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Protein Phosphorylation in Human Health and Diseases
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ABSTRACT

Protein phosphorylation-dephosphorylation is the common post-translational modifications that
regulate the structures and functions of cellular proteins involved in diverse biological processes ranging from
control of cellular fate to regulation of metabolism. Owing to its significant roles, the cell needs to tightly
modulate the phosphorylation-dephosphorylation to sustain cellular integrity. Disruption or dysregulation of
the phosphorylation-dephosphorylation could lead to diseases such as diabetes mellitus, Parkinsonism,
Alzheimer’s disease and cancer. The review in this issue focuses on the significant role of protein
phosphorylation-dephosphorylation and signaling mechanisms involved in the processes. This issue also
provides the information of phosphorylation-related diseases, highligshting the application of phosphorylation

in development of targeted therapy.
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Fu Ao TWsfufivhaudszanutudussuuiadeds
fugou (Jordan et al, 2000) NINDUAUDIVOULAAE
wandsfusenlumuidndyg afiwadlasu W
M3uUeF NstusIwan nMsiamluimihfenzuas
Aseevawas Wudu (Van Hoof et al, 2009; Niemi
and MacKeigan, 2013; Manuse et al., 2016) AziviulaIn
msdsdayraiiunumddyienisasstinvensadiu
981984 NMsnevavBIedyy nTiiANa e vdmadese
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lunszuiunisnisdedyayia Tusiuazgn
Fautasiefzenailasnisiiuviedanyiladidy
Sumedinsnordilululusiu dwalilasiadruaz/mio
wihiiveslusiudsuutasly luflagtunuinfiufaze
wfiflanunsaniuaunisinuyeslusiuuinnia 300
sUuwuy (Liddy et al, 2013).3u nsiiudiang
(slycocylation) AsiAnlUsAUyTATFAY (ubiquitination)
nszulrun1siAunsalugdy (lipidation) wagnisifumy
Woawls (phosphorylation) (Chuh et al, 2016) laglu
wmmﬁ%nénﬁﬂLa‘wwmnﬁw;&ﬂamﬂmﬁiﬂiau
(protein phosphorylation) Fadunssaudasiusiuiinu
1ﬁﬂaaﬁqmiutﬁuaﬁ (Khoury et al, 2011) 91nn15An®
rounthil wuhmsumreamauAlsfuddnufedes
funszuaunisniednaiiddynieluiead ldun
NILVIUNTLUNIUDATY (Humphrey et al, 2015) A%
1935yUeaead (Guo et al, 2016) nsuuswad (Rhind
and Russell, 2012) nMssiauvegadiioviiviniianie

(Van Hoof et al., 2009) nspAouTiveTas (Eiseler et

al,  2010) nswrdeufiveseesuniuadnieluwad
(Karlsson et al., 2000) MsuadaveIndmLiie (Davis et
al,, 2002) NM3MBUANDIVBITEUUNNANTU (Muralidharan
and Mandrekar, 2013) nM3v91ureIsEUVYsTAIWT
Lﬁwﬁanﬁumiﬁ'auiuazﬂmuﬁﬁ (Giese and Mizuno,
2013) N3AIVANNITOBATHAYEIALSULE (transcription)
(Karin and Hunter, 1995) n1svudsaisaeluivaa
(phosphorylation-directed  trafficking) (Offringa  and
Huang, 2013) N15nAUAUAILEIVDLYAA (autophagy)
(McEwan and Dikic, 2011) Tugaaamills 9 Usyauned
30%  veslusiuluwadvosyudgniauuasieisd

(Cohen, 2002)
wulsinldlunsifamgneswauulusay

nszuIuMstiuveaagnissuiisenlae
wulwsingailaiua (kinases) 89311 Y-phosphate 911
ATP WWdefunsneziiluuiadavedlusiu (Uil 1) 91n
nsfnwinunUseann 1.7-2% vesdulunywdanuise
wansoeniJureulesilaiuauszunas 2000 viin
(Subramani et al., 2013) L'%&ﬂsqmsumﬁuﬁuamaamﬂu
wulwdlaanomaluddi@®ng “kinome” nsnozilufl
griduvyoamiainuldveslaun 33u vlofu uaylnls
1 (Silvestroni et al., 2009) usnaniiFsmulduunsney

a a

fludu 9 Wy Jawmdu (Buchowiecka, 2014) Fafifu
(Puttick et al., 2008) la@u (Wang et al., 2016) ©1353%u
(Suskiewicz and Clausen, 2016) waznsawaaU15hn
(Lapek et al, 2015) 1Hudu nsnexdiluiigniiumy
Woalnala gniSenin “phosphoacceptor” voulwsl
Tawuaanansauvalaidu 2 Ussianlaeandesinvesnsnos
ﬁiuﬁgmﬁw;&ﬂamﬂmﬁumm% ulwflewaiianunse
WnvyneanuunsreziludTunaznsnevilunileiiuay
QﬂL%‘EJmH “Serine/Threonine kinase (Ser/Thr kinase)”
dueulullawaiiiumgvleawialsiiunsaesilulnlsdy

a

138177 “tyrosine kinase (Tyr kinase)” #niin13nang
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fien19 Ae euletvinaulaanas (lost-of-function) 38

wulgdvinnulauinniiund (sain-of-function)  nau
anslunsadinfiinananufinunfveseulsilaiua
138NN “kinasopathy” (Barouch-Bentov and Sauer,
2011) nsnanewugvesieulesilaiuais 2 Usziny
neluialsalaraleszuu 1w lsantssuulszam lea
n&ile lsaalaungnaoniden Tsamnandduiu A
Anun@vesssuusenliviouaznszsuiunisininaigy (Lahiry
et al, 2010) 1usiu doyaiioriuarmduiusszning
Tnsea¥1a windl uazuinafinunisnaisiusldves
(mutational hotspot) weweulsdlaiualasuauaula

Jusdrannlugaavnssunisndnen ieswnaunsald

Fudeyaiugiulunsnisesnuuueiuuugai (target-
based drug design) Lﬁa%’ﬂmiiﬂﬁﬁms@w;jﬂamﬂmﬁ
naUn@ (Lahiry et al, 2010; Yap et al, 2013) Gﬁaaﬂa
\Rerdeatulassairamihiiveseulesilawa uaziadesile
llunsiunedunisiignidumyweainnlasioules
lawalsignsrusmuazdafivlilugudoyainnueiioly
18RpN1SANET (Trost and  Kusalik, 2011) Yefvas
grudeyamani fe l¥nuannsadifagrudoyariu
SumosiinlnglsiFedldans Tuunaruaduiildmus
gudeyaiiistesiunisdnumsnaeiudueseules]

Tawua wanabilunsnan 1
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URL

http://kinase.ucsf.edu/ksd

http://kinase.com/

anu Fudoya Aadu"Y
i
1 Kinase Sequence  39U371 sequence fiAedosiu kinase
Database Tngld homology USLat catalytic region
2 Kinase.com dwiudnwivid avamannraneuay
FTuIN13904 kinase
3 Protein Kinase  s3usideyaiifgitosiulasaine uay
Resource TsAsneqiAeatas gwuﬁaaﬂaﬁmmzﬁm%
tin3deiieafiu protein kinase way
computational biologist
4 Kinweb 57U59U functional domain fid1Agyves
woulwl kinase
5 The Cancer snwdeyaiferfulsauzifstaideya
Genome Atlas  Agnfupnufinunffiinain kinase
6 Homokinase  sausindeyalumsdsingnisdfueulesl

