here. It was notex\vhedl| proteins
were GTP-dependent or GTP binding proteins, and three proteins are kookindt to
microtubules (dynein) or plus ends of microtubules (CLASP, CLIP-BHigh confidence
values were assigned to ROCK-1 and Cdc42-EP4, two proteins contairied P00-kDa
bands for PKGx andd. In contrast to PK& and PKG, PKC, produced a very different
phosphorylation pattern that included a strong band at 130kDa. This band contayngswe

proteins, one of which was NAD(P) transhydrogenase.
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Testing of phosphorylation of ROCK-1 and Cdc42-EP4.

To determine whether ROCK-1 and Cdc42-EP4 are PKC substratefo, recombinant
proteins were obtained and testedifovitro phosphorylation by pure recombinant RiKénd
PKGCS using traditional ATP. As shown in Figure 14A, pure, recombinant RQGkEes not
undergo phosphorylation with either PK©r PKG. In addition, it was verified that ROCK-1
is not phosphorylated by PKC isoforms in cells treated with Dd&sEene. In this regard,
following treatment of MCF-10A cells with either DMSO or DA&:tone for 30 minutes,
endogenous ROCK-1 was immunoprecipitated. The presence of phospho-ROGK patlet
was analyzed by Western blotting using PKC phospho-substratiesdyntand compared with
total ROCK-1 as determined using anti-ROCK1 antibody. In Figdi®, ROCK-1 did not
show enhanced phosphorylation after DAG-lactone treatmémtcontrast with our findings
with ROCK-1, Cdc42-EP4 proved to be a robust substrate of botlwRIKE PKG in vitro, as

shown in Figure 15.



Figure 14.

Figure 15.
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In vitro and intracelular phosphorylation of ROCK-1. (A) Pure
recombinant ROCK-1 (100 ng) was incubated with pure recombinantPKC-
(170 ng) or PKGS (100 ng) and 10QuM ATP in kinase reaction buffer
containing PS and DAG-lactone. The reactions were carried ouf@tf6030

min and quenched by adding 5x SDS sample buffer. After heattesl rhin at
95°C, the samples were subjected to a 6% SDS-PAGE and probed with
phospho-PKC-substrates antibody (1:1000). (B) MCF-10A cells wertedrea
with 5uM DAG-lactone or DMSO (0.1% v/v) for 1 h and then lysed in RIPA
buffer containing phosphatase inhibitors. Endogenous ROCK-1 was
immunoprecipitated by a goat anti-ROCK-1 antibodyg4er sample). The
pellets were subjected to 6% SDS-PAGE. Parallel blots werelaped with
antibodies that specifically detected either ROCK-1 (1:200) or
phosph-PKC-substrates (1:1000

Control PKCa PKCa

u - <cdcd2epd

In vitro phosphorylation of Cdc42-EP4 by PKC-a and PKC-3. Pure
recombinant CDC42-EP4 (750 ng) was incubated with pure recombinant
PKC-a (170 ng) or PKG (100 ng) and 10@M ATP in kinase reaction buffer
containing PS and DAG-lactonei(d). The reactions were carried out afG0

for 30 min and quenched by adding 5x SDS sample buffer. Aftemigefati 5

min at 95C, the samples were subjected to a 7.5% SDS-PAGE and probed with
phospho-PKC-substrates antibody (1:1000).
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a6-Tubulin asa novel PKCa substrate.

Using the traceable kinase metha@;tubulin, was recently identified by the Rotenberg lab to
be a novel PK@ substrate (T.P. Abeyweera, Ph.D. Dissertation, 2007). To investiyate t
significance of the phosphorylation at-tubulin, site-directed mutagenesis of the four PKC
consensus sites (Ser-158, Ser-165, Ser-241 and Thr-337) was employeely, Nam
pseudophosphorylated €8)) and phosphorylation resistant®¥8l) constructs were prepared
for each site. Motility assay revealed that only the S165Damujave rise to an elevated
motility comparable to that induced by over-expression of wildtyg€d® after transient

transfection. These experiments were performed by T. P. Abeyweera.

Demonstration that Ser-165 in a6-tubulin isthe primary phosphorylation site.

Based on the motility assay, Ser-165 was thought to be a keprsP&E phosphorylation to
downstream signaling. To demonstrate that Ser-165 wapriimary phosphorylation site, a
phosphorylation-resistant mutant, namely S165N was tested in MCFeHIA. This
site-directed replacement of Ser with Asn was chosen becamse/@duld serve as an isosteric
control for the Asp used to generate the pseudo-phosphorylated mutant Si16a@nh U
preparation of S165N, its level of phosphorylation was judged by westetnubing
anti-a-tubulin, and was therefore could be compared directly with endogentumsilin. Upon
stimulation of MCF-10A transfectants with DAG-lactone, the egpion of S165N mutant
significantly suppressed phosphorylation of the endogeaeusulin, while cells transfected
with the empty vector showed a high level of phospkobulin (Figure 16). The total

a-tubulin level in these cells was not affected by the transfections.



43

DAG DAG
VC S165N VC S165N

o we O w#® < Phospho-a-Tubulin

B 8 B B <o o Tubuln

Figure 16. Phosphorylation-resistant  a6-tubulin  mutant (S165N) decreases
phosphorylation of endogenous a-tubulin. GFR-S165Ne6-tubulin
suppresses DAG-lactone stimulated phosphorylation of endogenous
a-tubulin in MCF-10A cells. Cells were transfected withug of S165N
mutant or the empty vector (VC; vector control). Identical tratafes
were treated with iM DAG-lactone or DMSO (0.1%, v/v) for 30 min at
37°C prior to lysis. Lysates were prepared in 0.2 ml of microtubule
stabilization extraction buffer (0.1 M PIPES, pH 6.9, 30% glycerés, 5
DMSO, 1mM MgSQ, 1 mM EGTA, and 1% Triton X-100) containing
protease inhibitors and 1@M BIM. A soluble fraction containing
unincorporated tubulin was prepared from lysates (see “Methods”) and
normalized for total protein content (28@), and each sample volume was
adjusted to 1.0 ml with radioimmune precipitation buffer. The samydes
pre-cleared with mouse IgG agarose and immunoprecipitated withdt
mouse anti-tubulin for 15 h with rotation at 4 °C. Immunopellets were
divided into duplicate blots and probed in parallel with either rabbit
polyclonal phospho-PKC substrate antibody (1:500 dilution) or rabbit
anti-o-tubulin (1:2500 dilution).

