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XP® Monoclonal Antibodies

one antibody, multiple applications™

XP® monoclonal antibodies are a line of high
quality rabbit monoclonal antibodies exclusively
available from Cell Signaling Technology (CST).
Any product labeled with XP has been carefully selected
based on superior performance in the most relevant
research applications.

XP monoclonal antibodies are generated using XMT®
technology, a proprietary monoclonal technology
developed at CST. This technology provides access to a
broad range of antibodies unattainable with traditional
monoclonal technologies, allowing more comprehensive
screening and the identification of XP monoclonal
antibodies.

eXceptional specificity
As with all CST™ antibodies, the antibody is specific to your target of
interest, saving you valuable time and resources.

+ eXceptional sensitivity
The antibody will provide a stronger signal for your target protein in
cells and tissues, allowing you to monitor expression of low levels of
endogenous proteins, saving you valuable materials.

+ eXceptional stability and reproducibility
XMT technology combined with our stringent quality control ensures
maximum lot-to-lot consistency and the most reproducible results.

= eXceptional Performance™
XMT technology coupled with our extensive antibody validation and
stringent quality control delivers XP monoclonal antibodies with
eXceptional Performance in the widest range of research applications.
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EGF Receptor (D38B1) XP® Rahbit mAb #4267: IHC analysis of paraffin-embedded
human placenta using #4267.
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-t - v w (D2C8) XP® Rabhit mAb #3377:
Phospho-p38 MAPK (Thr180/Tyr182) Flow cytometric analysis of Jurkat
(D3F9) XP® Rabbit mAb #4511: Western  cells using #3377 versus propidium
blot analysis of extracts from COS and 293 iodide (DNA content). The boxed
cells, untreated or UV-treated, using #4511 population indicates Phospho-

(upper) or p38 MAPK Antibody #9212 (lower).  Histone H3 (Ser10) positive cells.

Phospho-Akt (Ser473) (DIE) XP® Rabbit mAb #4060: Confocal IF analysis of
(2C12 cells treated with LY294002 #9901 (left) or insulin (right), using #4060 (green).
Actin filaments were labeled with DY-554 phalloidin (red). Blue pseudocolor = DRAQ5®
#4084 (fluorescent DNA dye).

Visit our website for more experimental details, additional information,
and a complete list of available XP Monoclonal Antibodies.



Our Commitment to You...

As 4 company driven by science, our goal 8 o accelerate biomedical
research by developing & “research tool box™ enabling researchers w
meonitor and measure protein activity, We strive to meet contemporary
and future research challenges by creating the highest quality, most
specihe and thoroughly validaeed antbodies and relared reagents,
As a committed member of the research community, we practice
responsible and sustainable business methods and invest heavily in
esearch and development. Moreover, we encourage thoughetul use
af pur limited resources by highlighting environmental issues in our
catalog and promoting conservation and recycling

Higheel Quality Products: As soienliss we understend pour naets—our enfie focus is your eaparimental su
cess The combingbon of experiencad FhD kel scenlsis oversesing lamel sslection and antibody desslapment

processss Wapaher mith novsal anlibody producon l2chnokoges resdls i ihe highest poesible producd qualiy

Exiensive Producl Walldathea: Al producl developmeant 2nd producBon is ol owed B4 Agonous in-howss esting
o 3 mide pange o 3333y applicalone. This enauras. ol mal and reliable pefamante n oibcal applicaions employed

im b ical reseand

Highael Dealiby Suppor: Techeical suppar i provided by he same sciendels who prodece the products and
ko tham bt

Resaarch: Aesearch o Call Signaling Technology (051

riwel Atniyymass spaciomery melhod [or the dendlication of poel-tea relati on gl modilicat om sies (Hlhre fioen

55 |ed b0 e developmen] ol FTMSCEN™ mairodakgy, &

2, 3-101]. The combinglion of FTS:E™ lschnolody with mosl entibody desslopment &l CST hes anahked s 1o

Eapiand discrvery efl orts ITom bynasing 1o 3ennaneaning phosphorytaton and iy modifizalions such s acatylatio
and) medirdatio

PhoaphoSePles™ Bisinlormellcs Resomrce: Togelher mith the NH, we confnue 1o eapand PhisphosE e

avelable al wvw phisphosileony PhisphoSieFle® & ihe worlds mosl comprehansive resgunce for the sty of
i o pheephandation essnls PhoephobilaPles® contains thotsands of presioesly snpublished phosphardatio
gy discoreared ot C5T, niory med2 frealy /aiehle to all cishamens. W encourace vou 1o resdes this new informnaion

and request reagent devel opmenl

New Anllbody Technology: Over (he years, we heve imesiad in the developmend of new amiibody prodectio

Bemolges. KMT™ chnolody, & new Setepional momoclonal melod kom CHT, eliows the produclion o X
maracional anlibodies with eceptiongl perlonman:

Piessa wizil our webaibe for requenl new prodect addiboes. Wil over 1,300 rew peod icts deseloped @
LT duiring the pest two years, the best way o kesp upwilh oor rapid rate of new prodct istroducticn is jo chack o
weheila, The mabaile also conlaing en anling ver3ion al our unigee signel ransd ucti om relerence melenel, & wall 2= 2
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% i Cover: Flenmstam| pholn lzken i seveal B il biye fght
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PhosphoSitePlus®

PhosphoSitePlus® (PSP} & an open on-line systems hiology resource devoted o commonly studied peotein post-translational
modihcations (FTMs), including phosphondation, acervlarion, ubdguitinarion, and methylagon. PSP comtains only experimentally
determined sites, not predicied sites, and peesents critecia that assist users in evaluating the reliahility of site assignments.
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(‘ PhosphoSitePlus’

Comprehensive online protein modification
resource provided by Cell Signaling Technology
with grant support from the NIH

F5P is a new version al PhosphoSite™® Sl canlinoes b provice bread
i of currenl lieralure and 10 publish My sl feporls of poobéin
modificalians including phasphongdalion, melhylalion, and aptylalicn.
Friviaushy unpublished moditicatian siles comtaingd in PSP wen discovered
by Cell Signaling Technilagy stienlisls and Scientisls 38 ol nesearch
inglihaions.

Cell Signaling Technology online reference pathway
diagrams are now linked 1o PhosphoSilePlus®.
Click on the proteins in each pathesy fo nawipate fo

poiEsn pages on 1he FSF webaie, Wist hese patways al
e Ywws ced | signa l co myrefenen o pattevay ince. himl.

PEP inlegrates encyclopedic imlormalion an experimentally determined
praesn modification sites, upsiream and downstream regulation of thess
modifications, and powerful anatytical fools for investigating the struciural
and hiological significancs of protein modilications. Many cutling-edge
feahures make it the premisre resourme in progein modificalion resezrch
mailafle today: eepanshe and continuously curated cantend; molecudar
rendering 1o vizualize the Incaticon ol modification sies; on-the-fly gensration
of kinase suimstate saquence logos; browsing of high-throughput conbent by
dis=ase, cell line, and fissue; new search inferfaces that refrieva modification
sites and proeirs by subcellular kacations, sequence and molifs, domains,
responsiveness 1o treatmenis, disease, fissue, and cell bype.

Www.phosphosite.org



Home Pag

Simple Search:

Iy i to che pootedn search, which will lead o8 Prosen e------

Page, the subeorme seanch will nepurm & list of experimencally
verified d o and fe et siies on spedfic proeines, The
preferred subsirme sequences can be samemanzed and vewesd

15 2 Sequence Logo

Advanced Search:

Thive typaes of advaoed seanchies give che user dhe power

Lo gxpphivne what & knomm abour peoteins and sioes that ane
posHrmElaiormlly modfied. The Protein, Seqeence,

o Reference Seanch retrieves 4 i of proteins boased on
even differend carepories of infornation. The Sie Seanch
retrieves & i of modified sites (witl suproueding aming-
aciil secpoenoe] and proten e ca be restiaoied to cgh
different capepndes of wformation. Users can serch Foe al
proteire with maccBfcition sives tea conkain a depererale
il Comparative Site Seanchis adds Boclen kg o sie
searchies, pving the wser the abdity vo focus on sipes oleerved
unider very spevific conditians.

Search for Modified Proteins by: o--------------- .
= Mame or Accassion Numbar i
= Frolzin Typa or Comain
= Suboallular Localiztion
= Muolecular Waight Ranga

= SaquencaMald

Search for Sequences by s -« coeeeseeeinins

B S el i
B Lih ol Peplides
B Pralein Darrsin

Search for Sites by:e -------ss-ssmeneenennennennns ;

& [Celined Seaquesces of Maliks

u (Berreed in Disease Sl e e

1t Fegulstion by Treaimenis

1t Profein Typs, Domiia,
Saibissl ey Location

1t Timee, Call Ling, Call Type |

Browsing Interfaces; e------ d
& Spaciic Dsaases

& Spachic Call Lines

& Spaciic Tesees

Starting point for guerying FhosphobiteRlus®
Liszrs can choree from mvo tvpes of Simple Searches. three Achvanced Seorches, and three Brossing Imerfices.

: [

: o G @

Supplements
Downloads «--.-......
: Logo Generator

Substrate Search

Eorhar=—rre

e — — —
——— mmm - e ——
= mmm - ————
. - — E—e
e — = - ———
— - [
- - —

. Statistics o-------m- - \

-

[T S o

[ S

L,

I|I.q.-.'\l‘ll“l".":r‘l-‘-'-li--i-i---'_ll




Q PhosphoSitePlus

Protein PAge i s mpmsmis i

Overview Section;e----------------==--------- 5
ii Bl dascripiion of peotein funclion -
i Prolein hypa and subcalhlar localizaton i
i Associeled G emmE -
& Prolein ecoession numbsr and link iy perant delehase ;
& Mlemalka nemes and gena sypmbol i
i Mokculer maght. (Seelecinic poind, and pl calculator .
i Associeled mol ecular seuchures &nd view .
i G5] profEn-caninc prodects h

Resources linked from PhosphoSitePlus: = ----.

i Major Saquence Repos fories :

1t Scansile: prediction ol upseam hireses and doensksam |
inbactions

& KinBase: te Kinass Databesa af Salk

& Pam: domain Sinciure infasmetion
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Binlogical Regulation Overviews - --.-.....-
== Lislks sies know [n reguiate hiclngical and moleular
procasses, incuding
= Engymmatic acifalion
= Transcriptional reguiation
= Call maldity segulalion
= Auriophagy regulalion
= Conlormatonal changes
== Links o associaled Modificalion Sile Papes

\[

Sites and Domains Sectionts -----eeeeeeeen-ae L
B Ipamalie Bnaar dﬂ]mﬂﬂn‘ﬂl&h

it Domains end modification sies mapped
& Domain rames linked i Plam

8 Filer ouf iles wilh - 4 WSS siles

i Show only sites with » 2 LTP siles

Sites, Sequences, Species, and References SEcﬂEn:
& Mo lizatain siles and iu'II:l.lI'ﬁI'l;l SEQUENCES [+- T AA) prassnied

i Siles megpead 10 ofher cpatias and Bolonms

£ Rl residues & known mod lcations

£ Fad resi i niamisers ana hypar-linkad 1o sssocialed redancs

& C5T loga links b Cell Sigraling Techaalogy (CST] product pages
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Our Commitment to the Environment

Observingand understanding the arrayvofinteractions
that shape the lving planet on a global level is just as
Fascinating tousas the complex molecular interactions
invalved in cellubar signaling, The fundamental inter-
relationship between ourselves and the biosphere
inspires us to draw attention to the magnificence of
mature and some of the organizations that struggle
to protect it This year we dedicate pages in our
catalog, our anmuel rature calendar, and CST'S nature
conservancy website to raising awareness about the
Mescamerican Reef. In addition, CST obfers support
b four organizations committed o protecting and
CONSEIVINE OUr MACNE resources,

I Fior mowa indormetion abot the Wesramedican st whe, peo, collaipeal.com

Ecologic Development Fund empowers il and indigens moples. o restong: and profect
opical ecoeystemes in Caniral Amarnica and Mesdco, We collabomie wilh kcal commenitiss 1
pul in place simiegies and soiukmns o ncreass Their sell-suflicency, emimnmantal heath, and
arapiabikty in resporse m cimalke changs: in wags thal alsn encourme e long-eim surdal of
i biodiversiy around them,