Lavualunywe

http://www0.nih.go.jp/mirror/Kinases/

http://www.itb.cnr.it/kinweb/

https://cancergenome.nih.cov/

http://www.biomining-

bu.in/homokinase/



ulwinldlunshmyneainaanainlusiu
nTzuIUNTRmeawmnesnanlusiuendy

d

Uffselelasladalaefiioulasinguneannaidudiiss
ffsen (U 1) eulgdvdalaziiluanavesdiunldly

JRAR
38 phosphoric acid monoester itelwlénan sl
Wurnleainloosunazueansged oulwivoanumady
oulediddglunisarvaudjAseaniadainen
wudeatueuledlawea lunisauaunszuiun1sdnassd
Wute nsasdyaalulwaduszain n1suaflaes
ndauile msdauaseilusiy uavnszuaunTamUeaTy
szfieulwsiveavinnaiieados 2 viia e Wsfiuearh
wWal (phosphoprotein  phosphatase 1; PP1)  iag
TUsAuneanina 2 (protein phosphatase 2A; PP2A)
(Aggen et al, 2000; Jiang, 2006) ns@nwIntives
PP2A Tuszuudsvamuanslidiuin PP2A flunumlunis
muAuMTauYeslUsium (tau protein) dufuy
TusAufieuauiadesnnveslulasyyalussuuyszam
(Braithwaite et al, 2012) @ulusAuneaning 2B

(protein phosphatase 2B; PP2B) azvhaiuiAetosiu

N13dedy Y INUTEAIMUATNITAIVANNITANLVDUYAR
(Hayashi et al., 2009) svuvedlUsiuriniazdos
p1fvupadeLLazlUsAuLAalugaY (calmodulin) ¥inlw
PP28  gni3endndenilein waaddiu  (calcineurin)
(Bandyopadhyay et al, 2002) wenvnil PP2B Sy
TWsAudmnglumsiaueinagiiduiunateyin Wy
FK506 way cyclosporin A wilesarniouledudnisl
mmﬁwﬁmﬂummﬁmﬁmumm T-cell lymphocyte #2¢

WAL (Bueno et al., 2002)

Mnfindnsndrsduasiiiulsinnsyuunmsifiumy
voaauazn1sianyeanesnainlusiuiiunund
d1AnAonalnn1aTIINeT LwadIRoIAIUANNTEUIUNIT
Aananegrasaaalasodeeuluingulaiuawas Weoarh
wmaviietastuldliAnnsdsdyaramnvietesiiuly
Tuthgdunuiiflsanangviinfiigadestuauinund
VRN HIGELRFRLERTTY Tneluunauaduiile
gni19819 4 1spdAg laua Tsaumanu lsadalaiues
TsamsAudu uay 1sauzids SmzndnivanBonves

wiazlsaluiteial
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Wadne

nsnevauemaantasuladenseduann
mevsnwadneliAnnsasuudaseluadiiunnsng
fuly defumadidingulvsiusssinfudievinlian
msmevauesluguuuuiisume Tnslusfumaniasiing

dedgaandunen q muddu 1Sendn Annsdedyyiu

(signaling pathway) Tuuynanuaduilagnannfalnnisas

¥
o

dyanauiiddy 338 (U 2)
® A% Ras/Raf/MEK/ERK

30 Ras/Raf/MEK/ERK Hia11udAgysionszuiunig
wsifiusiuuenead dudsnsnevesiead nasdu
transcription factor 1y siufiaaiuAunIsLandeen
2938u (Steelman et al, 2004) nalnn1sasdeyyIues
Al dulumugdiutuney lelusiumsulasudyaa
MnnIBuenEagaziAan1snszdulusiiu Ras 9 ntu
TUshiu Ras azlunsedulusiu Raf lnenisidumynodins

v

Tifulusiu Raf denalvilusiu Raf egluanizgnnszdu
Uiy Raf aelunsedulusiu MEK1/2 Tasnisiiy
nyjrloais warluduaniine Tusiu MEK1/2 sagly
anzgnnIzAuazlunseAulusiu ERK1/2 Tnensiiuny
Woalm (McCubrey et al, 2007) Tusiu ERK1/2 tuvi
wihitlumsnseduliiAnnsaeuaussuszduluanaves
Wnane L miﬂizé’u transcription factor Lagn1s
ﬂszﬁummamaaﬂ%ﬁu (Roskoski, 2012) NNISANYI
Aountidnudn arufinundfiAntuduid
Ras/Raf/MEK/ERK # flanuduiius fulsauzieunsuia
wazgnldidudimuigvesnisiauieinwiugise lng

Twazdeniineifesnzgnnandweluluunaiud
® 3A PI3K/Akt/mTOR

N150830ATDUYAS NITNUTIWIUVBUYAE kY
nsasvaendengnAIuANlagld PI3K/Ak/mTOR naln

'
a o

msdsdygraveRndisuduilalusiusisulasudygyu

31ndadunsedunng 9 WU epidermal  growth factor
(EGF) ua insulin-like growth factor (IGF) TUsfiudsuay
lunsedu  phosphatidylinositol-4,5-bisphosphate  3-
kinase ( PI3K) Lﬁ@LﬁMMij@ﬁLW@LLﬁ
phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) Falg
HARAUTAD phosphatidylinositol-3,4,5-triphosphate
(PI(3,4,5)P3) mwﬁmﬁwiﬂﬂizﬁumsau Akt danaly
Tusiiu Akt agluannzgnnsedu andulusiu Akt azly
msé}:umiau mammalian target of rapamycin (MTOR)
Tnonaiumgnloaa lutumeugevineTusiiu mTOR vy
dadyaaludaiineuaues 2 sladuhnuieidestu
mimuqmmﬂmaiﬁaﬁuﬁa 70-kDa ribosomal protein
S6 kinase (p70S6K) wag 40S ribosomal protein S6
(40SrpS6) (Hemmings 2012) Ay

ApunAfiiAndufulusiuludd PI3K/Akt/mTOR il

and Restuccia,

ANudRuSAUlsauIadn W 15PN kaslsausis
Yana1nd NISHAILIEIUI9THARA83E PI3K/Akt/mTOR
I l;‘ a d‘ a %

Judwinglunsesngns lneswaziBeaiiiertesasgn

nantesaluluuneuil
® 38 JAK/STAT

A0 JAK/STAT Yt finIuANNTEUIUNITRUH?
WILTIUILYDWTAE NITAALLLSS LAZNITANEVDUTAE
(Thomas et al., 2015) 38 JAK/STAT agsudyeyrauann

a

Uadunszrunieuenwad wu lalnlal (cytokine) wiln

' 3

fine o seRdszneufidfuediain 3 dwu Ae Tusiu
Fasuiinewad oulwsl JAK wazlusiiu STAT nalnnisda
dyanavein JAK/STAT Duluaugsuduneusd e
lelalaineuonwadduiulusiusiiuiunsnieguina
Aad teuleyd JAK agihmsiiunneamaliiulussiu
#%u antulusiy STAT %Lfﬁmﬁuﬁu‘wiauﬁﬁuﬁgﬂ
g woaaud Tuduneuaniine Tusiu STAT azgn
Lﬁumﬂ'WaaLWWLL%’Jm?iauﬁmﬂlﬁﬂmwma%uL%ﬂgjﬁama&la
Lﬁaﬂizﬁﬂﬂ,ﬁﬁmmsaamiﬁaa@ma (Hong and Laimins,