When tested in other highly metastatic human breast cancdines|l such as MDA-MB-231
and MDA-MB-468 cells, the S165N mutant inhibited motility by 60-75%°.(Rbeyweera,
Ph.D. Dissertation, 2007; Abeyweeataal., 2009). While MDA-MB-231 cells express a high
level of PKGx (Gauthieret al., 2003), MDA-MB-468 cells do not have any conventional PKC
isoforms (Maoet al., 2000) but express high levels of P&Cthereby suggesting that

non-conventional PKC isoforms can also aseibulin as a substrate.
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To investigate whethen6-tubulin could be phosphorylated by non-conventional PKCs, the
wildtype, pseudophosphorylated and the phosphorylation-resigiatoioulin constructs were
sub-cloned into a vector containing a C-terminal myc-tag that wused to efficiently
immunoprecipitate the epitope-tagged protein. The expression level ef rthg6-tubulin
constructs is shown in Figure 17.

myc-o:8-Tubulin > W

50 KDa —> - - W w— = e

1 2 3 4 1 2 3 4 1 2

104 VC WT-06-Tub S165D S165N

Figure 17. Expression of myc-a6-tubulin constructs. Cells were transfected withidy of
plasmid encoding WT, S165D or S165N. After 48 h of transfection, lysates were
prepared in RIPA buffer containing protease inhibitors andgréf total protein
was loaded for SDS-PAGE. Myws-tubulin was detected with rabbit myc
antibody (1:1000 dilution) as a 55-kDa band.

I ncor poration of myc-a6-tubulin mutant proteinsinto microtubulesin M CF-10A cells.

To verify the expression of the mw®-tubulin constructs and to validate their function,
confocal microscopy was performed to visualize the localizatioraoha-tubulin construct.
As shown in Figure 18, the WT, S165D and S16&Bttubulin proteins were equally

incorporated into the microtubules in the cell.
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Figure 18.

Incorporation of myc-a6-tubulin mutants into microtubules of MCF-10A
transfectants. Cells transfected with WT-mye6é-tubulin, or with either
myc-S165N or myc-S165D mutants @f-tubulin were extracted in microtubule
stabilization buffer to remove unincorporated tubulin monomers prior to n@tha
fixation. By use of confocal microscopy, incorporation of mgetubulin was
determined with a polyclonoal myc antibody (1:300) afid@escein-conjugated
secondary antibody (Alexa fluor 488 at 1:400). Radrescent signals measured
total o-tubulin incorporated intomicrotubules usinga-tubulin  monoclonal
antibody (DM1A at 1:500) anthodamine-conjugated secondary antibody (Alexa
fluor 594 at 1:400). The resultwere qualitatively identical in at least two
independent experiments and the images were representative of the wals vie

The myc-tagged wildtype and S165N constructs were then transfatiehetastatic human

breast MDA-MB-468 cells which do not express any conventional P&fGrmes (Maoet al.,

2000). Phosphorylation of myc-taggecb-tubulin (either WT or the S165N mutant) was

assessed by Western blotting after immunoprecipitation of myc-tagged WTL&BN Sroteins
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with a myc antibody. As shown in Figure 19, the WT reporter conginazrwent substantial

phosphorylation in MDA-MB-468 cells, as indicated by the intensityhef signal detected

with the PKC substrates antibody. However, the phosphorylaticstaesimutant registered

almost no phosphorylation signal, thereby signifying that S165 accoumteminfiost all of

phosphorylation events occurring in6-tubulin. Furthermore, phosphorylation of the

myc-tagged WT reporter was almost entirely eliminated wletls eere treated with 1M

bis-indoleylmaleimide (BIM), a pan-PKC inhibitor, thus indicating ttiRKC was the sole

source of kinase activity. Importantly, these results indicate nhael PKC isoforms and

possibly atypical isoforms were the active kinases in thetg aeld imply thatx-tubulin can

serve as a substrate for multiple PKC isoforms.

Figure 19.

Wr Wi
VC WT S165N DMSO BIM

Phospho-a6-Tubulin > - - @B
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Phosphorylation of myc-tagged a6-tubulin reporter constructs in
MDA-MB-468 cells. Cells were transfected for 48 h withygy of plasmid
encoding the myc-tagged Wa6-tubulin, S165N mutant, or VC. Where
indicated, cells were treated with eithen BIM or DMSO (0.1%, v/v) and
incubated at 37 °C for 30 min prior to cell lysis. Whole cell lgsaivere
prepared in 0.2 ml of buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1 mM EGTA, 1uM BIM, and 0.5% Nonidet P-40. After normalizing
for total protein content (550Q), lysates were diluted 5-fold in detergent-free
buffer, followed by pre-clearing with mouse IgG-agarose and
immunoprecipitation with Jug of mouse anti-myc (6 h with rotation, 4 °C).
Myc-taggeda6-tubulin (50 kDa band) was detected in a Western blot that was
probed sequentially with rabbit anti-phospho-PKC substrates (1:500) and
rabbit anti-myc (1:1000).
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Motility induced by PKCa or S615D-a6-tubulin is microtubule-dependent.

The fact thato6-tubulin is a building block of microtubules suggests a relationshipeleatw
this vital cytoskeletal component and the motility phenotype stitedl by the
pseudo-phosphorylated6-tubulin mutant. To address this question, a motility assay of
MCF-10A transfectants was carried out with nocodazole, a microtdiestabilizing agent. In
cells that had been transiently transfected with either wildB{g€c or S165D, nocodazole

almost completely blocked motility induced by either construct, as shown ireR2Qur
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Figure 20. Motility of MCF-10A cells engendered by PKCa or S165D-a6-tubulin is
eliminated by treatment with nocodazole. Cells were transfected with 4g of
plasmid DNA encoding PK&, myc-tagged S165[2:6-tubulin, or the vector
control, as described under “Materials and Methods.” After 48ehs were
plated onto 10-well slides, and, following incubation at 37°C and 5% CO2
overnight, the cells were treated=0) with 5 uM nocodazole (or 0.1% (v/v)
DMSO) and analyzed for motility after 8 h.

Effect of PKC activation on microtubule elongation.
To gain insight into the direct change in microtubule structigleged to the elevated motility,
a microtubule plus end binding protein called EB1 (Morrigtoai., 1998; Vaughan, 2005) was

expressed in MCF-10A cells as a GFP-fusion protein. The prefréntiding of GFP-EB1
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protein to microtubule plus ends was visualized by confocal microsz®ymeans to assess
whether microtubules were actively undergoing elongation. As showiigure 21, a

dramatically higher GFP-EB1 binding to microtubules was observddAiG-lactone treated

cells, which implied that there were more actively growing microtubules up@nhaetvation.