Southers Envionmental Associaion [SEA) 5 a Belwean non-govesmmental oeganization
working towands improving slewardship and the amimnmental integrty of ey maree amas
in southern Belim theough effecive, colbbomiter prolecied areas managemend. commuoniy
Ireckamant, and simlegic parnerships o the benefit of al stakeholdars. 554, cn-manages theee
Iimparant manng proiacted areas in Southem Belze; Gladden Spf and S0k Capes Maring Resane,
e Sapodila Cayes Marine Reserve and e Laughing Bind Caye Mational Park, Both Laughing
fird Cayw Matioral Fark and Sapodila Cayes Maring Resers form a jpart of the Belze: Ramer Baef
Feserve System daclare try LMESET in 159456 a5 a workl erfage sie. seabelim i

Toleda Institute for Development and Eswirgssment (TIOE) i a Beliman mon-gosermmanial
cianization i fskers communiey paricicaton in s management and susiainable tse of
SCEgElems winin tha Maya Mountain Manne Comior of snetham Baliza dor the benefil of presant
and fukere generalions. wn ideteling om

Large Pelagic Research Cenber (LPRC] & modeled after the Pelage Fsheries Research Group
PFRM in e Paclfic, PR began as & Canter I stimelate and conduct reseancs on kay species
of inlerast fo mmmermial and recreational fisteries and marine scnsgslems in fhe Aanic Ocean
The Cantar, establishad in XK al the Unfsersity of Bew Hampshine, finclioned as an academic
wsaarch ol and a5 & mominalne and soems of edramusl fnding for other lange pelagc
spacies memarch, In 3010, LPREC jpined the Depariment of Emamnmental Corsanation al the
Lnkssrsity of Massachisetts-Amhers] and the Gad uale School of Maries Soence, 'We as: ocated
n (Gimpenslen, MA and, as parl of the Massachusetts Marine Fisharies instihule, am working In
sl 1he | Wass Marine Station at Gloucesher's Hodgkins Cove, www unalah oig
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Signaling Pathways

Thizse dhizprrams hanae besen assemblin] by Cell Signaling Techrmsdogn:

TCST) sciertists anod casidie Tt b ||r\-':'.'i:lu_ srciret and current
cverviews of selected signal rarsduction |1|II|'.'.:|'|'-. Kyl ke
abwur esch sipraling raatfrwy has besen symthwizsionz] sl mbesgrabid
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Please click the ideratere icon at
weavwLcelisignal.com o chtan
copies of o latest posters.

Histone Acet}rlatinn

HEd v Swpa By m I il o3 el Pl -Teckawl readcaee Tal phE
Acgrdrizr R rEang PEraya A e i N g pEled LR, Svidvdd gnedes, Bl g

[ ] T s Wiy Wt el STl s iAol i E ke
i VRERT§REl Seigvaae: i EErak] o (EErhER i
R (e P B L HCI ] P OF (R e
Fand i nacd, Foesdl, REOH, Gl o aw: waank Hi-¥n =l LE
s (I i s 1E sapdng mibend Feird et [y
Nekes sk Ted et HIE] & Bari] ml MArayindd Jiakn
efavsa Iolhs (EarhEEn by V&8s Soaahiss HiN o icak

wllch D] AENEED b He s
T e I & i S et T v T 1) T
Rl (TR T [y TesTEN BE] N achcad of [FTaknimi
(STENTg ThECnE aifsln (anpExd: Holdd e edaipdns
Tl Ol 2ol M Eea Ten T S-Sl € il s

(-0 |

s ekRcioEn g kil
wi e ATy TS Al N RE I o] A tae]
T FEAEEn cd o A M pokaes (M s Sarstdika] Tal TE
A AT AT Rl - EEET s N ik -1

i FOAGH Cigrudnp Fafeam (e Ja Dy Al T il & O Of T sl ekl (4
TN o ek s, k], |y Tl T e, £ i e

Prodeir
| N (e v DRl [WRCREEEN, WE ) CRamar
ACEnANEIn E ﬂ i Wl
E.” G@ *F-"-"""ﬁl'"‘m (e, gl Bt oW ERRaT, NN by, il

" ,"'r. -l L I HEDRE AOFRT N (e e, S R [l N FRERET T e
b T @5 @"3 = EFE! —_— 1'L'-I-.-.w.-.|-.1-|1.r.- iyl Wl ATy W o BT vl
+h *“.Iﬂ"i+ _.‘_L - [E97Y] ) ki by il
Ay '-'p‘:. Ay E @ — TFFm G Salael Amviaiey: e, AN, Aewk], BAL g Do, LWL G 1) e
ﬂ S (el 17, -0 | (healedy, O, Beved G Grea, F beedci, b |
*J_\_,_‘ () - w2 w Prssen Fiaean, ML, i, TG, O i b, W, IS0 S 55,
CHE, D [EX T HCH-EIL Ik, A, LR K. H S, N RO, L Sl i,

K, i A, | T A e ) TIS-3. | Pkl T, D, CH, e
‘\\\\/ Ny, R GRTIETs e 400, SET-90, | Hibakandl, W, Ravisiery
HI . édd Dni, P PSR R Va0 St3, | Poig, L e Sy, F

|
[0 A S | Siwaga, 5, W
L, ] RET, L H [0 WL iy [ RS-0, | g, B

,__rﬂ__fﬂ-’/l\lhﬁ-_“nmq e Sedd, F.[RO0T) (oeigunal 28, SRIRSTIE | Vi, .0 ol Seas, FiP008

sk b VTS ¢

el |, HEwed

A L, R

Lo i o P Tl e oA ol 0 T M A’ R ks Hi e R e Tl e,
A, O DD D AL

e irpd Sralsiony Modiicaban —-—pe e Shralyay Wndiicaban  — — o Ter@ive Samulsiong Wedfosian T Mmnmpaoral feraison J-_.. Joarvng ¥ Bl EREE o [ E
— Dlrwc Inkoiiney: Blocibogson —tr—] Wi iog bnbabiory Blolopion = = o Trrwzen Inisd ary Wirdibratan T Treariphorgl ke _.r'_".. Sepayine ol Suboniy o Clepvogs Pradicis



Pathway Diagrams

Histone Lysine Methylation

The uciessnne, mads w1 ol o hisione prolens (3. HOH, HE, aad HA)L B Hhe
prireary building biock of chynarmlia . Criginally thosght in fundion 25 a shatic scalied
Foo (DA, packaging. hisiores hese reare ecealy bean shown | B2 dyasic paolsas,
undenyaing mullipe hpes o pei-ekiosl rodliclions. T ook moadficaion,
rredhplation ol hesine reskdues, b5 3 mois delerriant e iorralion o ackive: ond inecive
regicas of he pereame_ &, o of hiskone e metwiinadersss howe bean idenifien,
ol bud e ol which pontaie & corsenvsd mateipic SET domaie oripirely ideniied in the
Cegphia GuperE-3, Enhonger of resie, and Telhoes: prolens. Lvsine medwiason hes
bees implicalad i bath recriplionsl acivalon (H3 Lwsd, 26, TH) and slencieg H1
LysE, 2T, Hl LpsTi

Uniike apetyiaticn. msthylsticn does nol after e cheage of ysiee esides o &
unikedy 0 decly modiae nuoseEoael esadions requies] or cheomain okding,
Lysire metylstion coonioles e reouiment of chomein maifiing earpmes.
Chomadoraire: HF, FEEI |, PHD fingess BFTF, INGT, Tudy doraie: [GIBF). 2ad
mf“‘ 'WO-4D doreine: (WORD o amane] 4 peesing B of methpfsing binding mecules
[T - foand e hismee aoeiiewsfeomes, deweiiass methplmes awd STP-depeaden
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a pess I an e o e siate, Whik here i o agueet ol reinebon B
siahie e, repent idenilicabion ol hisione denefyess sech 25 L300 00F, LD,
Ak Sereg JeLNIZ, ] O s shown el meiyishon is sesersibie 2ad pevices a rllonle fro
ey gerowes mige e epengaeTed during ciflereaiation of indiidusl ol Beeaes

For pebeched reviaws see wew.calisigral.com

Transcriphiorady inacss
L hacaruatin

R Examples of Crosstalk
- Between Post-translational

Tramapmes et T sl
Reproaten irman ) )
) — '-h._' e — Modifications

J s H rsR kel mad besats [FTV) hos: remonty arened o noor s o
et Danctas . Debgikally Oectibad in Mskes, Tesa sasis Jerecl i
Hiibas (TelF b, et phisphorddiod, sidveldion, ol reNe Awa A% g
HAT1, 508, TG ioni o] N NORBSTDN [roicina a wall. Eorly wom dolisad o patollve: 10k |2 gaen ol
i ol i o0 MR, aoafplalion coiekales Wil RDRn and neathpkaliog
—ar T A Gt Hwwacmcr, A KA e e Tl i o ezl rcebic e
3 el ﬁ colt rigger il acivalln f B N @ DOiDd Aasnient mensar, Ry nsEecs,
L] s l— _— martplatio of Meskone HY Lyl oomelkes el repassion; whika el ol HI Lysd
coieloles il ahation. Furmsamea, acd o Tese mogks can ba el P,
T p e T b v -, KMo, i opandhing n i ke = neyRin, 11 bokogical caial
e i 3 Cornplty oot W e i Sk s FYn o ety coea i 2ad

ke by a sl o “ween’ eone mehwmrekas | aoesieslanes, o
g s ek derklikies, dabaides, dz| Tal ddea e dFeEn
ksl band in or ok Ui ceanty, PTRE o arssed noepaicnlly,

l f—\\ el D asampbn el hor Wnclors seed nol Ba sdaled o o anoler. i B
. oy i thart Pk veork i concs, 6 o cosriall edvesn dillarent nificaions
- R - o~ cledarminas tha ol beplngesl e til. i This contest, o madiiaiae ran nberes

olikars, and B apeas Tl el caTirakas of Mesa molrons can ke a
R Do T [WOve B fow DETpks 8 this e o oresklk fen A s,

I“ m e o i 8 of gl e
i e I RO fwa spsecihe nooilcalions, & wall 68 in s, Wadrs N e ks
ﬂ 1 D hishone: Mokerka ook b fenocniad by & el “Faader” 10 My aRaTe!
ﬂhﬁ it P, i T RCTLing Fachi aarkces o £ ko Aokl TR, FErfi, i Bk Seds,
— = P - il e PRECainS o Tertaies Koogumd iy aikas o coses at oo e
- "“ —_— —_— i rEaphber ke, i ik v RSt e code. ARhOegN TETE G NOW TR
: W gy O Tk hrndioral nefaorks, 7 8 Bel ol et heee e begen 12 somich ohe
ain surkca. Bafer onivaiks and sl kchnsioghe: sl Baig i conplla ks crestab
ol L Wmﬂ e, Tor which s sperie -l apeaars it o dekrming B3 i e e i
WERFL S S Cpgw T Saleck Bavlews: Bapet S0 (00T Avsedd T 407413, | Garea, € A, DA,
ez Hmram Mt Caphriatin o SEma, L 011 ). Mol e A, 369 | Lo IS, Smalh, . o St
‘ A U0 Col 143, EEP_R35. | Massalmen, KA and Fuldisade, TR (0 1) Ak
e g b sids Rk 30, 0100, | e K0 mad Beio, E. (F006] Mol G0 5, 3-dB1.
e S i RN Aol Fewd! Moavednaty, Horwas' Mool Saoed, Sieon, A

. - o comiribuCiog B Bl sagrn

i e
T pisad Fa g Tnmrghmal hbaiin .



10 www.cellsignal.com

Histone Modification Table

The nucleosome, made up of four core histone proteins (H2A, H2B, H3, and H4), and linker histone H1 are
the primary building blocks of chromatin. Originally thought to function as a static scaffold for DNA packaging,
histones have more recently been shown to be dynamic proteins, undergoing multiple types of post-translational
modifications that regulate chromatin condensation and DNA accessibility. For example, acetylation of lysine
residues has long been associated with histone deposition and transcriptional activation, and more recently
found to be associated with DNA repair. Phosphorylation of serine and threonine residues facilitates chromatin

condensation during mitosis and transcriptional activation of immediate-early genes. Methylation of lysine and
arginine residues function as a major determinant for formation of transcriptionally active and inactive regions
of chromatin and is crucial for proper programming of the genome during development. This table provides a
referenced list of many known histone modifications, the associated modifying enzymes, and proposed functions.