2013) 91nn1sEnEInauntndlanandlimiiuin TWshuuie



wilatudd JAK/STAT Mgnldiduidmunelunisiamie
ShwwzSuneia lnesvaziBoaiinesdesasgnnania

soluluunaiui

AURAUNAYBINTTUIUNISIANNY WA TINY

Tulsalumnu uaznnzhasiedueiu

sugaudusosluuiivihuiddy 4 Usznis fie
ihnglaadnguaduinanduiowasiobeluiu i
nsavaundsuUnunduiuaniedeluiu nszdu
nsduasieaibnalaauiazlusiu uazannisaaeludu
Inalauuazlushiu (Dimitriadis et al., 2011) nalnnisds
é’mﬁgwmﬁwLﬁmsﬁumWé’w1ﬂ§u6g§uﬁuﬁ’ulﬂiﬁuﬁa%’u
(insulin receptor) msduifusewirsldsiuvaesasyil
insulin ~ receptor  LAnvyweaawalviuluanafiles
(autophosphorylation) finsnesfilulnisduudiia intra-
cytoplasmic  domain 1843NNLANNLNOANAUA?
Tusfusaivazegluaniizgnnsedu luaniaed insulin
receptor  AzaM1503UAULUTAY insulin  receptor
substrate (IRS) ¢ 1o991nTUsfiu IRS flaseadrafieui
3undn “Src homology-2 (SH2) domain” Ssansnsady
funsmeriluiignifnmyreawnlel e IRS Fufu insulin
receptor ka3 AzgniAungeamauunsnesilulnlsdu
vinlaunsaduiulusiu phosphoinositide-3-kinase
(PI3K) I#1iles91n PI3K  SH2 domain 1ufy siosn PI3K
awlunsedulusiin Akt inliAnnisnevaussoduyiu
(Boucher et al, 2014) fio nszAulvinITLanIBONUDS
TusAuvudanglaa (GLUTA) vinaideriuwaduaznsziu
Tiqaderiu (vesicle) tndauitanlelananaduluadery
wadinntu luiganglaafiegmeusnieadazgngafuidn

EVRRLY]

diadnu GLUT4 (Siddle, 2011; Artunc et al., 2016)

a v

TunsalinAuRnUnAnuitnsasdyg e
Akt kinase zfabiinnhododugau 1sAuImIIu

LATNMIELNINGDUNIIVADALAEANNNNILA 91NNNSAN®EN

o

luilloiouazeiviznouauasiadugAunuinlusiu Akt

o a v a

Wweuledddgiierdesiunisiinaiziededuyiu

IngUnflusiu Akt azgniiuvigweaila 2 dunis fe
nsnosdlundlofudiundedl 308 uavnsnoziludiy
Funusil 473 (Vincent et al, 2011) usiludmivnaeadia
.ﬂnsﬁaﬁiaﬁuégﬁuwwumiamwmmilﬁumﬂ'mmwWuu
TUsfiu Akt (Karlsson et al., 2005) wazannsiAdeuives
GLUTA Tugadevumad (Mueckler, 2001) anmgivilsk
nsRuvyneaauulUsAY Akt anas@1AAINNITE
stress

seAunglaafiiiingsdu anng  oxidative

(Tangvarasittichai, 2015) auraUnAfAvag insulin
receptor (Catalano et al, 2014) uazn1slASUANT
ceramide Fuduansiinszfunisianyneainneanain

Us@Au (Hsieh et al., 2014)

m’mﬁmlﬂasuaqnsxmumnﬁwyjﬂamﬂmﬁwu
TUNIITUNINYBUNTINLTALALNADALABA VDY

15ALUITY

nsdsdgygralaseidelusiu Akt Hanu
Weatestunnsunsndounisidlauas nasaienlug il
wwnu lnguninisdsdynvesdugauasiignslums

guganisiialsaielnunaanidan (antiatherosclerotic

'
A

action) wkiloaglun1idugduliansaiinuliegns

¢ v
[ a

Unit grisdudsnisiialsaviaeniionveBuyiulzana e
ilvauldlsamuilentafialsanisilanaz vase
AoaLfiuty (King et al, 2016) msfnwilununeaes
wandliiuinnenaendenunaoessnigasiu (aortic
plaque) Lazn1dgvaonitdonunslalsulsgady
(atherosclerosis) agwuldlunyiigndussnisuansosnyes
1UsAu Akt (Fernandez-Hermnando et al, 2007)
uaﬂmﬂﬁé’qwummﬂﬂﬁqLﬂ'uﬁwmmaamaé@jaqmﬂu
#1319 (endothelial cel) flanasnirun@dniae

(Somanath et al., 2006)
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Uil 2 msdevendayaundlumadediatuddutiuneulngliin Ras/Raf/MEK/ERK 3 PI3K/Ak/mTOR wazd

JAK/Stat Tunsauaunszuiunsmegimennigluead wu Mt iansveasad (cell

differentiation) NsWUIALRLIIUIUYBILAS (proliferation) Lagn15MIBYOLAE (apoptosis)

ANRAUNAYINTTUIUNISIRNNEWaaW AT

sAdalawuas

Tulsedalaes asnumnuinundvedlusiuis
Fod1 Waflum (tau protein) (Igbal et al, 2010)Tu
anmeund WeRuwndinididdglunsinviaiosamn
voslulasyya ieegluannzdilsidvyveaa TUsfum
wiluduiululasyyduiosudfududulelulas
yyaluwaduszam (Kadavath et al, 2015) lnginly
Tsadalmuosanifniuuuurosdudesly aunseiteined
Amganuddey (dementia) siwuldlugifiongannndy

65U (sik, 2010) 5aaiiﬂﬁﬁwﬁagsuaaiiﬂ§ﬂa soalsAbu

AuosTIzianuwaritsenin neurofibrillary  tangles
(NFT) - Fafnan WWsdumgniduvgeaiaannifiuly
esannisinsuseseuladlauatazwearmawin

anuauga i liieuledlaiaifunyveainalviu

Tsfiumannninund (Gong and Igbal, 2008) fuvtisdi
wunsLAungreaalawn nsnozdilunslefiumuniad
231 nsnozilulwesusunued 235, 262, 396 uay 404
niulusausdniazsaudafu (olicomerization) 1Hu
anwugzduleindedrd (paired helical filaments; PHFs)
(Barghorn et al, 2004) #auanslu g*d‘i?i 3 \lelusiiu
md’]ﬁimﬁafﬁ”msﬁﬂﬁmidﬂé’zyzymﬂizmwhuLLaﬂézJau
(axon) wagyihlilwaauszainaie (Al-Hilaly et al., 2017)