Control DAG-Lactone

Figure2l. Confocal microscopy of MCF-10A cells transfected with GFP-EB1.
Cells were transiently transfected withug plasmid DNA encoding
GFP-EB1, followed by treatment with either 1 DAG-lactone or
DMSO (0.1% v/v) for 30 min, and fixation in 4% paraformaldehyde, as
described in the ‘Materials and Methods’. Images were viewed ander
Leica confocal microscope.

Discussion

In this study, a traceable kinase method that had been initialkglapeed by Shokat and
coworkers was used to identify PK&G -0 and( substrates in human breast cells. In the wake of
previous studies by the Rotenberg group in which a Shokat mutant af RE€&tleveloped at
Met-417, similar mutants of PK&-and{ were created by aligning the sequences of the three
isoforms and performing site-directed mutagenesis at the resigiueorresponded to Met-417

in PKCo.. That alanine was chosen to be the small amino acid substitatbasad on the
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finding that M417A PKG@. was superior to M417G PKOwhen judged by their competence in
reproducing the cell motility phenotype. M427A P&K@as also able to reproduce the motility
phenotype as the wildtype enzyme. This implies that the mutatiB#E did not hamper its
recognition of substrates. Even though RBKdid not show any effect on cell motility, there
was no difference between the wildtype and mutant, nor did it inrtewigh the pro-motility
effects induced by DAG-lactone which only activates conventionalnamdl forms, but not

atypical PKC isoforms such &s

There are four commercially available ATP analogues tha&eemino group derivatives. To
select the appropriate bulky ATP analogue for BK@d(, anin vitro assay with MBP as the
substrate was performed. The ability of each ATP analogueigpos phosphotransferase
activity of the mutant kinase was assessed by comparing phBBphorylation levels. The
ideal ATP analogue was judged to be utilized only by the mutandekimat not by the wildtype
enzyme. Using this criterion, ®henyl-ATP was selected for both PE@nd PK. It was
noted that the wildtype enzymes of PK@nd({ were able to use other ATP analogues to some
extent, whereas the reactivity of PK@ith these analogues was restricted exclusively to
phenyl-ATP. One explanation is that there are subtle structufeledices in thed and

isoforms that allow for greater flexibility in the ATP binding site.

Two strategies were proposed to identify potential PKC substiatslCF-10A human breast
cells. The first strategy was to express the traceable mutant itgpe@ienzymes in MCF-10A

cells and isolate them by immunoprecipitation. To the enzyme inpdéiet were added
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NC-phenyl-ATP and a detergent-free cell lysate prepared froginviMlCF-10A cells. This
design was carried out in order to react the enzyme with unphospbdrglaistrates that were
present in the lysate. The resulting phosphorylation banding patteravéowad a high
background for both wildtype and mutant reactions. A second stratagypwsued that
focused entirely on the proteins that co-immunoprecipitated with-te5-tagged enzyme.
This strategy was based on the assumption that since the immupibg@tiea medium did not
contain any detergent, protein-protein interactions were presekgedl.result, it was thought
that the enzyme would co-immunoprecipitate a number of high gfBnibstrates. The kinase
reaction was initiated by addition of ®{ghenyl-ATP directly to the pellet containing
co-immunoprecipitated substrates. This approach eliminated the higgrband and proved

to be superior to the use of whole cell lysate as the substrate source.

In the current study, immunoblotting replaced autoradiography, which esh@w strong
background in the PK& experiment (Abeyweera and Rotenberg, 2007). This non-radioactive
method had low background and fewer bands (Figure 13) after probing tlse keection
products with an antibody that recognizes the phosphorylated PKC consegsesce. This
method also narrowed the search for potential substrates and preiung@er manipulations.
This study marked the first time that the Traceable Kisthod was successfully coupled

with a non-radioactive strategy to identify protein kinase substrates.

When the unique bands produced by the traceable mutants oblP&K&nRd{ were analyzed

by mass spectrometry, several GTP-binding proteins and proteins Kool involved in
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cytoskeletal structure were detected as potential substraesist shown in Table 2, included
proteins that bind small GTP-binding proteins (ROCK-1, cdc42EP4, Ri&iRiac-activating
protein-1), as well as PKC substrates that had been previously eo@dnby others.e.
IQGAP and VASP (Grohmanow al., 2004; Chitaleyet al., 2004), and by the Rotenberg
laboratoryi.e. a-tubulin (Abeyweeraet al., 2009)). The discovery of known PKC substrates
validated the performance of the traceable kinases developed heredéntified protein,
namely cdc42-EP4, could be verified as a substrate ofoPHI@ 6 by in vitro assays.
Following construction of gain-of-function and loss-of-function mutantijlitbe possible to

evaluate the functional significance of these mutants in various phenotypedingehotility.

As a novel substrate identified by the Traceable Kinase Mett®tljbulin was verified as an
intracellular PK@ substrate whose phosphorylation reproduces the motility phenotype that the
Rotenberg lab previous ascribed to RK@ MCF-10A cells (Sun and Rotenberg, 1999).
Motility assays revealed that a pseudophosphorylated mutant, nat@&{p-&6-tubulin also
stimulated MCF-10A cells motility. Furthermore, expression of aptarsphorylatable mutant,
namely S165Nx6-tubulin in MDA-MB-231 cells (which express abundant FPRCand
MDA-MB-468 cells (which express non-conventional isoforms) stpingibited motility of
these cells (Abeyweera, Ph.D. Dissertation, 2007; Abeywetegh, 2009), as well as in
DAG-lactone-stimulated MCF-10A cells. These findings imgikd Ser-165 as the primary
target of PKG. It was further shown in the present work that the &8ftubulin reporter was
strongly phosphorylated, while myc-tagged Sl1abMibulin was largely unphosphorylated.