Acetylation

Histone [Site Histone-modifying Enzymes Proposed Function Ref. #
Lys4 (S. cerevisiae) Esat transcriptional activation (1)
Lys5 (mammals) Tip60, p300/CBP transcriptional activation 2,3
Lys7 (S. cerevisiae) Hat1 unknown (4)
Esal transcriptional activation (1)
Lysb p300, ATF2 transcriptional activation (3,9)
Lys11 (S. cerevisiae) Gend franscriptional activation (6)
Lys12 (mammals) p300/CBP, ATF2 transcriptional activation (3,5
Lys15 (mammals) p300/CBP, ATF2 transcriptional activation (3,5
Lys16 (S. cerevisiae) Genb, Esal transcriptional activation (6)
Lys20 p300 franscriptional activation (3)
Lys4 (S. cerevisiae) Esai transcriptional activation (1)
Hpa2 unknown (7)
Lys9 unknown histone deposition 8)
Genb, SRC-1 transcriptional activation 9,10)
Lys14 unknown histone deposition (8)
Genb, PCAF transcriptional activation (3,11)
Esal, Tip60 transcriptional activation 1,2
DNA repair (11,12)
SRC-1 franscriptional activation (10)
Elp3 transcriptional activation (elongation) (13)
Hpa2 unknown (7)
hTFIIC90 RNA polymerase Il transcription (14)
TAF1 RNA polymerase I transcription (15)
Sas2 euchromatin (16)
Sas3 transcriptional activation (elongation) (17)
p300 transcriptional activation (3)
Lys18 Genb transcriptional activation, DNA repair 9)

p300/CBP DNA replication, transcriptional
activation 3.18)
Lys23 unknown histone deposition (8)
Genb transcriptional activation, DNA repair (€]
Sas3 transcriptional activation (elongation)  (17)
p300/CBP franscriptional activation (3,18)
Lys27 Gens transcriptional activation (6)
Lys36 Gend transcriptional activation (82)
Lys56 (S. cerevisiae) Spt10 transcriptional activation (19)
DNA repair (20
Lys5 Hat1 histone deposition (21)
Esal, Tip60 transcriptional activation (1,2)
DNA repair (11,12)
ATF2 transcriptional activation (5)
Hpa2 unknown 1)
p300 franscriptional activation (3)
Lys8 Genb, PCAF transcriptional activation (3,22)
Esal, Tip60 transcriptional activation (1,2)
DNA repair (11,12
ATF2 transcriptional activation (5)
Elp3 transcriptional activation (elongation) (13)
p300 transcriptional activation (3)
Lys12 Hat1 histone deposition (21)
telomeric silencing (23)
Esal, Tip60 transcriptional activation (1,2)
DNA repair (11,12)
Hpa2 unknown (7)
p300 transcriptional activation ®3)
Lys16 Gens transcriptional activation 2
MOF (D. melanogaster) franscriptional activation (24)
transcriptional activation 1,2

Esal, Tip60

DNA repair (11,12
ATF2 transcriptional activation )
Sas2 euchromatin (2,6)
Lys91 (S. cerevisiae)  Hat1/Hat2 chromatin assembly (25)

Methylation
Histone [Site Histone-modifying Enzymes | Proposed Function Ref. #
m Lys26 Ezh2 transcriptional silencing (48,49)
m Arg3 PRMT 1/6, PRMT 5/7 transcriptional activation, 83)
franscriptional repression
Arg2 PMRT6 transcriptional repression (83)
Arg8 PRMTS transcriptional repression 31)
Arg17 CARM1 transcriptional activation (18)
Arg26 CARM1 transcriptional activation (83)
Lys4 Set1 (S. cerevisiae) permissive euchromatin (di-Me) (26)
Set7/9 (vertebrates) transcriptional activation (tri-Me) (27)
MLL, ALL-1 transcriptional activation (28,29)
Ash1 (D. melanogaster) transcriptional activation (30)
Suv39h,Clr4 transcriptional silencing (tri-Me)  (32,33)
G9a transcriptional repression (34)
genomic imprinting
SETDB1 transcriptional repression (tri-Me) (35)
Dim-5 (N.crassa), DNA methylation (tri-Me) (36,37)
Kryptonite (A. thaliana)
Ash1 (D. melanogaster) transcriptional activation (30)
Lys27 Ezh2 transcriptional silencing (38)
X inactivation (tri-Me)
G9a transcriptional silencing (34)
Lys36 Set2 transcriptional activation (39)
(elongation)
Lys79 Dot1 euchromatin (40)
transcriptional activation (41)
(elongation)
checkpoint response (42)
Arg3 PRMT1/6 transcriptional activation (43)
PRMT5/7 transcriptional repression (31)
Lys20 PR-Set7 transcriptional silencing (44)
(mono-Me)
Suv4-20h heterochromatin (tri-Me) (45)
Ash1 (D. melanogaster) transcriptional activation (30)
Set9 (S. pombe) checkpoint response (46)
Lys59 unknown transcriptional silencing (47)

REFERENCES: (1) Clarke, A.S. et al. (1999) Mol. Cell Biol. 19, 2515-2526. | (2) Kimura, A. and Horikoshi, M.
(1998) Genes Cells 3, 789-800. | (3) Schiltz, R.L. et al. (1999) J. Biol. Chem. 274, 1189-1192. | (4) Verreault, A.
etal. (1998) Curr. Biol. 8, 96-108. | (5) Kawasaki, H. et al. (2000) Nature 405, 195-200. | (6) Suka, N. et al.
(2001) Mol. Cell 8, 473-479. | (7) Angus-Hill, M.L. et al. (1999) J. Mol. Biol. 294, 1311-1325. |

(8) Sobel, R.E. etal. (1995) Proc. Natl. Acad. Sci. USA 92, 1237-1241. | (9) Grant, PA. et al. (1999) J.

Biol. Chem. 274, 5895-5900. | (10) Spencer, TE. et al. (1997) Nature 389, 194-198. | (11) Bird, A.W.

etal. (2002) Nature 419, 411-415. | (12) Ikura, T. et al. (2000) Cell 102, 463-473. | (13) Winkler, G.S.

etal. (2002) Proc. Natl. Acad. Sci. USA 99, 3517-3522. | (14) Hsieh, Y.J. et al. (1999) Mol. Cell. Biol. 19,
7697-7704. | (15) Mizzen, C.A. et al. (1996) Cell 87, 1261-1270. | (16) Sutton, A. et al.(2003) J. Biol. Chem.
278, 16887-16892. | (17) Howe, L. et al. (2001) Genes Dev. 15, 3144-3154. | (18) Dauijat, S. et al. (2002)
Curr. Biol. 12, 2090-2097. | (19) Xu, F. et al. (2005) Cell 121, 375-385. | (20) Masumoto, H. et al. (2005)
Nature 436, 294-298. | (21) Parthun, M.R. et al. (1996) Cell 87, 85-94. | (22) Kuo, M.H. et al. (1996)
Nature 383, 269-272. | (23) Kelly, T.J. et al. (2000) Mol. Cell. Biol. 20, 7051-7058. | (24) Hilfiker, A. et al.
(1997) EMBO J. 16, 2054-2060. | (25) Ye, J. et al. (2005) Mol. Cell. 18, 123-130. | (26) Briggs, S.D. et al.
(2001) Genes Dev. 15, 3286-3295. | (27) Wang, H. et al. (2001) Mol. Cell. 8, 1207-1217. | (28) Nakamura,
T. etal. (2002) Mol. Cell. 10, 1119-1128. | (29) Sedkov, Y. et al. (2003) Nature 426, 78-83. |

(30) Beisel, C. et al. (2002) Nature 419, 857-862. | (31) Pal, S. et al. (2004) Mol. Cell. Biol. 24, 9630-9645.
| (32) Rea, S. et al. (2000) Nature 406, 593-599. | (33) Nakayama, J. et al. (2001) Science 292, 110-113. |
(34) Tachibana, M. et al. (2001) J. Biol. Chem. 276, 25309-25317. | (35) Schultz, DzC. et al. (2002)

Genes Dev. 16, 919-932. | (36) Tamaru, H. and Selker, E.U. (2001) Nature 414, 277-283. | (37) Johnson, L.
et al. (2002) Curr. Biol. 12,1360-1367. | (38) Cao, R. et al. (2002) Science 298, 1039-1043. |

(39) Krogan, N.J. et al. (2002) Mol. Cell. Biol. 23, 4207-4218. | (40) Feng, Q. et al. (2002) Curr. Biol. 12,
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432, 406-411. | (43) Strahl, B.D. et al. (2001) Curr. Biol. 11, 996-1000. | (44) Nishioka, K. et al. (2002) Mol.
Cell. 9, 1201-1213. | (45) Schotta, G. et al. (2004) Genes Dev. 18, 1251-1260. | (46) Sanders, S.L. et al.
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Signaling Pathways
Activating p38 MAP Kinase
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Fathway Diograms

G Protein-coupled Receptors
Signaling to MAPK/Erk
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Regulation of Apoptosis
Overview
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Akt Substrates Table
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Akt Substrates Table
BRCA1 Aktl human S694, T509 S694, T509 QTSKRHDSDTFPELK, 20085797, 10542266 breast cancer susceptibility gene product, tumor suppressor; phosphorylation alters
LKRKRRPtsGLHPED function, perhaps by preventing nuclear localization
BRF1 Akt1 human S92, 5203 S92,S203  RFRDRsFSEGGERLL, 17030608, 15538381 a CCCH zinc-finger protein that binds to AU-rich elements (ARE) found in the
PRLQHsFSFAGFPSA 3'-untranslated regions of mRNAs and promotes de-adenylation and rapid degradation
by the exosome; phosphorylation results in binding by 14-3-3 protein and inactivation
of BRF1
CACNB2 Akt1 rat S625 S630 KQRSRHKSKDRYCDK 15311280 voltage-dependent calcium channel; phosphorylation regulates channel trafficking to
plasma membrane
CaRHSP1 Akt1 human S52 S52 tRRiRtFSAtVRASQ 15910284 RNA binding protein; phosphorylation effect currently unknown
Casp9 Akt1 human S196 S196 KLRRRFssLHFMVEV 9812896 protease, initiates apoptosis; phosphorylation inhibits protease activity
CBP Akt1 mouse T1872 T1871 LMRRRMAIMNTRNVP 17166829 acetylates histone and non-histone proteins; phosphorylation increases activity
CBY1 Akt1, Akt2  human S20 S20 TPPRKSASLSNLHsL 18573912 an inhibitor of the Wnt signaling pathway; phosphorylation allows 14-3-3 binding and
B-catenin sequestration in the cytoplasm
CCT2 Akt1 human S260 S260 GSRVRVDstAKVAEI 19332537 member of the protein chaperone complex; effect of phosphorylation currently unknown
CD34 Akt2 mouse S343 S346 ysSGPGASPETQGKA 21499536 a type | transmembrane glycophosphoprotein expressed by hematopoietic stem/progenitor
cells, vascular endothelium and some fibroblasts as a negative regulator of cell adhesion;
effect of phosphorylation currently unknown
Cdc25B Akt1 mouse S351 5353 VQSKRRKSVIPLEEQ 17554083 protein phosphatase responsible for cdc2 activation; phosphorylation promotes activation
of M-phase promoting factor
CDK2 Akt1 human T39 T39 LKKIRLDtETEGVPs 18354084 cyclin-dependent kinase functioning in S-phase; phosphorylation increases cyclin A
binding
CELF1 Akt1 human S28 S28 GQVPRTWSEKDLREL 18570922 RNA-binding protein; phosphorylation enhances interaction with cyclin D1 mRNA
CENTB1 Akt human S554 S554 SIRPRPGSLRSKPEP 16256741 GTPase-activating protein (GAP) for ARF proteins; phosphorylation prevents recycling of
b1-integrin containing endosomes and cell migration
CENTG1 Akt1 human S985 $985 THLSRVRsLDLDDWP 19176382 a GTPase activating protein for ARF1 and ARF5; phosphorylation enhances CENTG1 GTP
binding and NF-«B activity
CFLAR Akt1 human S273 S273 LLRDTFTSLGYEVQK 19339247 a regulator of apoptosis; phosphorylation targets CFLAR for degradation
Chk1 Akt1 human $280 $280 AKRPRVtsGGVSEsP 15107605, 12062056 DNA damage effector that regulates G2/M transition during DNA damage; phosphorylation
inhibits function by preventing phosphorylation by ATM/ATR
CK1-D Akt1 rat S370 S370 MERERKVSMRLHRGA 17594292 kinase and core component of circadian clock; phosphorylation inhibits kinase activity
CLK2 Akt1 human S34,T127 S34,T127  HKRRRSRsWSSSSDR, 20682768 a dual specificity serine/threonine and tyrosine kinase; phosphorylation increases cell
RRRRRSRFSRSSSQ survival after ionizing radiation
Cot Akt1 human S400 S400 EDQPRCQSLDSALLE 12138205 oncogene; phosphorylation induces NF-kB-dependent transcription
CREB Akt1 rat S133 $133 EILSRRPSYRKILND 9829964 bZIP transcription factor that activates target genes through cAMP response elements;
activated by phosphorylation
CTNNB1 Akt1, Akt2  human 5552 5552 QDtQRRtsMGGtQQQ 17287208 Wnt signaling pathway protein; phosphorylation causes nuclear localization
CTNND2 Akt1 mouse T454 T457 tGTFRtstAPsSPGV 17993462 transcriptional activator, plays a role in adhesion molecule regulation; phosphorylation
promotes binding to p190RhoGEF, dendritic morphogenesis
Cx43 Akt1 rat S369 S369 RPssRAssRAssRPR 18163231 gap junction protein; phosphorylation allows 14-3-3 binding
Akt1, Akt3 rat S373 S373 RAssRAssRPRPDDL 17008717, 18163231 gap junction protein; phosphorylation allows 14-3-3 binding
DLC1 Akt rat S330 S766 VTRTRSLSTCNKRVG 16338927 tumor suppressor and insulin stimulated phosphoprotein, may play role in Glut4
translocation; phosphorylation may inhibit its GAP activity
DNAJC5 Aktl rat S10 $10 DQRQRSLSTSGESLY 16243840 exocytosis; phosphorylation regulates the kinetics of late stage exocytosis
DNMT1 Akt1 human S143 S143 RtPRRsksDGEAKPE 21151116 a maintenance methyltransferase, transferring proper methylation patterns to newly
synthesized DNA during replication; phosphorylation increases DNMT1 stability and
prevents methylation
EDC3 Akt1, Akt2  human S161 S161 SFRRRHNsWssSsRH 20051463 involved in removal of the mRNA 5’ cap structure; phosphorylation induces 14-3-3
protein interaction and promotes ED3 mediated post-transcriptional regulation through
mRNA
EDG-1 Akt1 human T236 T236 RTRSRRLtFRKNISK 11583630 G protein-coupled receptor; phosphorylation activates signaling to promote cell migration
elF4B Akt1 mouse 5422 S422 RERSRtGSESsQtGA 18836482 necessary for binding of mRNA to ribosomes; phosphorylation increases transcriptional
activity
ENaC-a Akt rat S621 S594 RFRSRYWsPGRGARG 21220922 an amiloride sensitive epithelial sodium channel that mediates sodium reabsorption;
phosphorylation increases ENaC specific activity
eN0S Akt1 human S615, 5615, SYKIRFNsISCSDPL, 12511559, 12446767, 10376603, enzyme that catalyzes the production of nitric oxide (NO); phosphorylation results in
S1177 S$1177 TsRIRtQsFsLQERQ 18622039, 12171920 enzyme activation, NO production, and cardiovascular homeostasis (vasodilation, vascular
remodeling, angiogenesis)
EphA2 Akt human S897 S897 RVSIRLPstsGSEGY 19573808 receptor tyrosine kinase that binds to a GPIl-anchored ephrin A ligand for regulation of
cell adhesion, cell migration, axon guidance, and homeostasis; phosphorylation regulates
EphA2 induced cell migration and invasion
ER-a Akt1, Akt2  human S167 S167 GGRERLASTNDKGSM 11139588, 16113102, 11507039  nuclear receptor and transcription factor; phosphorylation activates the receptor and
increases gene expression, causing mammary and uterine cell proliferation
Akt human S305 S305 IKRSKKNSLALSLtA 20101208 nuclear receptor and transcription factor; phosphorylation activates the receptor and
increases gene expression, causing mammary and uterine cell proliferation
ER-B Akt1 mouse S236 D236 VRRQRSASEQVHCLN 17166829 nuclear receptor and transcription factor; phosphorylation prevents cofactor binding
and decreases activity
EZH2 Akt human S21 S21 CWRKRVKSEYMRLRQ 16224021 methyltransferase; phosphorylation decreases histone H3 methylation of Lys27 and