Tutatumansiinseaulusiumnlaesiu (total tau, t-

a 1

tau)  warszauvedlUsAUMIgnIANY oL e
(phospho-tau,  p-tau) Lagnldiludavatinisdanan

(biomarkers) Tun1sifiadelsndaluiues (Nagga et al,
2002)



Destabilized

: Stabilized
Microtubule Microtubule
(P) Thr231 Ms RCXY Y
(P) Ser235 fce'ee)
(P) Ser262 Kinases fee}ee"
Kinases Phosphatases

() Thr231
Ser404
tau Ser235

’@
oligomerization R

B
Ser3%6(®) (P) Ser262

Hyperphosphorylated
tau

tau filament Neuioiial

cell death

JUN 3 uansdupeunisidenveaadUszamilednsiiunyneamalviiulusium (tau) snnifuluinululsadalewes

ANRAUNAYINITUIUNISIANNEWaaATY

TsAuziSe

a

NISAADUN NITHUIFANUTIUIY WaZNITHTIN
senvawadgnAtuAulaeIin1sdsdyyIMvate ULUY
[ a &) 2
mnn1saavAuNsasdygandsaunaluenaluamali
a & vy & I < a o A ]
Wanztiela Tnemluwaduziieasiianwusiunng1sain
wadnunAosainnisnateiugiiindulugadusiSeding
Mlinsdsdgyyrunitelulwadianunfliainifu
WwaduzSeamsanvsdniinduiulalagliendonis
nsgruvesladunseiumaatyiuln wadwmaiilann
UNINAITEIINITaaILATILar NI nszaelUSsuT I
duld 138091 “metastasis” (Seyfried and Huysentruyt,
2013) egalsimuwasuziedssndudesondotiadedu 9
WBAINBETON LU N1900NTAY @19819115 BTl
foansidnvesdueenanneas waduzlSadeiaun
Anasatunmasladenseduieasmasnidenlnl

(angiogenic  factor) LHBTUDINITHALAITAVD LAY

(Nishida et al, 2006) F8n13snwineiselutaguiile
Tagn1shie1nsnniziuieuledMineltesivinnisds
dyaaaunfnsluwaduzs Wneliinguszasdiilo

gUEIANNAINNTOIUNITINTIU AAAHEAINNTLUNTEUES

MR VRLTAAULLSI wazdudamuaIunsalunITL U
WiNsuIuveTadUgiSe (Steeg and Theodorescu,

2008; Baig et al., 2016)

m'mmmm’tumiqﬂswulﬂé’wémmé“u 9 V99
waauziSufstostuleulesl focal adhesion kinase
(FAK) GTfQLﬂuLauleuﬁﬂqim tyrosine kinase ¥ non-
receptor ﬁﬁummﬂumﬁmmmm‘am%uﬁ%a
lwadwz3e (Zhao and Guan, 2009) ile FAK gnid
WoanfinsnozilulylsTudundadt 397, 576 wag 577
W& FAK azaunsaduiueulas] Src @9l SH-2 domain
16 (Ruest et al,, 2000) MsviauvastUsaus 2 vinbas
¥liAnnsindeuiivemas seunisdudalusausa 2
FJududmuiendnlunisWauiendiunisgnsuees

Wwaduzise (Mitra et al., 2005)

arwanasalunsfudnisnisvengadusss
\Aendeaiuitl Ras/Raf/MEK/ERK nsnaneiuguaslusiy
Ras nebiinuzisslunyudnatesiia (McCubrey et al,
2007)

LYY

TagUn@luseiu Ras %19 1usiuiusInauauDd

(effector) Ao 1oulsl Ser/Thr kinase fifldei1lUsAY Raf

Wndgnatunuuazenfelusiuiu (scaffolding protein)

aa

Tunisvinanu lUsfunatesdaiiendeenuin

(o]
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Ras/Raf/MEK/ERK \Justhmanefiddayvesnisiamnans
FudauziSe (Hilger et al., 2002; Roberts and Der, 2007;
Santarpia et al, 2012) 31NN1SANYINUIINITNTEAU
wulesd ERK awnsadudanszuaunis  apoptosis
wasunSald Tneunfidlefinnssves  cytochrome ¢
ponunlulnpoulnsagyinlileulysl caspase 9 U
nsedu ouledl  caspase 3 dwwalmAnnisnsvAu
AFEUIUNTT apoptosis Foumniinssudnsyhaures
srdwaliiinnisdudanszuay

Loulal caspase 9

apoptosis A8 nNNTANYINUILeUlY] ERK @190
fuganisviauveseulesl caspase 9 (UM 4) lnensii
nineamnlviiuieulesl caspase 9 insnawilluniletu

fumiadl 125 (Allan et al, 2003)

ANE N5l UNITRUIF AN U UV <
\wasuziSaReeetudd PI3K/AKL/MTOR winfin1snany
fuistuiuioulesiiieadesividdasinlieadud i
281459179 (Cho et al, 2009) AMNANSANWINUINEU

Phosphatidylinositol-4,5-Bisphosphate 3-Kinase

Mitochondrion

Cytochrome C

(§ /f‘m> OOO ——>|Caspase-9
|

Catalytic Subunit Alpha (PI3KCA) \HuBufinunisnane
wuglaveslulsauziiaduy (Mukohara, 2015) waz

ui39uinu 9 (Samuels and Waldman, 2010)
nszuIuNMsiiunynasnalulsanisaud

TUsfu alpha-synuclein  1Julusfudivineu
sdudevuad arunsonvldludiuvarsvesiwad
Uszamneulawuyd (presynaptic  neuron) N154ANNY
WealnuunsaesiludSudumiadl 129 vililushu
alpha-synuclein inmsdunguuarlalansnsaazateuls
38091 Lewy body (Samuel et al, 2016) Fufu
intracellular inclusion body ﬁwvlmuamwmé’ﬂw
TsamnsAudu Senameanuisunifiinainnssiugi
294 alpha-synuclein 71 “synucleinopathies” (Zaccai

et al,, 2015)

. S

Apoptosis

®

JUN 4 uananalnnnismuAunsmMerauad (apoptosis) Ingisuduiiledin1s33@uves cytochrome C 91N

mitochondria 1l caspase-9 lUnsefu caspase-3 lufianigaday apoptosis 1o caspase-9 gnifiumnaamnge

ERK 8yl caspase-9 gaydunnnuanunsalun1snsedu caspase-3 dwwalilaianunsaiiin apoptosis 1
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v
o o

AMUIWITLANTRINULSA A1TTUEINSYINUY B by

lawanazioulydvaanunaduniclunagnsiidfy

dusunisesntuvgiiesnwlsaniaNuRaUNAveInS

Wy vieaiiin

fetausn A nsldendudueulailawaluia
PI3K/Akt/mTOR
(Matsuoka and Yashiro, 2014; Dey et al, 2017) ¢4

VoS UTINISWUIAIUD TR UL

wanaluguin 5

| RSK 17\:
Cytoplasm l IRS-1

PI3K
inhibitor,

Cell Growth,
Proliferation,
Angiogenesis

JUN 5 adunsasdayaauiiedd PI3K/AkY/mTOR uag inhibitor 7ilglunsdugs

—> =

o '