Because this result was detected in MDA-MB-468 cells, & eemcluded that-tubulin is also
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a substrate for non-conventional PKC isoforms. It was noted thamall slegree of
phosphorylation did occur in the S165N mutant, suggesting that thisssitetithe sole
phosphorylation site i6-tubulin (Figure 19). In this regard, mass spectrometry of the pure,
recombinanta6-tubulin that had been phosphorylated by pure, recombinantRE@aled
that S158 is a site of phosphorylation. However, unlike Ser-165, the pseugdptyteted
mutant of S158 (S158D) had no effect on motility of MCF-10A cells Adeyweera, Ph.D.
Dissertation, 2007; Abeyweerat al., 2009). Thus, it appears that S165 is the only

phosphorylation site that recapitulates the motile behavior engendered oy PKC

The observation that PKC activation (by treatment with DAGala&} promotes microtubule
elongation deserves further investigation (Figure 21). Whether PKé€rdaed motility is
correlated with the accompanying dynamic changes of rmiouéés remains to be defined. In
this regard, elongating microtubules are believed to interact smithll Rho GTPasez.(.
Racl, Cdc42, and RhoA) that are often found at the leading edge of mgneelli(Nobes and
Hall, 1995; Ladwein and Rottner, 2008). It is possible that stimulation iofotabule
elongation by PKC-mediated phosphorylatioroeubulin promotes cell motility through Rho
GTPases. This model is supported by the finding that a Racl inh8@23766 could
eliminate 80% of the motility induced by over-expression of the Si@&Bibulin mutant in
MCF-10A cells (data not shown). This result was consistent witteaously finding that the
dominant-negative form of Racl suppresses &tsmulated MCF-10A cell motility, whereas

the dominant-negative mutants of both Cdc42 and RhoA do not (Sun and Rotenberg, 1999).
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CHAPTER 4

Sudy of Myristoylated Alanine-Rich C Kinase Substrate (MARCKYS) in melanoma cells.

In this project, a known PKC substrate, namely MARCKS, was exgstudied to examine
its role in the motility phenotype of B16 mouse melanoma cellst Bfothe results presented
here have been published (Chen and Rotenberg, 2010). For the first time, phddRE&H
was determined to have a cytoplasmic role in promoting mofilhis finding offers a new
avenue for identifying the binding partner(s) of phospho-MARCK$iénctytoplasm that may

collaborate with MARCKS to propagate the motility signal.

Myristoylated Alanine-Rich C Kinase Substrate or MARCKS& isnown PKC substrate that is

associated with the plasma membrane through its N-terminal myristogtynamid an effector

MyristoylElectrostatic Switch Model
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Figure22. The myristoyl/electrostatic switch model of MARCKS. (Arbuzovaet al., 2002)

domain that contains a cluster of positively charged amino acid®anderine residues, three

of which are directly phosphorylated by PKC. MARCKS cross-linkteaat the periphery of
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the cell. Upon phosphorylation by PKC or binding to calmodulin, MARCKS translocates to the

cytoplasm. The so-called myristoyl/electrostatic switch madshown in Figure 22.

MARCKS expression and its phosphorylation state in mouse melanoma cells.

Two mouse melanoma cell lines, namely B16 F1 and B16 F10, weretsélam a syngeneic
mouse model C57/BL6 (Fidler, 1973). F1 cells are non-metastatiereas F10 cells are
highly metastatic (Gopalakrishna and Barsky, 1988). It was foundrtttatcells, which are
highly motile, express a high level of phospho-MARCKS (85 kDa band)e\in less motile

and non-metastatic F1 cells do not express detectable levels of this phospmg-postever,
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Figure 23. Phospho-MARCKS is elevated in murine melanoma cells having high
motility. (A) Western blot analysis of B16 F1 and F10 cells was perfotmed
determine endogenous expression of MARCKS and phospho-MARCKS. Cell
lysates were prepared and resolved by SDS-PAGHRig5protein per lane) in
duplicate gels, followed by transfer to PVDF membranes. The blete w
developed with either anti-phospho-MARCKS (1:4000) or anti-MARCKS
(1:2000). (B) Comparison of motility behavior of parental F1 and F18 e&ls
performed, as described in the ‘Methods’.

both cell lines express equivalent levels of unphosphorylated MAREkGRIré 23). This
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finding correlated phosphorylation of MARCKS with motility in theseslamoma cells,

whereby F10 cells showed a 2.5-fold greater motility than F1 cells.

Constitutively active PK Ca does not elevate levels of phospho-MARCKS.
The low phospho-MARCKS level and motility in B16 F1 cells wasaifiiticonsidered to be

the result of low PKC activity. To test if this condition was the cause, a tdivaly active
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Figure 24. Effect of CA-PKCa on B16 cell motility and phospho-MARCKS levels.
(A) Motility was measured following transient transfectiorFafcells and F10
cells with the control vector (VC) or CA-PKC Cell motility was measured
after 6 h. All motility assays were carried out in tripleea(B) Western blot
analysis of F1 and F10 cells for expression of MARCKS. Celltdgsavere
prepared and applied to an 8% SDS-PAGE, followed by transfer toDde PV
membrane. The membrane was developed with either anti-MARCKS or
anti-phospho-MARCKS and followed by a secondary antibody conjugated to
HRP. Detection was by chemiluminescence.
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PKCa (CA-PKCa) was overexpressed in both B16 F1 and F10 cells. Motility assaysd¢F
24A) showed that CA-PK& over-expression in B16 F1 cells stimulated motility by 50% but
did not produce detectable phospho-MARCKS (Figure 24B). By contrasge thas a

substantial increase in phospho-MARCKS level in B16 F10 cells (Figure 24B).

Okadaic acid treatment causes elevated phospho-M ARCK S and motility in F1 cells.
Because F1 cells express abundant 8KSanz-Navarest al., 2001), it was unexpected that
they did not exhibit detectable phospho-MARCKS, especially followaxgression of
CA-PKCa (Figure 24B) or after prolonged treatment with DAG-taet (a

membrane-permeable PKC activator) (Figure 25 top). Previous studiesdstiaw
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Figure25. Time course study of the effect of OA on phospho-MARCKS and
motility. (A) B16 F1 cells were treated withuM OA or DMSO (control,
0.1% v/v) for 5 min, 1h, 3h or 6h prior to cell lysis in RIPA buffer
containing phosphatase inhibitors. Lysates were subjected to 7.5%
SDS-PAGE. Parallel blots were developed with antibodies thaifispéy
detected either phospho-MARCKS (1:2000) or MARCKS protein
(1:1000). (B) Motility of F1 cells was measured following treatment Wit
uM OA or DMSO (0.1% v/v) as vehicle control for the entire experimental
period (8 h) The extent of movement was analyzed at 1 h irdeimah
total period of 8 h. All motility assays were carried out iplicate, as
described in ‘Methods and Materials’.
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phospho-MARCKS undergoes dephosphorylation by PP1 and PP2A (@alkel1993) both
of which can be inhibited by okadaic acid (OA). OA treatmenEDbfcells produced a high

level of phospho-MARCKS within 1 h and remained high for 6 h (Figure 25 top; 26A).
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Figure 26. Okadaic acid-treated F1 cells exhibit dramatically higher levels of
phospho-M ARCKS and increased cell motility. (A) F1 cells were treated
continuously with 5uM DAG-lactone (DAG) and/or 1uM okadaic acid
(OA), or DMSO (0.1% v/v) for 6h. Lysates were prepared for Afest
blotting (100 ug/lane). Parallel blots were developed with antibodies that
specifically detected either phospho-MARCKS (1:2000) or MARCKS protein
(1:1000). (B) Parental F1 cells were plated in triplicate onto a0-slides.
Cells were treated with pM DAG-lactone for continuous 6-h treatment with
1 uM OA (or DMSO (0.1% v/v). The extent of cell movement was yred
for triplicate samples over a 6-h period and averaged.