increases gene expression
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ezrin Akt2 human T567 T567 QGRDKYK!LRQIRQG 15531580 plasma membrane/cytoskeletal linker protein; phosphorylation promotes actin binding and
cytoskeletal organization

FANCA Akt human S1149 S1149 CLRSRDPSLMVDFIL 11855836 ATPase involved in DNA repair; phosphorylation is negatively regulated by Akt

FLEG1 Akt human 5486 S486 GLEtRRLSLPSSKAK 17256767 a chaperone protein involved in directing specific histones to the centromere;
phosphorylation allows binding to 14-3-3

FLNC Akt1, Akt2 human $2233 S$2233 LGRERLGSFGsItRQ 15461588 muscle-specific filamin functioning in muscle cells; phosphorylation effect currently
unknown

FOXA2 Akt human T156 T156 KTYRRSYtHAKPPYS 14500912 transcription factor involved in embryonic development and differentiation;

phosphorylation results in nuclear exclusion and inhibition of FoxA2-dependent
transcriptional activity

FOXG1 Akt human T279 T279 KLRRRSttsRAKLAF 17435750 transcriptional repression factor involved in brain development; phosphorylation promotes
nuclear export
FOX01A Akt human $256, $256, S319, sPrRrAASMDNNSKF, 15668399, 10358075, 11237865, transcription factor involved in cell cycle arrest, apoptosis, and glucose metabolism;
S$319,T24  T24 TFRPRtssNASTISG, 16076959, 11311120 phosphorylation causes export from the nucleus and inhibits activity
LPRPRSCtWPLPRPE
FOX03A Akt human §253,T32 S253,T32  APRRRAVSMDNSNKY, 10910908, 10995739, 10102273, transcription factor involved in cell cycle arrest and apoptosis; phosphorylation causes
QSRPRsCtWPLQRPE 11154281 export from the nucleus and inhibits activity
FOX04 Akt human $197, S$197, S262, APRRRAAsMDSSSKL, 11313479, 11313479, 10217147, transcription factor involved in cell cycle arrest, apoptosis, and insulin signaling;
S262,T32 132 TFRPRSsSNASSVST, 16272144 phosphorylation causes export from the nucleus and inhibits activity
QSRPRsCtWPLPRPE
Gab2 Akt human S159 S159 LLRERKSSAPSHsSQ 11782427 docking/scaffolding protein, proto-oncogene, RTK signaling intermediate; phosphorylation
inhibits activity
GABRB2 Akt1 rat S434 S434 SRLRRRASQLKITIP 12818177 receptor that mediates fast inhibitory synaptic transmission in the brain; phosphorylation
increases the number of receptors on the cell surface
GAPDH Akt2 human T237 T237 GMAFRVPIANVSWD 21979951 catalyzes the phosphorylation of glyceraldehyde-3-phosphate during glycolysis;
phosphorylation decreases nuclear translocation and GAPDH induced apoptosis
GATA1 Akt human S310 S310 QTRNRKASGKGKKkR 16107690 transcription factor; phosphorylation increases activity and promotes blood cell
differentiation
GATA2 Akt1 human S401 S401 QTRNRKMSNKSKKSK 15837948 transcription factor; phosphorylation inhibits activity to promote adipogenesis and reduce
inflammation
girdin Akt human S1417 S1417 INRERQKSLILTPTR 16139227 actin binding protein; phosphorylation promotes cell migration
GOLGA3 Akt1 mouse S174, 8385 S174, 5389 VKRHRERSSQPAtKM, 17888676 golgi auto-antigen; phosphorylation results in reduced apoptosis
EVRsRRDsICsSVSM
Grb10 Akt mouse 5455 5428 NAPMRsVSENSLVAM 15722337 an adaptor protein that interacts with many receptor tyrosine kinases as well as
downstream signal molecules; phosphorylation allows binding to 14-3-3
GSK3a Akt human S21 S21 SGRARtssFAEPGGG 11340086, 11563975, 11577096  serine/threonine protein kinase that phosphorylates and inactivates glycogen synthase;
phosphorylation inhibits activity
GSK3p Akt1 human S9 S9 SGRPRitsFAESCKP 12900420, 15457186, 11563975,  serine/threonine protein kinase that phosphorylates and inactivates glycogen synthase;
11340086, 11577096, 8985174 phosphorylation inhibits activity
H2B Akt human S37 S37 RKRsRKEsyslyVyk 8985174 core component of the nucleosome; phosphorylation effect currently unknown
H3 Akt1 mouse S10 S10 tKQTARKSTGGKAPR 12529330 core component of the nucleosome; phosphorylation is correlated with chromosome
condensation during mitosis and meiosis
HMOX1 Akt human 5188 S188 LYRSRMNSLEMtPAV 15581622 heme oxygenase involved in stress response; phosphorylation regulates binding affinity
hnRNP A1 Akt1 human S$199 S199 SQrGrsGsGNFGGGr 18562319 involved in pre-mRNA packaging into hnRNP particles and transport of poly(A) mRNA from
cytoplasm to nucleus; phosphorylation regulates role in cyclin D1 and c-Myc IRES activity
hnRNP E1 Akt1, Akt2  mouse S43 S43 VKRIREESGARINIS 20154680 binds to single-stranded nucleic acid; phosphorylation results in disruption of BAT element
binding and translational activation of Dab2 and ILEI mRNA
HSP27 Akt human 582 S82 RALSRQLssGVSEIR 12740362 heat shock protein that confers cellular resistance to stress and adverse environmental
change; phosphorylation alters tertiary structure, modulates actin polymerization, and
reorganization
HTRA2 Akt1, Akt2  human §212 S212 RVRVRLLSGDTYEAV 17311912 protease released during apoptosis; phosphorylation inhibits activity and attenuates its
pro-apoptotic function
Huntingtin ~ Akt1 human S421 S421 GGRsRsGSIVELIAG 12062094, 14725621, 15843398, Huntington’s disease; Akt phosphorylation blocks nuclear aggregation and provides
16452687 neuroprotection
IKK-a Akt1, Akt2  human T23 T23 EMRERLGtGGFGNVC 18515365, 12048203, 10485710,  NF-kB signaling intermediate; phosphorylation activates NF-kB and immune/stress
19609947 response
IP3R1 Akt rat S2682 S2690 FPRMRAMSLVSSDSE 16332683 Ca** release and signaling; phosphorylation induces resistance to apoptosis, possibly
through caspase-3 inactivation
IRAK1 Akt human T100 T100 LRARDIItAWHPPAP 11976320 a serine/threonine-specific IL-1 receptor-associated kinase involved in Toll signaling;
phosphorylation inhibits IRAK mediated NK-kB activation
IRS1 Akt human S629 S629 VPSGRKGSGDYMPMs 17640984 insulin receptor signaling intermediate; phosphorylation inhibits function
Akt rat §522 S527 RFRKRTHSAGTSPTI 17579213 insulin receptor signaling intermediate; phosphorylation inhibits function
KHSRP Akt1, Akt2  human S193 S$193 GLPERSVSLTGAPES 17177604 recruits degradation machinery, activates mRNA turnover, regulates splicing;
phosphorylation inhibits RNA turnover by degradation
Kv11.1is05 Akt human 1897 T897 SFRRRDtDtEQPGE 18791070 pore-forming subunit of voltage-gated potassium channels, essential for rhythmic
excitability of cardiac muscle and endocrine cells; phosphorylation inhibits channels
lamin A/C Aktl rat S301, S404 S301, S404 RSRGRASSHSSQSQG 18808171 component of nuclear lamina; phosphorylation regulates function of nuclear lamina
LTB4R2 Akt human T355 8585 GGRSREGtMELRTTP 22044535 a low-affinity leukotriene receptor involved in chemotaxis; phosphorylation regulates

activation of chemotactic responses

OKinase o Transcription Factor Caspase o Enzyme GAP/GEF G-protein o Acetylase
Phosphatase pro-apoptotic Receptor pro-survival C)GTPase © Ribosomal subunit © Deacetylase