30 PI3K/Akt/mTOR  HA2Nd1IAEYAONIS
AIVANNISIITYVOUTAS (cell growth) NIsUULDad
(cell proliferation)  wazn1sasavasaldonlny
(angiogenesis) (Karar and Maity, 2011; Mori et al,
2014) ilelusAushuuinadevuwadlisudya
NILAUINNILUDNILAANIINTEAULUTAY PI3K, Akt
way mTOR auddu Tuilga Tsiu mTOR agly
nsEAunTEUIUNSWUaTHalaensiiuvveawnlyiu

TUsAudAgyaautin Av 70-kDa ribosomal protein S6

uansnsasdyaunlusaudmidsluddusfiudnamamnds

I = Lanean158ugannsvinauvedlusiunig inhibitor

kinase (p70S6K) wag 40S  ribosomal

(40SrpS6) (Shin et al, 2011) UeNMNEEEnne

protein  S6

ﬂizél:u 4EBP1 translation initiation factor Javimtidi
nszAuMswlasiaveslusiuassvila As cyclin DI
ez c-myc (Corradetti and Guan, 2006) TUsusta 2
yiniinnuddnlunistmuaiginsvensad e
vk nswauansiadifignsdudinisiieuue
TUsAuiAgadedludd PI3K/AKYmTOR yilloaduzise

llanunsawusiinsuule
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fegsfians Ao eriflamantisudinig
auveaeuleilawadaifedn Imatinib (Gleevec)
swﬁmﬁgﬂﬁwuﬂmw%ﬁw Novartis (Igbal and Igbal,
2014) wazUszaunudnsalunissnuiuegtse chronic
myeloid leukemia (CML) Fadulsanisladinine v
vils CML flaumganain translocation vaslaslalee
7louway 22 (19;22/q3%qlL) ¥lAnauAnun
vodlasluley #iendn Philadelphia chromosome
(Druker, 2008) waziinn135Iufuesdy BCR/ABL 3
uansoaniduteulusl BCR/ABL tyrosine kinase toulasi
mﬁmﬁﬁmﬁwﬁmuaumsm’%ﬁyﬂuaﬂLsuaémﬁﬂimmﬂﬂ
nsgaulysautdinunelawn phosphoinositide-3-
kinase (PI3K) (Li et al, 2015)RAS (Cilloni and
Saglio, 2012) wag STATS (Steelman et al, 2004)
\iodudafanssuveseuludiingnn o1 Imatinib Jan
sonuuuliiillassadramaaiifindrendatu ATP vl
gnansadudin1sduiusening ATP  way BCR/ABL
tyrosine kinase nsugsduasiAntuidioioulesioglus
Uanudua (inactive form) Ineunfteulwsl ABL kinase
azlad1u ATP-binding pocket (gatekeeper residue)
Fafinsnovdluvslefiumumisdl 315 ApsmuaunsTy
981 ATP uwazidudeiiilassadrandne ATP (ATP-
mimetic inhibitor) (Reddy and Aggarwal, 2012) 91n
nsAnwinuImindnisnangwugainnsnesiluni
Tofusumisit 315 Wunseezdluleleddu waznaty
wugan nsnezdlungaiindumad 255 1Junsnewd
Tuladuazslfiinnsiesiosn Imatinib (Yamamoto

et al.,, 2004)

wonanmsdudueuledlauaud oulesl
WaaWWmagﬂ’L%LﬁuLﬂmmaLﬁa%’ﬂmimé’wwﬁuﬁu
wu msduds wild-type p53-induced phosphatase 1
(WIP1) (Richter et al,, 2015) nséfuds Src homology-
2 (SH2) domain-containing  phosphatase 2 (SHP2)
(Chen et al, 2016) wasn1sSud protein
phosphatase 1 B (PTP1B) (Jiang and Zhang, 2008)

Woldlumsshvunds  wensniidseanuineuled
Woanagnliifutmunelunisinulsedu o 1wy
nsduda  PTPLB uaz lymphoid-specific tyrosine
phosphatase (LYP) TulsAuiwinu (intong et al,
2014; Tamrakar et al., 2014) nstfuds PTP1B Tulse
$1u (Koren and Fantus, 2007) @ag9lsAnny A1g
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Frdfudneulasilaanin seidumsizdesifanig
mafalun1snsrainfanssuvesoulatinearinauay
Fodrinduteyafsrunisiauveseulesivlean
maneluad (Vintonyak et al, 2009; Nguyen et

al., 2013)

d5d

9

nsismyeas Yunidluujseadid
unumddylunsauaudnvaglassairauaguiig
voslushunteluwad nisdsdgygiuniglulead ng
wiads msauiiovimihflanizuaznisnieves
wadgnenuaulnevyean wulesl 2 vliafidunum
fddgylunsmuauaugaveyrleamauulusiu Ao
wuleilaiua Faihmihiisaiitenisidumreais
TuAlsiu wazieulasdneaniina evimindiiss
Ufisensiavgvleaineanainlusiu msiduvsens
vieandududesgnmuauiuegainsniniiiels
ogfluauna fuiunsiauredysiiueraasinnyie
tesninund Welusivlusremevhauinundluazifn
MssuMunalnmad¥iner deenvdwmalfeitesiunis

a

Walsarng o 16 wu Tsawmnu lspdalawes lsanis
Audu uazlsanzisa 1Jusu eadanufifeadosiunis
Wunyreaanasifnisdsdyyinnieluieadly
Wisausieliidlafisnalnnisvinuveseadluanieg
Unfvindu wideilunuimdrdalunisiiaudile
nalnmsiinawaziamvedsalussauluana naenau

ASPRNLULLATNALNEAE LTSN LA BE 193 1INy

11



wizasludaiumisidudumuosninuiaunfveslse

anmae

L@NE1591999

Aggen, J.B., Nairn, A.C. and Chamberlin, R. (2000).
Regulation of protein phosphatase-1.
Chemistry & Biology 7(1): R13-R23.

Al-Hilaly, Y.K.,, Pollack, S.J., Vadukul, D.M., Citossi,
F., Rickard, J.E., Simpson, M. et al. (2017).
Alzheimer's disease-like paired helical
filament assembly from truncated tau
protein is independent of disulfide
crosslinking. Journal of Molecular Biology
429(23): 3650-3665.

Allan, L.A., Morrice, N., Brady, S., Magee, G., Pathak,
S. and Clarke, P.R. (2003). Inhibition of
caspase-9 through phosphorylation at Thr
125 by ERK MAPK. Nature Cell Biology 5:
647.

Artunc, F., Schleicher, E., Weigert, C., Fritsche, A.,
Stefan, N. and Haring, H.-U. (2016). The
impact of insulin resistance on the kidney
and  vasculature.  Nature  Reviews
Nephrology 12: 721.

Baig, S., Seevasant, I., Mohamad, J., Mukheem, A,,
Huri, H.Z. and Kamarul, T. (2016). Potential
of apoptotic pathway-targeted cancer
therapeutic research: Where do we stand?
Cell Death & Disease 7(1): €2058.