OA treatment for up to 8h produced a dramatic increase in Finoélity from 353 pum?hr to
2004um2/h (Figure 25, bottom). At 6 h post-treatment with OA, it whaseoved that addition

of DAG-lactone produced no further increase on either phospho-MARCKSs levecell
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motility (Figure 26B). It was noted that even though DAG-lactoeatinent did not increase
phospho-MARCKS, it did elevate the motility to a small extemgufe 26B). This result is
consistent with DAG-mediated stimulation of PKC to interachvather target proteins that

promote motility, but not membrane-level MARCKS protein.

PK C inhibition blocks phospho-M ARCK S accumulation and motility stimulated by OA.
To investigate whether PKC was the major source of the phospho-KBR&vel produced by
OA, a photo-activated membrane-selective PKC inhibitor, namely caiphGs(Liu et al.,
1992) was applied to F1 cells prior to OA addition. Pretreatmerflotells with 1uM
calphostin C eliminated phospho-MARCKS and cell motility induced By & shown in
Figure 27. However, pretreatment with two other PKC inhibitbrsiidoleylmaleimide and

Go06976) at uM did not eliminate phospho-MARCKS (data not shown).
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Figure 27. Calphostin C inhibits phospho-MARCKS accumulation and motility
stimulated by OA. (A) A 10-cm culture plate containing F1 cells were treated
with 1 uM calphostin C or DMSO (0.1% v/v) and placed on a fluorescent light
box for 15 min, followed by 1 h incubation at°87(5% CQ). The cells were
washed twice with PBS and 5 ml complete medium was restordte toetls,
followed by addition of 1uM OA or DMSO (0.1% v/v) for 1 h or 6 h, as
indicated. Lysates were prepared and duplicate Western bloigy(l@ae) were
developed with phospho-MARCKS (1:2000) or MARCKS antibodies (1:1000
dilution). The bands corresponding to MARCKS and phospho-MARCKS were at
85 kDa. (B) Parental F1 cells were plated in triplicate onto &l0-slides and
treated with 5uM DAG-lactone for 5 min (by wash-out with complete medium)
and/or continuous 6-h treatment with @M OA (or DMSO (0.1% v/v).
Calphostin C (uM) or DMSO were added as indicated, as described in (A). The
extent of cell movement was analyzed for triplicate samples a 6-h period
and averaged.

Phospho-M ARCKS plays a major rolein the motility phenotype produced by OA.
Because OA treatment traps a wide range of proteins in phesphorylated state, it was

essential to establish the specific contribution of phospho-MARGK$ 1t cell motility
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induced by OA. A mouse MARCKS-specific ShRNA vector was used to knock-down
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Figure28. Knock-down of MARCKSin OA-treated F1 cells leads to decreased motility.
Cells were transfected with plasmid DNA (f§) encoding mouse MARCKS
shRNA, a scrambled shRNA control (SC or Con), or the empty vé¢), as
described in ‘Materials and Methods’. Expression of MARCKS shRN#s
coupled with co-expression of red fluorescent protein (RFP). At 55 h
post-transfection, cells were re-plated in triplicate onto 1I0-wskdes and
incubated overnight at 3Z (5% CQ). At 72 h post-transfection (t=0 for motility
assay), cells were treated withuid OA or DMSO (0.1% v/v) and incubated for
6 h at 37C (5% CQ). For measuring motility of fluorescent cells, images were
recorded at t=0 and t=6 h (A). Alternatively, cells wereediysat 6 h
post-treatment with 1M OA or DMSO (0.1% v/v), and lysates were analyzed
by Western blot (7mg/lane). (B). The blots were developed with anti-MARCKS
(1:12000) and ant-actin (1:2000).

MARCKS prior to OA treatment. The use of a bi-cistronic vediwat simultaneously
expressed both the red fluorescent protein (RFP) and the shRNA praductdépendent
molecules) provided a convenient means to directly track the moveimtunirescent cells for

assay of motility. Western blot analysis of the endogenous MAREKS showed that there
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was a nearly complete loss of total MARCKS protein followiransfection of MARCKS
shRNA as compared with the scrambled control ShRNA and the emgtyr \(Eigure 28B).
Assay of OA-induced F1 motility of cells transfected with MAIRS shRNA resulted in
inhibition by 66%; this value was calculated by correcting thelyotif ShRNA-expressing
cells for the basal level of movement of cells transfewati¢hl the scrambled control (Con) and

the empty vector (VC) (Figure 28A).

Expression of GFP-MARCKS mutants results in characteristic sub-cellular localization

and motility effectsin B16 F1 and F10 cells.

To further investigate the significance of phospho-MARCKS to motiGFP-MARCKS
mutants were used. The pseudo-phosphorylated (D/S) and phosphoryaistant (N/S)
mutant constructs had all four PkQOmediated phosphorylation sites mutated to aspartate
residues or asparagine residues, respectively (generously proyidedBltackshear, NIEHS).

An additional mutant, namely unmyristoylated-phosphorylation-resisfag8t_N/S) was
prepared by replacing a Gly residue (G2) of the phosphorylatitstienets mutant near the
N-terminus with an alanine residue. This mutation disabled acylatothis site and

subsequent membrane binding (Spizz and Blaskshear, 2001).
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Figure 29. Confocal microscopy of F1 cells transfected with GFP-MARCK'S mutants.
Cells were transiently transfected with gg plasmid DNA encoding
pseudophosphorylated = GFP-MARCKS  (D/S), phosphorylation-resistant
GFP-MARCKS (N/S), WT-GFP-MARCKS (WT), or unmyristoylate@FP
constructs (A2G_N/S and A2G-WT). Cells expressing WT-MARCKE&8rew
treated with either lM OA or DMSO (0.1% v/v), followed by fixation in 4%
paraformaldehyde in PBS, as described in ‘Materials and MetlaodsVviewed
under a Leica confocal microscope.