www.cellsignal.com

Akt Substrates Table

Mad1 Akt1 human S145 $145 IERIRMDsIGSTVSS 18451027, 19526459 component of spindle-assembly checkpoint; phosphorylation results in ubiquitination and
degradation through 26S proteasome pathway
MDM2 Akt1 human S166, 5166, S186, SSRRRAISEtEENSD, 11715018, 15169778, 11504915,  ubiquitin ligase involved in p53 degradation; phosphorylation results in translocation to
5186, 5188 RQRKRHKsDsIsLsF, 11850850, 11923280, 15527798, the nucleus and inhibition of p53
5188 RKRHKsDsIsLsFDE 11960368
MDM4 Akt1 human S367 S367 PDCRRtISAPVWRPK 18356162 RING-finger domain protein involved in p53 degradation and apoptosis; phosphorylation
stabilizes MDM4 and MDM2
METTL1 Akt1 human S27 S27 YYRQrAHSNPMADHT 15861136 catalyzes the formation of m7G46 in tRNA; phosphorylation results in inactivation
MKK4 Akt1 human S80 S80 |ERLRtHsIESSGKL 15911620, 11707464 signaling intermediate of the JNK/SAPK pathway involved in stress/inflammation;
phosphorylation inhibits activity
MLK3 Akt human S674 S674 PGRERGESPTtPPTP 12458207 JNK-mediated neuronal cell death; phosphorylation inhibits activity
MST1 Akt1 human T120 T120 |IRLRNKtLTEDEIA 19940129 pro-apoptotic kinase; phosphorylation inhibits kinase activity and nuclear translocation
resulting in inhibition of pro-apoptotic signaling
MST2 Aktl human T117,7384 T117,T384 IIRLRNKILIEDEIA, 20231902, 20086174 upstream activator of the MAPK pathway that regulates apoptosis, morphogenesis,
GTMKRNAtsPQVQRP and cytoskeletal rearrangements; phosphorylation inhibits pro-apoptotic activity
mTOR Akt1 human T2446, T2446, RsRtRtDsysAGQsV 15208671, 10910062, 10567225  protein synthesis and cell growth; phosphorylation increases activity
52448 52448
MY05A Akt2 mouse S1650 $1652 GLRKRtssIADEGty 17515613 actin-based motor protein with a role in cytoplasmic vesicle transport and anchorage;
phosphorylation promotes insulin-mediated Glut4 vesicle translocation
Myt1 Akt1 starfish S76) S83 ESRPRAVSFRQSEPS 11802161 Wee1 family member and cell cycle regulator; phosphorylation downregulates Myt1
and initiates M-phase
NDRG2 Akt human S332, T348 S332, 7348  LsRsRtAsLtsAAsY, 15461589 insulin-stimulated phosphoprotein; phosphorylation promotes insulin signaling
GNRsRsRtLsQssEs
NFAT90 Akt1 human S647 S647 rGrGRGGSIRGRGRG 18097023, 20870937 translation inhibitory protein; phosphorylation required for nuclear export
NHE1 Akt1 human 5648, 5648, S703, KTRQRLRsyNRHTLY, 18757828, 20026127 sodium/hydrogen exchanger involved in pH regulation and signal transduction;
S703, S796 MsRARIGSDPLAYEP, phosphorylation inhibits activity
S796 QRIQRCLSDPGPHPE
NMDAR2C  Akti mouse S1084 S1081 GPRPRHASLPSSVAE 19477150 Glutamate receptor channel subunit; phosphorylation promotes binding to 14-3-3e and
leads to increased surface expression of cerebellar NMDA receptors
Akt1 rat $1083 $1081 GPRPRHASLPSSVAE 19477150 Glutamate receptor channel subunit; phosphorylation promotes binding to 14-3-3e and
leads to increased surface expression of cerebellar NMDA receptors
NuaK1 Akt1 human S600 S600 PARQRIRSCVSAENF 15060171, 12409306 AMPK family member activated under glucose starvation that mediates cell survival;
phosphorylation increases kinase activity
Nur77 Akt human S351 S351 GRRGRLPsKPKQPPD 16434970, 11274386 a nuclear receptor and transcription factor regulating T cell apoptosis; phosphorylation
inhibits transcriptional activity
p21Cip1 Akt1 human $146,T145 S146, T145 GRKRRQtsMTDFYHs, 17855660, 11231573, 11756412, regulates cell cycle and cell survival; phosphorylation increases protein stability
QGRKRRQtsMTDFYH 15173090, 11463845, 116982699
p27Kip1 Akt1 human S10,T157, S10,T157, NVRVSNGsPSLErMD, 18710949, 12042314, 12244302  a cyclin-dependent kinase inhibitor that enforces the G1 cell cycle restriction point;
T198 T198 GIRkrPAtDDSSTQN, phosphorylation promotes 14-3-3 binding and cytoplasmic localization
PGLRRRQL
p300 Akt1 human S1834 $1834 MLRRRMASMQRTGVV 16024795, 11116148 transcriptional co-activator; phosphorylation can either activate or suppress transcriptional
activity depending on cell type and physiological stimuli
p47phox Akt human S304, S328 S304, S328 GAPPRRssIRNAHSI, 12734380 a component of the phagocytic NADPH oxidase multiprotein enzyme that catalyzes the
QDAYRRNsVRFLQQR reduction of oxygen to superoxide in response to pathogenic invasion; phosphorylation
regulates p47hox respiratory burst activity
PAK1 Akt1 mouse S21 S21 APPMRNTSTMIGAGS =~ 14585966 a p21-activated kinase engaged in cytoskeletal reorganization, MAPK signaling, apoptotic
signaling, control of phagocyte NADPH oxidase, and growth factor-induced neurite
outgrowth; phosphorylation at Ser21 regulates binding with the adaptor protein Nck
palladin Akt1 human S1118 S1118 VRRPRsRSRDSGDEN 20471940 actin-bundling protein; phosphorylation promotes F-actin bundling and inhibits cell
migration
PAR-4 Akt rat S249 N257 SRHNRDTSAPANFAS 16209943 a pro-apoptotic factor that activates the Fas-FADD-caspase-8 pathway as well as
inhibits the NF-kB pro-survival pathway; phosphorylation prevents nuclear translocation,
promoting cell survival
PDCD4 Akt1 human S67,S457 S67,S457  kRRLRKNssRDsGRG, 16357133 tumor suppressor protein that is strongly induced during apoptosis; phosphorylation
RGRKRFVSEGDGGRL inhibits tumor suppressor function
PDE3A Akt1 mouse $290, $290, S291, GWKRRRRssSVVAGE, 17124499 regulates levels of CAMP and cGMP, insulin-dependent oocyte maturation;
S291, $292 WKRRRRsssVVAGEM, phosphorylation increases activity
$292 KRRRRsssVVAGEMS
PDE3B Akt1 mouse S273 S295 VIRPRRRssCVsLGE 10454575 regulates levels of CAMP and cGMP, activated by insulin to regulate lipolysis;
phosphorylation increases activity
PEA-15 Akt1 human S116 S116 KDIIRQPSEEEIIKL 12808093 a phosphoprotein shown to coordinate cell growth, death, and glucose utilization;
phosphorylation mediates binding to FADD or Erk and further regulates the Erk and
apoptosis signaling pathways
peripherin  Akt1 mouse S66 S59 SSSARLGSFRAPRAG 17569669 neuronal intermediate filament protein; phosphorylation promotes motor nerve
regeneration
PFKFB2 Akt1 human S466, S483 S466, S483 PVRMRRNSFtPLSSS, 12853467 glycolytic enzyme, insulin-mediated glucose metabolism; phosphorylation increases
IRRPRNysVGSRPLK activity
PFKFB3 Akt1 human S461 S461 NPLMRRNsVtPLASP 15896703 synthesis and degradation of fructose 2,6-bisphosphate; phosphorylation decreases
sensitivity to inhibition
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PGC-1a Akt1, Akt2  mouse S570 S571 RMRSRsRsFSRHRSC 17554339 regulates gluconeogenesis and fatty acid oxidation; phosphorylation inhibits function
PIP5K Akt human S307 S307 PARNRSASINLSLD 15546921 a protein/ lipid kinase involved in membrane trafficking; phosphorylated in response to
insulin
Akt mouse S105 S105 EELHRRSSVLENTLP 20513353 a protein/ lipid kinase involved in membrane trafficking; phosphorylated in response to
insulin
PLB Akt rat S16 S16 RSAIRRAStIEMPQQ 18838385 a major phosphoprotein calcium regulation component of the sarcoplasmic reticulum;

phosphorylation causes release of inhibition and increases calcium uptake by the
sarcoplasmic reticulum

PLCG1 Akt human $1248 S1248 HGRAREGSFESRyQQ 16525023 catalyzes Pl 4,5 bisphosphate to IP, and DAG, increases intracellular Ca** levels;
phosphorylation increases activity and enhances EGF-stimulated cell motility

PPP1CA Akt human T320 T320 NPGGRPItPPRNSAK 14633703 a serine/threonine phosphatase involved in cell cycle regulation; phosphorylation inhibits
activity

PRAS40 Akt human T246 T246 LPRPRLNtsDFQKLK 12524439, 17277771, 18372248  binds to and inhibits mTOR; phosphorylation causes 14-3-3 binding/inhibition and results
in increased protein synthesis

PRPF19 Akt1 human T193 T193 ERKKRGKIVPEELVK 20629186 a member of the splicesome that also functions in DNA double strand break repair;
phosphorylation allows 14-3-3 binding

PRPK Akt human S250 S250 RLRGRKRsMVG 17712528 p53 binding protein and kinase; phosphorylation causes activation and results in p53
phosphorylation

PTP1B Akt human S50 S50 RNRyRDVSPFDHsRI 11579209 protein tyrosine phosphatase that dephosphorylates the insulin receptor; phosphorylation
inhibits activity

QK Akt2 mouse 5358 S358 DGRQRRPSHIAEQTV 17805301 AMPK related protein; phosphorylation leads to kinase activation and promotes
ubiquitination/degradation of TORC2

Ract Akt human S71 S71 yDRLRPLSYPQTDVF 10617634 Rho-GTPase, actin cytoskeletal organization; phosphorylation inhibits GTP-binding activity

Raf1 Akt1 mouse S259 S259 SQRQRStSTPNVHMV 12087097, 12087097 signaling intermediate in Erk1/2 pathway; phosphorylation inhibits activity

Akt rat $259 $259 SQRQRSTSTPNVHMV 11443134 signaling intermediate in Erk1/2 pathway; phosphorylation inhibits activity

RANBP3 Akt human S126 5126 VKRERtssLtQFPPs 18280241 RAN binding protein 3 functions in nuclear transport; phosphorylation mediates Ran
binding and regulates nuclear transport

RARA Akt human S96 S96 FVCQDKSSGYHYGVS 16417524 nuclear receptor for retinoic acid that acts as a direct regulator of gene expression,
phosphorylation of the DNA binding domain inhibits RARA activity

RGC32 Akt1 human S65 S65 ERMKRRSsAsVSDSS 19162005 a regulator of cell cycle-specific kinases in response to DNA damage; phosphorylation
leads to activation and regulation of growth factors

RNF11 Akt human T135 T135 DWLMRSFtCPSCMEP 16123141 a member of a ubiquitin editing complex that modulates transient inflammatory signaling;
phosphorylation allows 14-3-3 binding

Ron Akt human $1394 $1394 VRRPRPLSEPPRPT_ 12919677, 14505491 receptor tyrosine kinase for macrophage stimulating protein (MSP), cell adhesion,
proliferation and migration; phosphorylation causes 14-3-3 binding

RPS3 Akt human T70 T70 GrrlrELtAVVQKRF 20605787 a member of the 40S ribosomal subunit that also induces neuronal apoptosis and acts

as an endonuclease; phosphorylation inhibits proapoptotic function, increases nuclear
import/accumulation, and increases DNA repair

S6 Akt mouse S236 S236 AKRRRLSssLRAstsK 12151408 S6 ribosomal protein; phosphorylation activates the protein and promotes protein
synthesis
Akt1, Akt2 rat §235, 5236 S235, S236  IAKRRRLsSLRAsts, 15358595 S6 ribosomal protein; phosphorylation activates the protein and promotes protein
AKRRRLssLRAstsK synthesis
SFRS5 Akt2 rat S86 S86 GRGRGRYSDRFSSRR 15684423 a member of the splicesome involved in constitutive and alternative splicing;
phosphorylation activates alternative splicing exon inclusion
SH3BP4 Akt1 mouse S245 S246 FRSKRSysLSELsVL 19122209 controls selective internalization of the transferrin receptor through endocytosis;
phosphorylation promotes 14-3-3 binding at the plasma membrane
SH3RF1 Akt1, Akt2  human S304 S304 KNTKKRHsFtsLTMA 17535800 scaffolding protein that binds to activated Rac and promotes apoptosis via JNK activation;
phosphorylation reduces ability to bind Rac, promoting apoptosis
SKI Akt human T458 T458 QPRKRKLIVDTPGAP 19875456 negative regulator of TGF-B signaling by binding to Smads; phosphorylation causes its
destabilization and reduces SKI-mediated inhibition of expression of Smad7
S0X2 Akt mouse T118 T116 KYRPRRKtKTLMKKD 20945330 a transcription factor required for early embryogenesis and embryonic stem cell
pluripotency; phosphorylation stabilizes SOX2, increasing transcriptional activity
SRPK2 Akt1 human T492 T492 PSHDRSRtVsAsstG 19592491 a protein kinase targeting the serine/arginine family of splicing factors; phosphorylation

causes nuclear translocation and upregulation of targets regulating cell cycle progression
and apoptosis