Bandyopadhyay, J., Lee, J., Lee, J,, Lee, J.I, Yu, J.-
R, Jee, C. et al. (2002). Calcineurin, a
calcium/calmodulin-dependent  protein
phosphatase, is involved in movement,
fertility, egg laying, and growth in
Caenorhabditis elegans. Molecular
Biology of the Cell 13(9): 3281-3293.

Barghorn, S., Davies, P. and Mandelkow, E. (2004).

Tau paired helical filaments from

Alzheimer's disease brain and assembled
in vitro are based on B—structure in the
core domain. Biochemistry 43(6): 1694-
1703.

Barouch-Bentov, R. and Sauer, K. (2011).
Mechanisms of Drug-Resistance in Kinases.
Expert opinion on investigational drugs
20(2): 153-208.

Boucher, J., Kleinridders, A. and Kahn, C.R. (2014).
Insulin receptor signaling in normal and
insulin-resistant states. Cold Spring Harbor
Perspectives in Biology 6(1): a009191.

Braithwaite, S.P., Voronkov, M., Stock, J.B. and
Mouradian, M.M. (2012). Targeting
phosphatases as the next generation of
disease  modifying  therapeutics  for
Parkinson’s  disease. ~ Neurochemistry
International 61(6): 899-906.

Buchowiecka, AK. (2014). Puzzling over protein
cysteine phosphorylation-assessment of
proteomic tools for S-phosphorylation
profiling. Analyst 139(17): 4118-4123.

Bueno, O.F., Brandt, E.B., Rothenberg, M.E. and
Molkentin, J.D. (2002). Defective T cell
development and function in calcineurin
AB—deﬂcient mice. Proceedings of the
National Academy of Sciences of the
United States of America 99(14): 9398-
9403.

Catalano, KJ., Maddux, B.A., Szary, J., Youngren,
J.F., Goldfine, I.D. and Schaufele, F. (2014).
Insulin resistance induced by
hyperinsulinemia  coincides ~ with  a
persistent alteration at the insulin
receptor yyrosine kinase domain. PLoS
ONE 9(9): €108693.

Chen, Y.-N.P., LaMarche, M.J., Chan, H.M., Fekkes,
P., Garcia-Fortanet, J., Acker, M.G. et al.
(2016). Allosteric  inhibition  of ~ SHP2

12



phosphatase inhibits cancers driven by
receptor tyrosine kinases. Nature 535: 148.

Cho, D., Mier, JW. and Atkins, M.B. (2009).
PI3K/Akt/mTOR pathway: a growth and
proliferation  pathway.  Renal  Cell
Carcinoma: Molecular Targets and Clinical
Applications. R. M. Bukowski, R. A. Figlin
and R. J. Motzer. Totowa, NJ, Humana
Press: 267-285.

Chuh, KN., Batt, AR. and Pratt, M.R. (2016).
Chemical methods for encoding and
decoding of posttranslational
modifications. Cell Chem Biol 23(1): 86-
107.

Cilloni, D. and Saglio, G. (2012). Molecular
pathways:  BCR-ABL.  Clinical  Cancer
Research 18(4): 930-937.

Cohen, P. (2002). The origins of protein
phosphorylation. Nat Cell Biol 4(5): E127-
130.

Corradetti, M.N. and Guan, K.L. (2006). Upstream of
the mammalian target of rapamycin: do
all roads pass through mTOR? Oncogene
25: 6347.

Davis, J.S., Satorius, C.L. and Epstein, N.D. (2002).
Kinetic effects of myosin regulatory light
chain phosphorylation on skeletal muscle
contraction. Biophys J 83(1): 359-370.

Dey, N., De, P. and Leyland-Jones, B. (2017). PI3K-
AKT-mTOR inhibitors in breast cancers:
From tumor cell signaling to clinical trials.
Pharmacology &
175(Supplement C): 91-106.

Dimitriadis, G., Mitrou, P., Lambadiari, V., Maratou,
E. and Raptis, S.A. (2011). Insulin effects in

muscle and adipose tissue. Diabetes

Therapeutics

Research and Clinical Practice
93(Supplement 1): S52-S59.

Druker, B.J. (2008). Translation of the Philadelphia
chromosome into therapy for CML. Blood
112(13): 4808-4817.

Eiseler, T., Hausser, A., De Kimpe, L., Van Lint, J.
and Pfizenmaier, K. (2010). Protein kinase
D controls actin polymerization and cell
motility through  phosphorylation  of
cortactin. J Biol Chem 285(24): 18672-
18683.

Fernandez-Hernando, C., Ackah, E., Yu, J., Suarez,
Y., Murata, T., Iwakiri, Y. et al. (2007). Loss
of Aktl leads to severe atherosclerosis
and occlusive coronary artery disease.
Cell Metabolism 6(6): 446-457.

Giese, KP. and Mizuno, K. (2013). The roles of
protein kinases in learning and memory.
Learn Mem 20(10): 540-552.

Gong, CX. and Igbal, K. (2008).
Hyperphosphorylation of microtubule-
associated protein tau: a promising
therapeutic target for Alzheimer disease.
Current medicinal chemistry 15(23): 2321-
2328.

Guo, X., Wang, X., Wang, Z., Banerjee, S., Yang, J.,
Huang, L. et al (2016). Site-specific
proteasome phosphorylation controls cell
proliferation and tumorigenesis. Nat Cell
Biol 18(2): 202-212.

Hayashi, H., Campenot, R.B., Vance, D.E. and
Vance, J.E. (2009). Protection of neurons
from apoptosis by apolipoprotein  E-
containing lipoproteins does not require
lipoprotein uptake and involves activation
of phospholipase CY1 and inhibition of
calcineurin.  Journal  of  Biological
Chemistry 284(43): 29605-29613.

Hemmings, B.A. and Restuccia, D.F. (2012). PI3K-
PKB/Akt pathway. Cold Spring Harbor
Perspectives in Biology 4(9): a011189.

13



Hilger, R.A.,, Scheulen, M.E. and Strumberg, D.
(2002). The Ras-Raf-MEK-ERK pathway in
the treatment of cancer. Oncology
Research and Treatment 25(6): 511-518.

Hong, S. and Laimins, L.A. (2013). The JAK-STAT
transcriptional regulator, STAT-5, activates
the ATM DNA damage pathway to induce
HPV 31 genome amplification upon
epithelial differentiation. PLoS Pathogens
9(4): €1003295.

Hsieh, C.-T., Chuang, J.-H., Yang, W.-C,, Yin, Y. and
Lin, Y. (2014). Ceramide inhibits insulin-
stimulated Akt phosphorylation through
activation of Rheb/mTORC1/S6K signaling
in skeletal muscle. Cellular Signalling
26(7): 1400-1408.

Humphrey, S.J., James, D.E. and Mann, M. (2015).
Protein phosphorylation: a major switch
mechanism for metabolic regulation.
Trends Endocrinol Metab 26(12): 676-687.

Igbal, K., Liu, F., Gong, C.X. and Grundke-Igbal, I.
(2010). Tau in Alzheimer disease and
related tauopathies. Current Alzheimer
research 7(8): 656-664.

Igoal, N. and Igbal, N. (2014). Imatinib: a
breakthrough of targeted therapy in
cancer. Chemotherapy Research and
Practice 2014: 9.

Isik, A.T. (2010). Late onset Alzheimer’s disease in
older people. Clinical Interventions in
Aging 5: 307-311.