The localization of the GFP-MARCKS mutants was examined a#asfection into the cells,
as shown in Figure 29. As predicted from the model for MARCKS, thedppbdosphorylated
mutant was detected in the cytoplasmic compartment, whereas thghphdation-resistant
mutant was found exclusively in the membrane. The wildtype GFIR®S was localized
primarily at the plasma membrane. However, in the presencé oivilitype GFP-MARCKS

was detected in the cytoplasm within 1 h. This observation agrggedhe finding that OA
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maintains MARCKS in the phosphorylated state and consequently prometascumulation
of MARCKS in the cytoplasm. The unmyristoylated-phosphorylationtagismutant was

mainly localized in the cytoplasm due to the absence of the myristoyl group.

Over-expression of the GFP-M ARCK S mutants and their effectson cell motility.

To establish the mechanistic significance of phospho-MARCKS tdertmhavior in F1 and
F10 cells, the appropriate gain-of-function (D/S) and loss-of-funct!$)( mutants were
examined for their effects on motility. The expression levelhese GFP-MARCKS mutants
were first demonstrated by Western blotting as shown in FigQreAll GFP-MARCKS
constructs were expressed at a high level. These constrogld be detected by both

anti-MARCKS and anti-GFP antibodies as 100-kDa fusion proteins.

--A2G--
VC WT D/S NIS WT NIs

100 kDa > N MW e v Anti-MARCKS
100 kDa > g gy Anti-GFP

Figure 30. Western blot analysis of GFP-MARCKS expression. Western blotting with
anti-GFP (1:500) or anti-MARCKS (1:1000) of whole cell lysatesnifi=1 cells
transfected with GFP-MARCKS constructs (@flane).

GFP-MARCKS expression level was much higher than endogenousQ¥{SRwhich could
only be detected when 10-fold higher total protein was testedVéstern blot analysis.
Expression of these GFP-MARCKS mutants resulted in dramatic changeslambebfavior of
both F1 and F10 cells. In F1 cells the gain-of-function mutant (D&sed an elevated

motility that was about 2.5-fold higher than that of parental ¢Eltgure 31 left panel). On the
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other hand, the wildtype (WT) and loss-of-function mutant (N/S) hadfactef F1 cells. By
contrast, in F10 cells, the D/S mutant achieved approximatelyold Zxigher motility, while
the WT-GFP-MARCKS had a milder stimulating effect compatedcontrol cells (VC).

However, unlike F1 cells, the N/S mutant inhibited 70% of motility of F10 cells.
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Figure31. Motility behavior of B16 melanoma cells correlates with gain-of-function and
loss-of function MARCK S mutants. Motility was measured following transient
transfection of F1 cells (left panel), and F10 cells with therobméector (VC) or
one of the following GFP-MARCKS constructs: wildtype (WT),

pseudophosphorylated MARCKS (D/S); phosphorylation-resistant MARCKS
(N/S).

In view of the stimulatory effect on motility by cytoplasnpseudophosphorylated mutant
(D/S), a role for phospho-MARCKS as a cytoplasmic factor inilenbehavior was further
explored. For this purpose, a double mutant (A2G_N/S) was developed disatbath
phosphorylation-resistant and cytoplasmic. When tested in F1A&8Bs N/S mutant reduced
cell motility induced by OA by 50% (Figure 32A). The same muédsd caused a decrease of

intrinsic F10 cell motility by about 40% (Figure 32B).
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Figure32. Matility of F1 and F10 cells transfected with phosphorylation-resistant
mutants of GFP-MARCKS. (A) F1 cells were transfected with the
unmyristoylated analogue A2G_N/S-GFP-MARCKS, N/S-GFP-MARBCK
WT-GFP-MARCKS, or the vector control (VC), followed by treatmerith
1 uM OA for the entire experimental period (6 h). (B) Motility ef0 cells
was measured following transfection with A2G_WT-MARCKS or
A2G_S/N-GFP-MARCKS, or the vector control (VC). The extent of
movement was analyzed after 6 h. All motility assays veargied out in
triplicate, as described in ‘Methods and Materials’.

It has been demonstrated by the Rotenberg lab that a pseudophosptidARCKS mutant
(DS-MARCKS) could stimulate MCF-10A cell motility, the saipleenotype documented here
for S165D a6-tubulin. Becausen6-tubulin and MARCKS are both PKC substrates, it is
tempting to speculate that the two substrates may act in concert downstieK@ activation.

The possibility that6-tubulin and MARCKS participate in the same mechanism that drives

motile behavior was further investigated.

Effect of S165N-a6-tubulin on cell motility stimulated by DAG-L actone or OA.

The relationship between MARCKS phosphorylation and cell motility hasn well
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Figure 33. Motility of F1 cells transfected with phosphorylation-resistant mutants of
ab-tubulin. (A) F1 cells were transfected with the phosphorylation-resistant
mutant ofa6-tubulin or the vector control (VC), followed by treatment with
uM DAG-lactone or DMSO (0.1% v/v) as vehicle control for the entir
experimental period (6 h). (B) Motility of F1 cells was measl following
transfection with S165N6-tubulin or the vector control (VC). Cells were
treated with 1uM OA or DMSO (0.1% v/v) for the entire experimental period
(8 h). The extent of movement was analyzed at 1 h intervalstébalgoeriod of
8 h. All motility assays were carried out in triplicats, described in ‘Methods
and Materials’.
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established in B16 F1 mouse melanoma cells. Therei6rébulin mutants were examined in
these cells for their effect on motile behavior. As shown ingufe 33A,
DAG-lactone-stimulated B16 F1 cell motility was decreasebasal levels when cells were
transfected with S165M6-tubulin. The same mutant also greatly reduced B16 F1 cell tnotili
stimulated by OA in an analogous study (Figure 33B). Thereforekdaecof phosphorylation
of S165 ina-tubulin interferes with the mechanism of motility induced by eilb&G-lactone

or OA.

Effect of S165N-a6-tubulin on cell motility produced by phospho-M ARCKS.