SSB Akt mouse T301 T302 LLRNKKVEWKVLEGH 18836485 RNA binding protein, plays a role in processing of RNA polymerase Ill transcripts;
phosphorylation promotes export to cytoplasm where it binds polysomes and regulates
expression of a specific set of MRNAs

STXBP4 Akt2 mouse S99 S99 RAKLRSESPWEIAFI 15753124 inhibits formation and translocation of intracellular vesicles; insulin-stimulated
phosphorylation of STXBP4 releases inhibition

SYTL1 Akt human S241 S241 RMLSSSSSVSSLNSS 15998322 a secretory factor family member that is involved in granule exocytosis; phosphorylation
regulates SYTL1 subnuclear localization

TAL1 Akt human T90 T90 EARHRVPHELCRPP 15930267, 19406989 transcription factor; phosphorylation inhibits transcriptional repressor activity and
regulates intracellular localization

TBC1D1 Akt human 1596 T596 AFRRRANtLSHFPIE 17995453 Rab GTPase-activating protein involved in insulin-stimulated Glut4 trafficking;
phosphorylation promotes glucose transport

TERT Akt human S227, 5824 S227, 5824 GARRRGGSASRSLPL, 10224060 telomerase reverse transcriptase, chromosome length maintenance; phosphorylation

AVRIRGKsYVQCQGI enhances telomerase activity
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THOC4 Akt1 human S34,7219  S34,7219  RGRGRAGSQGGrGGG, 18562279 an RNA binding and export protein that also acts as a chaperone for dimerization of
GGGtrRGtRGGARGR transcription factors; phosphorylation regulates THOC4 subnuclear localization and
activates mRNA export and cell proliferation
TOPBP1 Akt1 human S1159 S1159 EERARLASNLQWPSC 19477925 induces a large increase in the kinase activity of ATR; phosphorylation prevents the
enhanced association of ATR with TopBP1 after DNA damage
TRF1 Akt1 human T273 T273 SKRTRTItSQDKPSG 19160102 controls telomere structure; phosphorylation decreases telomere length
TSC2 Akt1 human S939, S939, 5981, sFRARstsLNERPKs, 15342917, 12150915, 16636147  tumor suppressor that inhibits mTOR; phosphorylation inhibits function and allows protein
S981, T1462 AFRCRSISVSEHVVR, synthesis to occur
T1462 GLRPRGytIsDSAPs
Akt1 rat S1130, $1130, GARDRVRsMSsGGHGL, 12172553 tumor suppressor that inhibits mTOR; phosphorylation inhibits function and allows protein
S1132 $1132 RDRVRsMsGGHGLRV synthesis to occur
TTC3 Akt1 human S378 S378 AYTPRSLSAPIFTTS 20059950 E3 ligase to Akt; phosphorylation promotes TTC3 function, such as ability to ubiquitinylate
and destabilize Akt
TWIST1 Akt1 human S42,5123  S42,S123  GGRKRRSSRRSAGGG, 20400976 a regulatory basic helix-loop-helix anti-apoptotic transcription factor; phosphorylation
RERQRTQsLNEAFAA activates TWIST1, causing inhibition of p53 and promation of cell survival
usP8 Akt1 mouse T907 T945 TCRRRSRtFEAFMYL 17210635 deubiquitinating enzyme that plays a role in growth factor receptor trafficking and
degradation; phosphorylation increases protein stability
VCP Akt1 human S352, 5352, S746, AAINRPNSIDPALRR, 16551632, 16027165 ATPase and molecular chaperone; phosphorylation may impair its pro-apoptotic effects
S746, S748 AMRFARRsVsSDNDIR, and promote cell survival
S748 RFARRsVsDNDIRky
Vimentin Akt human S39 S39 ttsTrtysLGSALRP 20856200 a cytoskeletal intermediate filament protein; phosphorylation induces cellular motility and
invasion by protection from proteolysis
Weel Akt1 human S642 S642 KKMNRsVsLTly__ 15964826 a protein kinase that inhibits cell cycle progression by phosphorylation inhibition of
cdc2 kinase; phosphorylation promotes a change in Wee1 localization from nuclear to
cytoplasmic and is associated with G2/M arrest
WNK1 Akt1 human T60 T60 EYRRRRHtMDKDSRG 14611643, 16081417 regulates ion channels; phosphorylation of WNK1 causes SGK1 activation and regulation
of sodium ion transport
XIAP Akt1, Akt2  human S87 S87 VGRHRKVSPNCRFIN 14645242, 17537996 inhibitor of apoptosis; phosphorylation prevents ubiquitination/degradation and causes
increased cell survival
YAP1 Akt human S127 S127 PQHVRAHssPASLQL 12535517 a transcriptional co-activator of PEBP2 and other transcription factors; phosphorylation
suppresses p73-mediated apoptosis
YB-1 Akt1 human $102 $102 NPRKyLRsVGDGEtY 22417301 a transcription/translation factor involved in mRNA stability and expression;
phosphorylation induces activation and translocation to the nucleus
zyxin Akt1 human S142 $142 PQPREKVssIDLEId 17572661 a focal adhesion molecule that moves between the cytoplasm and nucleus;
phosphorylation promotes an association with acinus and anti-apoptotic activity
The Akt Binding Partners Table outlines Akt binding proteins, along with the effect of this interaction on Akt activity and corresponding references. © 2005-2013 Cell Signaling Technology, Inc

Binding Partner Effect of Binding Effect on Akt Activity

a-Actinin 4 Essential role in Akt translocation and activation Positive Ding, Z. et al. (2006) Proc. Natl. Acad. Sci. USA 103, 15014-15019.
Androgen Receptor (AR) Forms complex with Akt and Mdm2 which results in AR degradation N/A Lin, HK. et al. (2002) EMBO J. 21, 4037-4048.

APE Associates with the kinase domain of Akt Positive Anai, M. et al. (2005) J. Biol. Chem. 280, 18525-18535.

APPL1 Associates with the kinase domain of Akt Positive Mitsuuchi, Y. et al. (1999) Oncogene 18, 4891-4898.

Brk Binds to Akt and limits its activity Negative Zhang, P. et al. (2005) J. Biol. Chem. 280, 1982-1991.

cdc25A Forms complex with Akt and Raf1 to promote cell survival Positive Fuhrmann, G. et al. (2001) Oncogene 20, 4542—4553.

cdc37 Binds to Akt and prevents its degradation Positive Miyata, Y. et al. (2004) Mol. Cell. Biol. 24, 4065-4074.

CTMP Binds to the hydrophobic motif of Akt and prevents Akt activation Negative Maira, S.M. et al. (2001) Science 294, 374-380.

eNOoS Phosphorylation of eNOS at Ser113 and Ser614 disrupts binding to Akt N/A Bauer, PM. et al. (2003) J. Biol. Chem. 278, 14841-14849.

Ft1 Binds to Akt and increases kinase activity Positive Remy, I. et al. (2004) Mol. Cell. Biol. 24, 1493-1504.

GRB10 Binds to the PH domain of Akt and potentiates its activation Positive Jahn, T. et al. (2002) Mol. Cell. Biol. 22, 979-991.

HSP27 Formation of Akt/HSP27 complex necessary for Akt activation in neutrophils Positive Rane, M.J. et al. (2003) J. Biol. Chem. 278, 27828-27835.

ILK Phosphorylation of ILK is required for association with Akt and phosphorylation of Ser473 Positive Persad, S. et al. (2001) J. Biol. Chem. 276, 27462-27469.
IRAK2 Associates with Akt and promotes NF-kB activity N/A Cenni, V. et al. (2003) Biochem J. 376, 303-311.

JIP1 Interaction with PH domain of Akt1 inhibits JNK activation N/A Kim, A.H. et al. (2002) Neuron 35, 697—709.

p21 Cip1 Binds to Akt2 and causes accumulation of p21 Cip1 in the nucleus and cell cyle exit N/A Héron-Milhavet, L. et al. (2006) Mol. Cell Biol. 26, 8267-8280.
Periplakin Binds to the PH domain of Akt and regulates intracellular localization N/A van den Heuvel, A.P. et al. (2002) J. Cell. Sci. 115, 3957-3966.
PIKE-A Binds to Akt and stimulates kinase activity Positive Ahn, J.Y. et al. (2004) J Biol. Chem. 279, 16441-16451.

PP2C A Binds to and dephosphorylates Akt Negative Pim, D. et al. (2005) Oncogene 24, 7830-7838.

POSH Binds to Akt2 and downregulates MLK3-JNK activation N/A Figueroa, C. et al. (2003) J. Biol. Chem. 278, 47922-47927.
Prohibitin 2 Binds to the C-terminus of Akt N/A Sun, L. et al. (2004) J. Cell. Sci. 117, 3021-3029.

Raf1 Akt binds to and phosphorylates Raf1, resulting in decreased Raf1 activity N/A Reusch, H.P. et al. (2001) J Biol. Chem. 276, 33630-33637.
Smad3 Insulin-induced Akt and Smad3 association blocks Smad3 phosphorylation and N/A Conery, A.R. et al. (2004) Nat. Cell Biol. 6, 366-372.

nuclear translocation; TGF-@ blocks PKB/Smad3 association Remy, I. et al. (2004) Nat. Cell Biol. 6, 358-365.
TCL1 Binds to the PH domain of Akt, forming oligomers, leading to increased Akt activity Positive Laine, J. et al. (2000) Mol. Cell 6, 395-407.
Pekarsky, Y. et al. (2000) Proc. Natl. Acad. Sci. USA 97, 3028-3033.

TRB3 Insulin-mediated association with Akt blocks Akt activation Negative Du, K. et al. (2003) Science 300, 1574-1577.
— Direct Stimulatory Modification — —» Multistep Stimulatory Modification == — 3 Tentative Stimulatory Modification 1, Transcriptional Stimulation ;; Joining of Subunits - - = - » Translocation
— Direct Inhibitory Modification —> — Multistep Inhibitory Modification — — — Tentative Inhibitory Modification _I_| Transcriptional Inhibition _A Separation of Subunits or Cleavage Products
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Pathway Diagrams

 Substrate | AMPKA Isoform EN m Sequence (+/-7) | PMID | substrate Function and Etfect of Phosphorylation

AMPKB1 AMPKA1 human S24 HKtPRRDsSGGTKDG 19376078 AMPK is a heterotrimeric complex composed of a catalytic a subunit and regulatory b and g subunits, each of which is
S108 8108 SKLPLTRSHNNFVAI encoded by two or three distinct genes (a1, 2; B1, 2; y1, 2, 3). The kinase is activated by an elevated AMP/ATP ratio
S174  S174 MVDSQKCsDVsELss due to cellular and environmental stress, such as heat shock, hypoxia, and ischemia. Accumulating evidence indicates
S177  S177 SQKCsDVsELsssPP that AMPK not only regulates the metabolism of fatty acids and glycogen, but also modulates protein synthesis and
T80 T80 APAQARPtVFRWTGG cell growth through EF2 and TSC2/mTOR pathways, as well as blood flow via eNOS/nNOS. The 1 subunit is post-
T158  T158 NIIQVKKIDFEVFDA translationally modified by multi-site phosphorylation to regulate AMPK activation and localization.

AMPKA1 rat S24 S24 HKTPRRDssGGTKDG 9305909  AMPKis a heterotrimeric complex composed of a catalytic a subunit and regulatory b and g subunits, each of which is

S25 S25 KTPRRDsSGGTKDGD 12764152  encoded by two or three distinct genes (a1, 2; 1, 2; y1, 2, 3). The kinase is activated by an elevated AMP/ATP ratio
S96 S96 KEVYLSGSFNNWsKL 9305909  due to cellular and environmental stress, such as heat shock, hypoxia, and ischemia. Accumulating evidence indicates
S101  S101 SGSFNNWsKLPLTRs that AMPK not only regulates the metabolism of fatty acids and glycogen, but also modulates protein synthesis and
S108  S108 SKLPLTRSQNNFVAI cell growth through EF2 and TSC2/mTOR pathways, as well as blood flow via eNOS/nNOS. The $1 subunit is post-
S182  $182 DVSELSSSPPGPYHQ translationally modified by multi-site phosphorylation to regulate AMPK activation and localization.

AS160 AMPKA2 mouse S711  S704 PSLHTSFsAPSFTAP 19923418 AS160 is a Rab GTPase-activating protein that regulates insulin-stimulated Glut4 trafficking. Phosphorylation of
AS160 by AMPK is involved in the regulation of contraction-stimulated Glut4 translocation.