Jiang, Y. (2006). Regulation of the cell cycle by
protein phosphatase 2A in
Saccharomyces cerevisiae. Microbiology
and Molecular Biology Reviews 70(2): 440-
449.

Jiang, Z.-X. and Zhang, Z.-Y. (2008). Targeting PTPs
with small molecule inhibitors in cancer
treatment. Cancer metastasis reviews
27(2): 263-272.

Jintong, D., Yu, Q,, Lele, S. and Xiuwen, W. (2014).
Lymphoid-specific tyrosine phosphatase
(Lyp): a potential drug target for
treatment of autoimmune diseases.
Current Drug Targets 15(3): 335-346.

Jordan, J.D., Landau, E.M. and lyengar, R. (2000).
Signaling networks: the origins of cellular
multitasking. Cell 103(2): 193-200.

Kadavath, H., Hofele, R\V., Biernat, J., Kumar, S.,
Tepper, K, Urlaub, H. et al. (2015). Tau
stabilizes microtubules by binding at the
interface between tubulin heterodimers.
Proceedings of the National Academy of
Sciences of the United States of America
112(24): 7501-7506.

Karar, J. and Maity, A. (2011). PI3K/AKT/mTOR
pathway in angiogenesis. Frontiers in
Molecular Neuroscience 4: 51.

Karin, M. and Hunter, T. (1995). Transcriptional
control by protein phosphorylation: signal
transmission from the cell surface to the
nucleus. Curr Biol 5(7): 747-757.

Karlsson, A.M., Lerner, M.R,, Unett, D., Lundstrom,
I. and Svensson, S.P. (2000). Melatonin-
induced  organelle = movement in
melanophores is coupled to tyrosine
phosphorylation of a high molecular
weight protein. Cell Signal 12(7): 469-474.

Karlsson, H.KR., Zierath, J.R, Kane, S., Krook, A.,
Lienhard, G.E. and Wallberg-Henriksson, H.
(2005). Insulin-stimulated phosphorylation
of the Akt substrate AS160 is impaired in
skeletal muscle of type 2 diabetic
subjects. Diabetes 54(6): 1692.

Khoury, G.A., Baliban, R.C. and Floudas, C.A. (2011).
Proteome-wide post-translational

modification statistics: frequency analysis

and curation of the swiss-prot database.

Sci Rep 1.

14



King, G.L., Park, K. and Li, Q. (2016). Selective
insulin resistance and the development of
cardiovascular diseases in diabetes: The
2015 Edwin Bierman Award Lecture.
Diabetes 65(6): 1462-1471.

Koren, S. and Fantus, |.G. (2007). Inhibition of the
protein  tyrosine phosphatase PTP1B:
potential therapy for obesity, insulin
resistance and type-2 diabetes mellitus.
Best Practice & Research  Clinical
Endocrinology & Metabolism 21(4): 621-
640.

Lahiry, P., Torkamani, A., Schork, N.J. and Hegele,
R.A. (2010). Kinase mutations in human
disease: interpreting genotype—phenotype
relationships. Nature Reviews Genetics 11:
60.

Lapek, J.D., Tombline, G., Kellersberger, KA,
Friedman, M.R. and Friedman, A.E. (2015).
Evidence of histidine and aspartic acid
phosphorylation in human  prostate
cancer cells.  Naunyn-Schmiedeberg's
Archives of Pharmacology 388(2): 161-173.

Li, Q., Wuy, Y., Fang, S., Wang, L., Qi, H., Zhang, Y. et
al.  (2015). BCR/ABL  oncogene-induced
PI3K signaling pathway leads to chronic
myeloid  leukemia  pathogenesis by
impairing immuno-modulatory function of
hemangioblasts. Cancer Gene Therapy 22:
227.

Liddy, KA., White, M.Y. and Cordwell, S.J. (2013).
Functional decorations: post-translational
modifications and heart  disease
delineated by targeted proteomics.
Genome Medicine 5(2): 20.

Manuse, S., Fleurie, A., Zucchini, L., Lesterlin, C.
and Grangeasse, C. (2016). Role of
eukaryotic-like serine/threonine kinases in
bacterial cell division and morphogenesis.
FEMS Microbiology Reviews 40(1): 41-56.

Matsuoka, T. and Yashiro, M. (2014). The role of
PI3K/Akt/mTOR  signaling in  gastric
carcinoma. Cancers 6(3): 1441.

McCubrey, J.A.,, Steelman, L.S., Chappell, W.H,,
Abrams, S.L., Wong, EW.T., Chang, F. et al.
(2007). Roles of the Raf/MEK/ERK pathway
in cell growth, malignant transformation
and drug resistance. Biochimica et
biophysica acta 1773(8): 1263-1284.

McEwan, D.G. and Dikic, I. (2011). The Three
Musketeers of autophagy:
phosphorylation,  ubiquitylation  and
acetylation. Trends Cell Biol 21(4): 195-
201.

Mitra, S.K,, Hanson, D.A. and Schlaepfer, D.D.
(2005). Focal  adhesion  kinase:  in
command and control of cell motility.
Nature Reviews Molecular Cell Biology 6:
56.

Mori, S., Nada, S., Kimura, H., Tajima, S., Takahashi,
Y., Kitamura, A. et al. (2014). The mTOR
pathway controls cell proliferation by
regulating the FoxO3a transcription factor
via SGK1 kinase. PLoS ONE 9(2): e88891.

Mueckler, M. (2001). Insulin resistance and the
disruption of Glutd trafficking in skeletal
muscle. Journal of Clinical Investigation
107(10): 1211-1213.

Mukohara, T. (2015). PI3K mutations in breast
cancer:  prognostic and  therapeutic
implications. Breast Cancer : Targets and
Therapy 7: 111-123.

Muralidharan, S. and Mandrekar, P. (2013). Cellular
stress response and innate immune
signaling: integrating pathways in host
defense and inflammation. J Leukoc Biol
94(6): 1167-1184.

Nagea, K., Gottfries, J., Blennow, K. and Marcusson,
J. (2002). Cerebrospinal fluid phospho-tau,

total tau and B—amyloid (1-42) in the

15



differentiation  between  Alzheimer’s
disease and vascular dementia. Dementia
and Geriatric Cognitive Disorders 14(4):
183-190.

Neuyen, LK., Matallanas, D., Croucher, D.R., von
Kriegsheim, A. and Kholodenko, B.N.
(2013). Signalling by protein phosphatases
and drug development: a systems-centred
view. The FEBS journal 280(2): 751-765.

Niemi, N.M. and MacKeigan, J.P. (2013).
Mitochondrial
Apoptosis:  Flipping the Death Switch.
Antioxid Redox Signal 19(6): 572-582.

Nishida, N., Yano, H., Nishida, T., Kamura, T. and

Kojiro, M. (2006). Angiogenesis in cancer.

Phosphorylation in

Vascular Health and Risk Management
2(3): 213-219.

Offringa, R. and Huang, F. (2013). Phosphorylation-
dependent  trafficking of  plasma
membrane proteins in animal and plant
cells. J Integr Plant Biol 55(9): 789-808.