Because MARCKS contributes two-thirds of the motility stimedaby OA, inhibition by
S165N could be explained by its interference in phospho-MARCKS signafi possible
relationship betweern6-tubulin and MARCKS signaling in the motility pathway was
investigated by co-expressing S166M-tubulin and mutant GFP-MARCKS in B16 F1 cells.
In Figure 34, motility assays showed that even though SX&BRibulin alone could not
increase motile behavior in these cells, S165N nonetheless producedirardemgative

effect on motility engendered by pseudo-phosphorylated MARCKS mutant (DISEMS).
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Figure 34.  Effect on motility of F1 cells transfected with mutants of GFP-MARCKS
and a6-tubulin. F1 cells were transfected with the pseudo-phosphorylated
a6-tubulin mutant (S165D), the phosphorylation- resistant mutant (S165N)
either alone or in combination with the pseudo-phosphorylated
GFP-MARCKS (D/S), or the vector control (VC). Cell motilityasemeasured
after 6 h. All motility assays were carried out in triplesaas described in
‘Methods and Materials’.

MARCKSrecyclingin B16 F1 cédlls.

Previous studies with fibroblasts showed that MARCKS associattld the lysosomal
compartment upon treatment with TPA. Upon removal of TPA, MARCKSErmetl to the
membrane in a nocodazole-sensitive manner thereby implicatiolg for microtubules in the
recycling process (Allen and Aderem, 1995). This finding provided aljj@dmkage between
MARCKS and microtubules. To investigate a possible interactiawdssn MARCKS and
microtubules, B16 F1 cells that had been transfected with GFP-ARGKS were analyzed
by confocal microscopy. As shown in Figure 35, GFP-WT-MARCKS®dlacated to the
cytoplasm after treatment with DAG-lactone for 5 min followmy wash-out with PBS.

Following removal of DAG-lactone, return of GFP-WT-MARCKS to fflasma membrane
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was discernable within 2 h and was complete by 6h.

Time-dependent localization of GFP tagged WT-MARCKS after treatment with DAG-lactone.

Mo DAG-Lactone 1 hour 2 hours 3 hours 6 hours

Figure 35. Time-dependent localization of GFP-tagged WT-MARCKS after brief
treatment with DAG-lactone. F1 cells were transfected with
GFP-WT-MARCKS followed by treatment with @M DAG-lactone for 5 min.
After 5 min, DAG-lactone was washed out with 1X PBS. The GFRatigas
detected for a total time period of 6 h on a Leica vonfocal miopesand the
images were representatives of the cells viewed.

Effect of S165N-a6-tubulin on MARCK S localization.

In view of the fact that PK& phosphorylatesi-tubulin, the question of whether this event is
functionally inter-related with MARCKS recycling was addezksTo examine this potential
relationship, the phosphorylation-resistant mutanta6ftubulin (myc-tagged S165N) was
expressed and an effect on the re-localization of GFP-WT-MAR@Is analyzed. For this
experiment, B16 F1 cells were co-transfected with GFP-WR@KS and
myc-S165Ne6-tubulin. Confocal imaging (Figure 36) revealed that when Sld&ibulin
was overexpressed, GFP-WT-MARCKS remained in the cytoplasonipartment after 6 h,

presumably due to interrupted transport by microtubules.
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Yector Control WT-u6-Tubulin 5165N-c6-Tubulin

Figure 36. Effect of S165N-a6-tubulin on GFP-WT-M ARCKS localization in B16 F1
cells. B16 F1 cells (cultured on a 6-well plate) were co-transfieetih
GFP-WT-MARCKS and WTa6-tubulin, S165Na6-tubulin or the vector
control. Transfectants were treated for 5 min withuld DAG-lactone
followed by three washes with 1X PBS and the complete meditswastored.
After 6 h, the medium was removed and the cells were fixed%n
paraformaldehyde in 1X PBS. The GFP signal was detected beica
confocal microscope.

Since it was previously shown that the myc-tagged S165N mutant cexcdsporated into
microtubules (Figure 18), it was speculated that the mutationr&t6Se(to Asn) prevented a
direct interaction between WT-MARCKS and microtubules, therebyepteng the return of
WT-MARCKS to the membrane. Because of the apparently high edtewhich
dephosphorylation of phosphoMARCKS occurs in F1 cells following DAG-lacti@ament
(Figure 26A), the dephosphorylation reaction is not the limiting step.could be that
S165Ne6-tubulin inhibition of WT-MARCKS recycling is part of the mechani by which

this PKC-resistant mutant oftubulin inhibits motility (Abeyweerat al., 2009).

Discussion
In the foregoing studies, MARCKS, a known substrate of PKC, wastigaged for its role in

the motility behavior of mouse melanoma cells that is part ointbtastatic phenotype. As
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described by a conventionally held model, MARCKS undergoes phosphoryigtieKC and
consequently is released from the plasma membrane into theasytoprlhis translocation
enables actin rearrangements (Thedeal., 1991; Blackshear, 1995). However, a cytoplasmic
role for phospho-MARCKS had not been previously documented. In the psdsegt the
findings support a model in which phospho-MARCKS promotes motility, piiyndarough

protein-protein interactions through its phosphorylated effector domain.

These findings show that MARCKS is a major determinant in tldélitp phenotype of
metastatic mouse melanoma cells. The observation that treatmitbntthe phosphatase
inhibitor okadaic acid led to both elevated phospho-MARCKS and increas@dFB cell
motility, and that both decreased upon treatment with MARCKS shRiNplies that there is
highly active phosphatase activity operating in F1 cells to aiairst low metastatic potential.
In this regard, initial experiments showed that over-expressi@ordtitutively active PK&
stimulated B16 F1 cell motility to a modest degree but did notaserphospho-MARCKS
(Figure 24). Similarly, DAG-lactone failed to induce phospho-MARC#t®&r 6 h treatment
(Figure 25). One explanation is that DAG does not induce PKC to binglabma membrane
with high affinity (Gopalakrishna and Barsky, 1988), and it is meizdmblquickly in the cell.
These observations support a model in which membrane PKC adiivitgh in B16 F1 cells
but is being effectively countered by protein phosphatases. This nsodkslo supported by
studies with GFP-WT-MARCKS which was primarily localizedth@ membrane (Figure 29)
and therefore was unphosphorylated. With OA treatment to inhibit phosphatas

GFP-WT-MARCKS accumulated in the cytoplasm, an event that wasistent with having
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undergone phosphorylation by membrane-level PKC. It is concluded thairésence of
highly active phosphatases, particularly PP1 and PP2A, provides amsecHar the low

metastatic behavior of B16 F1 cells.