CFTR AMPKAT1 human S737  S737 EPLERRLsLVPDSEQ 19095655 CFTR is a plasma membrane cyclic AMP activated chloride channel that is expressed in the epithelial cells of the

S768  S768 LQARRRQsVLNLMTH 19419994 lung and several other organs. CFTR channels are kept closed by AMPK mediated phosphorylation in non-stimulated
epithelium.

ChREBP  AMPKAT1 rat S568  S556 TLLRPPESPDAVPEI 11724780 Carhohydrate-responsive element-binding protein (ChREBP) is a transcriptional repressor that regulates cellular energy
homeostasis. AMPK phosphorylation inhibits the ability of CHREBP to bind DNA.

CK1-E AMPKA1 human S389  S389 RGAPANVsssDLIGR 17525164  CK1-E (Casein Kinase | epsilon) is @ member of a family of protein kinases implicated in multiple processes including
DNA repair, cell morphology, and Whnt signaling. Multiple inhibitory autophosphorylation sites have been identified near
the C-terminus of CK1-E, including an AMPK site that results in increased CK1-E activity.

CRY1 AMPKA1 mouse S71 ST ANLRKLNSRLFVIRG 19833968 CRY1 is a member of the DNA photolyase class-1 family that acts as a regulator of the circadian clock. CRY1 is
regulated in rhythmic fashion by AMPK phosphorylation-induced degradation.

eEF2K AMPKA1 human S398  S398 DSLPSsPsSATPHSQ 14709557  Eukaryotic elongation factor 2 kinase (eEF2k) phosphorylates and inactivates eEF2, resulting in the inhibition of
peptide-chain elongation. AMPK phosphorylation of eEF2K increases its ability to phosphorylate eEF2.

eNOoS AMPKA1 cow S1179 S1177 TSRIRtQsFSLQERH 12107173  Endothelial nitric-oxide synthase (eNOS) catalyzes the production of nitric oxide (NO), a key regulator of blood
pressure, vascular remodeling, and angiogenesis. eNOS is activated by AMPK phosphorylating Ser1177 in response
to various stimuli.

AMPKA1 human S633  S633, WRRKRKEssNTDSAG 12791703  Endothelial nitric-oxide synthase (eNOS) catalyzes the production of nitric oxide (NO), a key regulator of blood
S1177  S1177 TsRIRtQsFsLQERQ 17276402  pressure, vascular remodeling, and angiogenesis. eNOS is activated by AMPK phosphorylating Ser1177 in response
20479254 o various stimuli.
AMPKA1 rat T494  T495, S1177 TGITRKKtFKEVANA 10025949  Endothelial nitric-oxide synthase (eNOS) catalyzes the production of nitric oxide (NO), a key regulator of blood
S1176 TSRIRTQsFsLQERQ pressure, vascular remodeling, and angiogenesis. eNOS is activated by AMPK phosphorylating Ser1177 in response
to various stimuli.

GABBR1 AMPKA1 rat S948  S918 ELRHQLQsRQALRSR 17224405 The metabotropic GABA(B) receptor is coupled to G proteins that modulate slow inhibitory synaptic transmission.
Functional GABA(B) receptors form heterodimers of GABAB)R1 and GABA(B)R2 where GABA(B)R1 binds the GABA
ligand and GABA(B)R2 is the primary G protein contact site. AMPK mediated phosphorylation of GABA receptors
increases activity as part of a neuroprotective mechanism.

GABBR2 AMPKA1 rat S783  S784 VTSVNQASTSRLEGL 17224405 The metabotropic GABA(B) receptor is coupled to G proteins that modulate slow inhibitory synaptic transmission.
Functional GABA(B) receptors form heterodimers of GABA(B)R1 and GABA(B)R2 where GABA(B)R1 binds the GABA
ligand and GABA(B)R2 is the primary G protein contact site. AMPK mediated phosphorylation of GABA receptors
increases activity as part of a neuroprotective mechanism.

GBF1 AMPKA1 human T1337 T1337 GKIHRsAtDADVVNs 18063581  Golgi-specific brefeldin A resistance factor 1 promotes guanine nucleotide exchange in the Golgi apparatus. GBF1
phosphorylation by AMPK occurs in response to low glucose, resulting in Golgi disassembly and lowered intracellular
levels of ATP.

GFAT AMPKAT1 human S261  S261 CNLsRVDsttCLFPV 17941647  GFAT, glutamine:fructose-6-phosphate aminotransferase 1, is the rate-limiting enzyme of the hexosamine biosynthesis

19170765 pathway generating the building blocks for protein and lipid glycosylation. GFAT activity is regulated by AMPK
phosphorylation.

GYS1 AMPKA1 rabbit S8 S8 MPLSRTLsVSsLPGL 2567185  Glycogen synthase 1 (GYS1) is a key enzyme in the regulation of glycogen synthesis in muscle. AMPK mediated
phosphorylation leads to inactivation of GYS1.

H2B AMPKA1 human S37 S37 RKRsRKEsyslyVyk 20647423  The nucleosome, made up of four core histone proteins (H2A, H2B, H3, and H4), is the primary building block of
chromatin. In response to metabolic stress, AMPK is recruited to responsive genes and phosphorylates histone H2B at
S37, activating transcription.

HAS2 AMPKA2 human 7110  T110 LQSVKRLtYPGIKVV 21228273  Hyaluronan synthase 2 (HAS2) regulates the synthesis of hyaluronan (HA), an extracellular matrix protein involved in
cell motility, proliferation, tumorigenesis, and inflammation. HAS2 phosphorylation by AMPK results in a loss of HAS2
enzymatic activity and impaired HA regulated functions.

HDAC5 AMPKAT, human S259, S259 FPLRKTASEPNLKVR 18184930 Histone deacetylase 5 (HDACS) acts as a repressor of transcription by removing histone tail acetylations, promoting a

AMPKA2 S498  S498 RPLSRtQssPLPQsP closed chromatin configuration. AMPK mediated phosphorylation inhibits the repression activity of HDACS.

HNF4 AMPKA1 human S313  S313 GKIKRLRsQVQVSLE 12740371  Hepatocyte nuclear factor 4a (HNF4q) is a transcription factor that belongs to the steroid hormone receptor
superfamily and regulates lipid homeostasis in the liver. AMPK phosphorylation of HNF4a inhibits dimer formation and
DNA binding, resulting in increased protein degradation.

HSL AMPKAT1 human S855  S855 EPMRRsVsEAALAQP 16188906, HSL (hormone-sensitive lipase) catalyzes the hydrolysis of triacylglycerol, the rate-limiting step in lipolysis. AMPK

2537200  phosphorylation of HSL reduces HSL phosphorylation by PKA and inhibits HSL activity.
IKK AMPKA2 human st77 S177 AKELDQGSLCtsFVG 21673972  The NF-kB/Rel transcription factors are present in the cytosol in an inactive state, in a complex with the inhibitory
S181  S181 DQGsLCtsFVGTLQy IkB proteins. IkB kinase (IKK) complex containing the IKKB catalytic subunit targets IkB for proteasomal degradation.
Activation of IKK depends upon AMPK phosphorylation of the activation loop of IKKB.

IRS1 AMPKA1 mouse S789  S794 QHLRLSSsSGRLRYT 11598104  Insulin receptor substrate 1 (IRS1) is one of the major substrates of the insulin receptor kinase. Insulin signaling
pathway activity is increased by AMPK phosphorylation of IRS1.

KCNMA1 AMPKA1 mouse S722  S722 GRSERDCsCMSGRVR 21209098  Calcium-activated potassium channel subunit a-1 (KCNMA1) is a K+ channel activated by membrane depolarization,
increased cytosolic Ca2+, and cytosolic Mg2+. KCNMA1 regulates several membrane polarization activities, as well
as acting as an oxygen mediator under hypoxic conditions. KCNMA1 is inhibited by AMPK phosphorylation in cell types
that do not monitor oxygen levels.

Kir6.2 AMPKA1 rat S385  S385 AKPKFSIsPDSLS__ 19357830  ATP-sensitive inward rectifier potassium channel 11 (Kir6.2) is a G protein mediated receptor that allows K+ to flow
into the cell. The Kir6.2 channel is closed by AMPK mediated phosphorylation to allow insulin secretion in pancreatic
beta cells.

KLC1 AMPKAT1 human S521  S521 ENMEKRRSRESLNVD 20074060  Kinesin light chain 1 (KLC1), also known as KNS2, is a motor protein that associates with microtubule components of
the cytoskeleton. The intracellular trafficking of organelles may be regulated by AMPK mediated phosphorylation of
KLC1.

KLC2 AMPKA1 human S545  S545 GSLRRsGsFGKLRDA 21725060 Kinesin light chain 2 (KLC2) is a motor protein that associates with microtubule components of the cytoskeleton. The

S582  S582 PRMKRASSLNFLNKs intracellular trafficking of organelles may be regulated by AMPK mediated phosphorylation of KLC2.
Kinase o Transcription Factor Caspase O Enzyme GAP/GEF G-protein o Acetylase
Phosphatase pro-apoptotic Receptor pro-survival GTPase o Ribosomal subunit o Deacetylase



26 www.cellsignal.com

 substrate ||AMPKA Isoform site | Human site | Sequence (+/-7) | PMID ] Substrate Function and Effect of Phosphorylation

KPNA2 AMPKA1 human S105  S105 QAARKLLSREKQPPI 15342649  Importin subunit a-2 (KPNA2) is an adaptor subunit of the Importin nuclear protein import receptor. KPNA2
phosphorylation by AMPK is required for Importin nuclear import mediation activity.
Kv2.1 AMPKA1 rat S444  S444,S541 ERAKRNGsIVSMNMK 22006306  Potassium voltage-gated channel subfamily B member 1 (Kv2.1) mediates voltage dependent flow of K+ across
AMPKA2 S541 SKMAKTQsQPILNTK membranes. Kv2.1 mediated action potential frequency is modulated under stress conditions via phosphorylation by
AMPK.
mTOR AMPKA1 mouse T2446 T2446 NKRsRtRtDsysAGQ 14970221  The mammalian target of rapamycin (mTOR) is a Ser/Thr protein kinase that functions as an ATP and amino acid

sensor to balance nutrient availability and cell growth. AMPK phosphorylates mTOR in response to nutrient deprivation
and inhibits mTOR response to growth factor phosphorylation.

NKCC2 AMPKA1 human S$130  S130 GPKVNRPsLLEIHEQ 19176702 NKCC2 is an electroneutral cation chloride-coupled efflux cotransporter that regulates cell volume and maintains
cellular homeostasis in response to osmotic and oxidative stress. NKCC2 chloride efflux activity is inhibited by AMPK
phosphorylation, thereby increasing intracellular chloride concentration in the kidney.

AMPKA1 mouse S126  S130 GPKVNRPsLLEIHEQ 17341212  NKCC2 is an electroneutral cation chloride-coupled efflux cotransporter that regulates cell volume and maintains
cellular homeostasis in response to osmotic and oxidative stress. NKCC2 chloride efflux activity is inhibited by AMPK
phospharylation, thereby increasing intracellular chloride concentration in the kidney.

p27Kip1  AMPKA1 human T198 T198 PGLRRRQt 17237771 p27 Kip1 is @ member of the Cip/Kip family of cyclin-dependent kinase inhibitors that enforces the G1 restriction point
via its inhibitory binding to CDK2/cyclin E and other CDK/cyclin complexes. p27Kip1 stability is increased by AMPK
mediated phosphorylation, resulting in increased survival under stress conditions.

p27Kip1  AMPKA1 mouse S83 S83 WQEVERGSLPEFyYR 17237771  p27 Kip1 is a member of the Cip/Kip family of cyclin-dependent kinase inhibitors that enforces the G1 restriction point
T170  T170 QNKRANREENVSDG 18701472 via its inhibitory binding to CDK2/cyclin E and other CDK/cyclin complexes. p27Kip1 stability is increased by AMPK
7197  T198 KPGLRRQL. 20146253 mediated phosphorylation, resulting in increased survival under stress conditions.

p300 AMPKA1 human S89 S89 SELLRSGSSPNLNMG 11518699  The transcriptional coactivator p300 associates with transcriptional regulators and signaling molecules, integrating

multiple signal transduction pathways with the transcriptional machinery. AMPK mediated phosphorylation represses
p300 activity by disrupting the association of p300 with nuclear receptors.