Puttick, J., Baker, E.N. and Delbaere, L.T.J. (2008).
Histidine phosphorylation in biological
systems. Biochimica et Biophysica Acta
(BBA) - Proteins and Proteomics 1784(1):
100-105.

Reddy, E.P. and Aggarwal, AK. (2012). The ins and
outs of Bcr-Abl inhibition. Genes & Cancer
3(5-6): 447-454.

Rhind, N. and Russell, P. (2012). Signaling pathways
that regulate cell division. Cold Spring
Harb Perspect Biol 4(10).

Richter, M., Dayaram, T., Gilmartin, A.G., Ganji, G,,
Pemmasani, S.K, Van Der Key, H. et al
(2015). WIP1 phosphatase as a potential
therapeutic target in neuroblastoma. PLoS
ONE 10(2): e0115635.

Roberts, P.J. and Der, C.J. (2007). Targeting the Raf-
MEK-ERK mitogen-activated protein kinase

cascade for the treatment of cancer.
Oncogene 26: 3291.

Roskoski, R. (2012). ERK1/2 MAP kinases: structure,
function, and regulation. Pharmacolosgical
Research 66(2): 105-143.

Ruest, P.J., Roy, S., Shi, E.,, Mernaugh, R.L. and
Hanks,  S.K.  (2000). Phosphospecific
antibodies reveal focal adhesion kinase
activation loop  phosphorylation  in
nascent and mature focal adhesions and
requirement for the autophosphorylation
site. Cell Growth Differ 11(1): 41-48.

Samuel, F., Flavin, W.P,, Igbal, S., Pacelli, C., Sri
Renganathan, S.D., Trudeau, L.-E. et al
(2016). Effects of serine 129
phosphorylation on A-synuclein
aggregation, membrane association, and
internalization. The Journal of Biological
Chemistry 291(9): 4374-4385.

Samuels, Y. and Waldman, T. (2010). Oncogenic
mutations of PIK3CA in human cancers.
Current topics in  microbiology and
immunology 347: 21-41.

Santarpia, L., Lippman, S.L. and El-Naggar, AK.
(2012). Targeting the mitogen-activated
protein kinase RAS-RAF signaling pathway
in cancer therapy. Expert opinion on
therapeutic targets 16(1): 103-119.

Seyfried, T.N. and Huysentruyt, L.C. (2013). On the
origin of cancer metastasis. Critical reviews
in oncogenesis 18(1-2): 43-73.

Shin, S., Wolgamott, L., Yu, Y., Blenis, J. and Yoon,
S.-0. (2011). Glycogen synthase kinase
(GSK)-3 promotes p70 ribosomal protein
S6 kinase (p70S6K) activity and cell
proliferation. Proceedings of the National
Academy of Sciences 108(47): E1204-
E1213.

Siddle, K. (2011). Signalling by insulin and IGF

receptors: supporting acts and new

16



players. Journal of Molecular
Endocrinology 47(1): R1-R10.

Silvestroni, A., Jewell, KA, Lin, W.-J., Connelly, J.E.,
lvancic, M.M., Tao, W.A. et al. (2009).
Identification of serine/threonine kinase
substrates in the human pathogen Group
B streptococcus. Journal of proteome
research 8(5): 2563-2574.

Somanath, P.R., Razorenova, O.V., Chen, J. and
Byzova, T.V. (2006). Aktl in endothelial
cell and angiogenesis. Cell Cycle 5(5): 512-
518.

Steeg, P.S. and Theodorescu, D. (2008). Metastasis:
a therapeutic target for cancer. Nature
clinical practice. Oncology 5(4): 206-219.

Steelman, L.S., Pohnert, S.C., Shelton, J.G,
Franklin, R.A, Bertrand, F.E. and
McCubrey, JA. (2004). JAK/STAT,
Raf/MEK/ERK, PI3K/Akt and BCR-ABL in
cell cycle progression and
leukemogenesis. Leukemia 18: 189.

Subramani, S., Jayapalan, S., Kalpana, R. and
Natarajan, J. (2013). HomoKinase: a
curated database of human protein
kinases. ISRN Computational Biology 2013:
5.

Suskiewicz, Marcin J. and Clausen, T. (2016).
Chemical Biology Interrogates Protein
Arginine Phosphorylation. Cell Chemical
Biology 23(8): 888-890.

Tamrakar, AK.,, Maurya, C.K. and Rai, AK. (2014).
PTP1B inhibitors for type 2 diabetes
treatment: a patent review (2011 - 2014).
Expert Opinion on Therapeutic Patents
24(10): 1101-1115.

Tangvarasittichai, S. (2015). Oxidative stress, insulin
resistance, dyslipidemia and type 2
diabetes mellitus. World Journal of
Diabetes 6(3): 456-480.

Thomas, S.J., Snowden, J.A., Zeidler, M.P. and
Danson, S.J. (2015). The role of JAK/STAT
signalling in the pathogenesis, prognosis
and treatment of solid tumours. British
Journal of Cancer 113(3): 365-371.

Trost, B. and Kusalik, A. (2011). Computational
prediction of eukaryotic phosphorylation
sites. Bioinformatics 27(21): 2927-2935.

Van Hoof, D., Munoz, J., Braam, S.R,, Pinkse, M\W.,
Linding, R, Heck, AJ. et al. (2009).
Phosphorylation dynamics during early
differentiation of human embryonic stem
cells. Cell Stem Cell 5(2): 214-226.

Vincent, E.E., Elder, D.J.E., Thomas, E.C., Phillips, L.,
Morgan, C., Pawade, J. et al. (2011). Akt
phosphorylation on Thr308 but not on
Serd73 correlates with Akt protein kinase
activity in human non-small cell lung
cancer. British Journal of Cancer 104(11):
1755-1761.

Vintonyak, V.V., Antonchick, A.P., Rauh, D. and
Waldmann, H. (2009). The therapeutic
potential of phosphatase inhibitors.
Current Opinion in Chemical Biology 13(3):
272-283.

Wang, T.-Y., Chai, Y.-R,, Jia, Y.-L., Gao, J.-H., Peng,
X-J. and Han, H.-F. (2016). Crosstalk
among the proteome, lysine
phosphorylation, and acetylation in
romidepsin-treated colon cancer cells.
Oncotarget 7(33): 53471-53501.

Yamamoto, M., Kurosu, T., Kakihana, K., Mizuchi, D.
and Miura, O. (2004). The two major
imatinib resistance mutations E255K and
T315] enhance the activity of BCR/ABL
fusion kinase. Biochemical and Biophysical
Research Communications 319(4): 1272-

1275.
Yap, T.A, Omlin, A. and Bono, J.S.d. (2013).
Development of therapeutic

17



combinations  targeting major cancer

signaling pathways. Journal of Clinical

population-based cohort of the elderly.

Alzheimer's Research & Therapy 7(1): 19.

Oncology 31(12): 1592-1605. Zhao, J. and Guan, J.-L. (2009). Signal transduction

Zaccai, J., Brayne, C., Matthews, F.E. and Ince, P.G.
(2015). Alpha-synucleinopathy and

neuropsychological ~ symptoms in a

00000

by focal adhesion kinase in cancer. Cancer

and Metastasis Reviews 28(1): 35-49.

18