A major finding of the present study is that phospho-MARCKS stiteal motility in the
cytoplasmic compartment, as shown by the increased motilityebalts from expression of a
cytoplasmic pseudo-phosphorylated MARCKS mutant (Figure 30). Thisidaneas further
supported by a dominant-negative effect observed on OA-induced mobijtya
phosphorylation-resistant MARCKS mutant (A2G_N/S) that was alsaplasmic due to the
absence of the myristoyl group (Figure 28). This double mutant, whsglasmic site of
action was distinguished from that of the membrane-bound, myristdylanutant
(N/S-GFP-MARCKS), effectively blocked up to 50% of motility OfA-stimulated F1 cells
and intrinsically motile F10 cells (Figure 32). Similar inhibytaffects on motility by this
double mutant were observed with human cancer cell lines derived apious tissues,
namely A375 melanoma cells (55% inhibition), MDA-MB-231 breast &6 inhibition),
and LNCaP prostate cells (30% inhibition) (D. Fonseca, unpublished detiahy suggesting
widespread significance for cytoplasmic phospho-MARCKS function. view of the
dominant negative effect of the A2G_N/S double mutant, the presence phpt®groups on
MARCKS is likely to be a major structural determinant for productive interacf MARCKS
with its cytoplasmic target(s) and may therefore be independe®ef talmodulin-dependent
pathways. A recent study of human cholangiocarcinoma specimenselateld cell lines

reported a similar prominent role for cyoplasmic phosphoMARCKShe invasion and
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migration characteristics of biliary cancer (Techasgnal., 2010). We speculate that
phospho-MARCKS transmits the motility signal in the cytoplasm thratgginteractions with
unknown binding proteins. Although a specific protein-protein interactionybaago be
defined, the identification of these binding partners could prove to be taefeats for future

design of anti-metastasis drugs.

Preliminary experiments suggest that phosphorylation of Ser-165tutbulin promotes an
interaction between microtubules and MARCKS that consequently dninege behavior.
Alternatively, cytoplasmic phospho-MARCKS could be independent of micrashwhile it
propagates the motility signal and is only dependent on microtutaulescycling back to the

membrane. These possibilities are depicted in the model given in Figure 37.

Our findings suggest interplay between two PKC substrates manner that drives cell
movement. The model is supported by a previous finding by the labocdtéryAderem that
MARCKS recycles to the plasma membrane via microtubuldsr{Alind Aderem, 1995), thus
defining a structural interaction between MARCKS and microtubulée present work
(Figure 36) demonstrated that S16&8-tubulin expression in F1 cells led to an interruption in
the return of GFP-WT-MARCKS to the membrane following tramsiereatment with
DAG-lactone. This finding suggests that phosphorylation of S16&6ktubulin by PKC
promotes the recycling process of MARCKS that is being mediagedmicrotubules.
Additional findings demonstrated that the S165N mutana®tubulin also interfered with

motility of OA-treated F1 cells (Figure 33), as well & cell motility induced by
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over-expression of the pseudophosphorylated MARCKS mutant (Figure 34)e Weie
preliminary results imply that there is potential for inteyplaetween two proteins

phosphorylated by PKC, future studies are required to explore the nature of thigiorterac

Membrane

MT/S165N

&..
ﬂ_
EL

MTs effects are LIMENOWM

MARCKS-{independant

Motility

Figure37. Model of MARCKS and microtubulesin the motility pathway.

If microtubules have a mechanistic role in promoting phospho-MARCig8akng, it is
speculated that phospho-MARCKS requires phospfiabulin in microtubules to access its
binding partners at specific intracellular locations. Therefongeriuption of MARCKS
recycling by the mutation at Ser-165 may have representedtenheturn segment of a more
extensive transport process whereby phospho-MARCKS that is boraegashy microtubules,
gains access to specific binding partners. Our pilot studies hav&hownh any evidence of

MARCKS co-localization with either microtubules (using amitbulin) or lysosomes (using
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anti-LAMP) (data not shown). Another candidate site is the microdubtdanizing center
(MTOC) that was previously identified as a MARCKS binding ¢Michautet al., 2005). In
this regard, the newly identified PKC substrate CEP4 could alstcipate in the
MARCKS-driven motility pathway given that it is a downstreaffeator of Cdc42, which is
believed to be involved in directed cell movement througbrdlubule Gganizing_@nters
(MTOCSs) that are oriented towards the leading edge (NobeblahdlL995). Whether there is
a possible linkage between phospho-MARCKS and CEP4 through MTOCyeates$arther

investigation.

Future studies will explore the trafficking of MARCKS to specific lomag and to identify any
protein binding partners, including CEP4 as a possible candidate. Sexpesiments are
proposed as follows: (1) Test the effect of nocodazole in DS-MARC&&fected or okadaic
acid treated cells to establish the role of intact microtubol@hospho-MARCKS stimulated
motility; (2) Co-stain phospho-MARCKS and cellular compartmenish as Golgi apparatus
and other organelles to determine DAG-lactone-induced localizafithis phospho-protein in
melanoma cells; (3) Immunoprecipitate phospho-MARCKS in okadad:teeated cells in
detergent-free buffer to identify any potential binding partndrenacompared to control cells
treated with DMSO. CEP4 could be probed in the pellet to testhghit is a binding partner
of MARCKS; (4) If potential phospho-MARCKS binding partners wezreealed from (3), a
mutational analysis could be performed for these binding proteinsthendnutants tested

subsequently to assess their effect on cell motility.
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Concluding Satement

The work described here demonstrated the successful identificapotential PKC substrates
using the Traceable Kinase Method and characterized the rBlé@fsubstrates in the motile
behavior of cancer cells. This approach revealed several poteHi@lsubstrates including
known PKC substrates (Table 2). Among the identified potential sulsstcai®i2-EP4 (CEP4)
has been verified as an in-vitro PKGnd 6 substrate. As an example of these potential
substrates shown to have a physiological role, a novel oPK@bstratea6-tubulin, was
identified by the Rotenberg laboratory using the Traceahtad€@ Method (Abeyweera and
Rotenberg, 2007)x6-Tubulin was found to participate in the motility pathway triggdrgdc
known PKC substrate, MARCKS, whose phosphorylation promotes a previously
undocumented cytoplasmic role in motile behavior. A phosphorylatiortamesimutant of
ab6-tubulin (S165Ne6-tubulin) was shown to inhibit cell motility engendered by
over-expression of a pseudophosphorylated MARCKS mutant (DS-MARCKShduse
melanoma cells. Interestingly, the saafetubulin mutant blocked the recycling of MARCKS
to the membrane. It is concluded that PKC-mediated phosphorylation s the PKC
substrates and their potential interplay contribute to cell nytiiereby providing an avenue

for future study.
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