p53 AMPKA1 human S20 S20 PLSQEtFsDLWKLLP 17339337  The p53 tumor suppressor protein plays a major role in cellular response to DNA damage and other genomic
T18 T18 EPPLsQEtFsDLWKL aberrations. Activation of p53 can lead to either cell cycle arrest and DNA repair or apoptosis. DNA damage induces
phosphorylation of p53 and leads to a reduced interaction between p53 and its negative regulator, the oncoprotein
MDM2.
AMPKA2 mouse S15 S15 ISLELPLSQEtFsGL 15866171  The p53 tumor suppressor protein plays a major role in cellular response to DNA damage and other genomic

aberrations. Activation of p53 can lead to either cell cycle arrest and DNA repair or apoptosis. DNA damage induces
phosphorylation of p53 and leads to a reduced interaction between p53 and its negative regulator, the oncoprotein

MDM2.
PFKFB2 AMPKA1 human S466  S466 PVRMRRNSFtPLSSS 12853467  Phosphofructokinase (PFK) catalyzes the phosphorylation of fructose-6-phosphate in glycolysis. PFKFB2 initiated
glycolysis is activated by AMPK phosphorylation.
PFKFB3  AMPKA1 human S461  S461 NPLMRRNsVtPLASP 12065600, Phosphofructokinase (PFK) catalyzes the phosphorylation of fructose-6-phosphate in glycolysis. PFKFB2 initiated
15896703  glycolysis is activated by AMPK phosphorylation.
PGC-1 AMPKA2 mouse 77 T178 NHTHRIRtNPAIVKT 17609368 PGC-1a interacts with a diverse array of transcription factors to regulate adaptive thermogenesis, energy metabolism,
S538  S539 SLFDVSPSCSSFNSP glucose uptake, gluconeogenesis, insulin secretion, and mitochondrial biogenesis. PGC-1a activity in skeletal muscle
is induced by AMPK-mediated phosphorylation.
PLD1 AMPKA2 human S505  S505 GSVKRVTSGPsLGSL 20231899  Phosphatidylcholine-specific phospholipase D (PLD) hydrolyzes phosphatidylcholine (PC) to produce choline and

phosphatidic acid (PA). PA is the precursor of the second messenger, diacylglycerol (DAG). PLD1 is activated by AMPK
phosphorylation, leading to an increase in glucose uptake in muscle under stress deprivation conditions.

PPP1R3C AMPKA1 human S33 S33 MRLCLAHsPPVKSFL 19171932  Protein phosphatase 1 is a serine/threonine phosphatase holoenzyme composed of a catalytic subunit and an
S293  S293 LESTIFGSPRLASGL inhibitory regulatory subunit. PPP1R3C is a regulatory subunit that confers specificity for increasing glycogen
synthesis. AMPK targets PPP1R3C for phosphorylation and proteasomal degradation, which inhibits glycogen
synthesis.
PPP2R5C AMPKA1 human S298  S298 KYWPKTHsPKEVMFL 19366811  Protein phosphatase 2 is a tripartite serine/threonine phosphatase holoenzyme composed of a catalytic subunit, a
S336  S336 RQLAKCVsSPHFQVA structural subunit and a regulatory subunit. AMPK phosphorylates the regulatory subunit PPP2R5C, which results in
dephosphorylation of the catalytic subunit and increased PP2A activity.
Raf1 AMPKA1 human S259  S§259 SQRQRststPNVHMV 9091312  Raf-1 (c-Raf) is recruited by GTP-bound Ras to activate the MEK-MAP kinase pathway. Inhibitory 14-3-3 protein
S621  S621 PKINRSASEPSLHRA binding sites on c-Raf can be phosphorylated by AMPK.
raptor AMPKA1 human S792  S792 DKMRRASSsYSsLNsL 18439900 The regulatory associated protein of mTOR (Raptor) was identified as an mTOR binding partner that mediates mTOR

signaling to downstream targets. AMPK phosphorylation of raptor is essential for inhibition of the raptor-containing
mTOR complex 1 (MTORC1) and induces cell cycle arrest when cells are stressed for energy.

Rb AMPKA1 mouse S804 S811 IYIsPLKSPyKISEG 19217427  The retinoblastoma tumor suppressor protein, Rb, regulates cell proliferation by controlling progression through
the restriction point within the G1-phase of the cell cycle. AMPK regulation of brain development is achieved by
modulating control of the cell cycle via phosphorylation of Rb.

smMLCK AMPKA1 chicken S1749 S1760 RAIGRLSSMAMISGM 18426792  Smooth muscle myosin light chain kinase (smMLCK) is activated by high Ca2+ induced calcium/calmodulin. Smooth
muscle contraction is activated smMLCK mediated phosphorylation of myosin light chains. Smooth muscle contraction
is attenuated by AMPK phosphorylation and inactivation of smMLCK.

TBC1D1  AMPKA1 human S237  S237 RPMRKSFsQPGLRsL 17995453 TBC1D1 is a Rab GTPase activating protein involved in vesicle trafficking in response to insulin. AMPK acts in
7596 1596 AFRRRANtLSHFPIE association with insulin and growth factor signaling to activate TBC1D1 mediated vesicle regulation.
TIF-IA AMPKA1 human S635  S635 DTHFRsPsSSVGsPP 19815529  RNA polymerase |-specific transcription initiation factor RRN3 (TIF-IA) is required for RNA polymerase | initiation.
Transcription of rRNA is inhibited during times of stress by AMPK phosphorylation inhibition of TIF-IA.
TORC2 AMPKA1 mouse S171 S17 SALNRtssDsALHTs 16148943  Torc2 (transducer of regulated CREB activity 2) functions as a CREB co-activator and is implicated in mediating

the effects of hormone and glucose sensing pathways. Torc2 is phosphorylated by AMPK at Ser171 and becomes
sequestered in the cytoplasm, inhibiting hepatic gluconeogenesis.

TSC2 AMPKA1 rat S1389 $§1387, QPLSKSSSSPELQTL 16959574  Tuberin is a product of the TSC2 tumor suppressor gene and an important regulator of cell proliferation and tumor
271 m2n1 PTLPRSNtVASFSSL 14651849  development. AMPK phosphorylates tuberin during periods of energy starvation, enhancing tuberin activity and
resulting in increased translation.
ULK1 AMPKA1 human S638  S638 FDFPKtPssQNLLAL 21383122  ULK1 is a serine/threonine kinase involved in axon growth, endocytosis of critical growth factors such as NGF, and can

act as a convergence point for multiple signals that control autophagy. AMPK, activated during low nutrient conditions,
directly phosphorylates ULK1 at multiple sites to promote autophagy.

AMPKA1 mouse S467  S467, 8556 SAIRRsGSttPLGFG 21205641  ULK1 is a serine/threonine kinase involved in axon growth, endocytosis of critical growth factors such as NGF, and can
S555 GLGCRLHsSAPNLSDF act as a convergence point for multiple signals that control autophagy. AMPK, activated during low nutrient conditions,
directly phosphorylates ULK1 at multiple sites to promote autophagy.
VASP AMPKA1 human T278  T278 LARRRKAQVGEKtP 17082196  VASP belongs to the Ena/VASP family of adaptor proteins linking the cytoskeletal system to the signal transduction

pathways and that it functions in cytoskeletal organization, fibroblast migration, platelet activation, and axon guidance.
AMPK phosphorylation of VASP leads to specific cytoskeletal rearrangements.

ZNF692  AMPKA1 human S470  S470 VAAHRSKSHPALLLA 17097062 ZNF692, also known as AREBP, is a zinc finger transcription factor involved in the expression of gluconeogenesis
genes. ZNF692 DNA binding ability is abrogated by AMPK mediated phosphorylation during times of metabolic stress.
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Translational Control:
Overview

The synthesis of new protein is a highly regulated process that allows rapid cellular
responses to diverse stimuli post-transcriptionally. Eukaryotic translation initiation factors
(elFs) catalyze the assembly of a functional ribosomal complex, which includes the 40S
subunit, mRNA, and the initiator Met-tRNA, and finally the 60S subunit before the first
peptide bond is formed. Most regulatory stimuli, such as growth factors and stress,
control rate-limiting steps of the initiation process by either stimulating or inhibiting
specific elFs. Elevated levels of Ca** or cAMP can also attenuate translation by blocking
the action of eukaryotic elongation factor 2 (gEF2).

Select Reviews: Gebauer, F. and Hentze, M.W. (2004) Nat. Rev. Mol. Cell Biol.
5, 827-835. | Sonenberg, N. and Hinnebusch, A.G. (2009) Cell 136, 731-745.
| Hinnebusch, A.G. (2011) Microbiol. Mol. Biol. Rev. 75, 434-467. | Spirin, A.S.
(2009) Biochemistry 48, 10688-10692. | Steitz, TA. (2008) Nat. Rev. Mol. Cell Biol.
9, 242-253.

We would like to thank Carson Thoreen and David Sabatini, Whitehead Institute for
Biomedical Research, MIT, Cambridge, MA, for reviewing this diagram.
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Translational Control:
Regulation of elF2

The elF2 initiation complex integrates a diverse array of stress-related signals to
regulate both global and specific mRNA translation. Under permissive conditions, elF2
binds GTP and Met-tRNA to form the ternary complex (TC), which then associates with
the 40S ribosomal subunit, elF1, elF1A, elF5, and elF3 to form the 43S pre-initiation
complex (PIC). The 43S PIC scans the mRNA UTR for an AUG start codon. Upon AUG
recognition, elF2 hydrolyzes GTP to GDP and dissociates from the mRNA, permitting
the binding of the 60S ribosomal subunit and elongation of the polypeptide chain. elF2
is unable to participate in another round of initiation until GDP is exchanged for GTP, a
reaction catalyzed by the guanine nucleotide exchange factor (GEF) elF2B. This step
is tightly regulated, and phosphorylation of elF2a by a diverse family of four stress-
activated kinases—PKR (dsRNA), PERK (ER stress), GCN2 (amino acid starvation), and
HRI (heme deficiency)—prevents nucleotide exchange. An increase in elF2a-GDP limits
the availability of the ternary complex and causes a decrease in global protein synthesis
while enhancing the translation of specific stress-related mRNA transcripts, such as the
transcription factor ATF-4.

Select Reviews: Hinnebusch, A.G. (2011) Microbiol. Mol. Biol. Rev. 75, 434—467. |
Raven, J.F. and Koromilas, A.E. (2008) Cell Cycle 7, 1146-1150. | Schmitt, E., Naveau,
M., and Mechulam, Y. (2010) FEBS Lett. 584, 405-412. | Wek, R.C., Jiang, H.Y., and
Anthony, T.G. (2006) Biochem. Soc. Trans. 34, 7-11.

We would like to thank Carson Thoreen and Prof. David Sabatini, Whitehead Institute for
Biomedical Research, MIT, Cambridge, MA, for reviewing this diagram.

— Direct Stimulatory Modification

—] Direct Inhibitory Modification

—> —» Multistep Stimulatory Modification
—> — Multistep Inhibitory Modification

— — »Tentative Stimulatory Modification

— — — Tentative Inhibitory Modification

"1 Transcriptional Stimulation ~ Joining of Subunits = - = - » Translocation
L Transcriptional Inhibition _A Separation of Subunits or Cleavage Products



Growth Factor
Receptor Activation

DNA

Replicative Damage

Senescence

Differentiation

Hormones

8. 0.

Replicative
Senescence

Ultra Violet
Stress Response

Growth
Factor
Withdrawal

Cyclin E/A, E2F-1/2/3,
cdc2, c-Myc, p107,
RanGAP, TK, DHFR,
ON PCNA, H2A, etc.

FoxO1. Bim
FasL ]
T bBE }> L s apopioss

© 2002 — 2013 Cell Signaling Technology, Inc.

IR wv
N ¥\
L0B000000 s

x / N pNA
—» Repair

7 -

@’ Val
DNA Repair // - 7
BARS » e
s (MRN)
s
s

s
‘@D Caffeine

Nuclear Export,
Ubiquitination <« @1DM2 @ -«

Nucleolar

Sequestration <——— @ -~
o P o

p53 Stabilization

}
- @ M ----3» Nuclear Exclusion

\ W’;’umnaﬁon
&
iy

Nuclear ... 7
Exclusion oid
i
-
J - P
s /C R -\ ---- Ubiquitination
@
=
© 2002 - 2013 Cell Signaling Technology, Inc.

OKinase
( ) Phosphatase

o Transcription Factor O Caspase

pro-apoptotic Receptor

O Enzyme

pro-survival

E2F/DP Target Genes:

Pathway Diagrams 29

Cell Cycle Control:
G1/S Checkpoint

The primary G1/S cell cycle checkpoint controls the commitment of eukaryotic cells
to transition through the G1 phase to enter into the DNA synthesis S phase. Two cell
cycle kinase complexes, CDK4/6-Cyclin D and CDK2-Cyclin E, work in concert to relieve
inhibition of a dynamic transcription complex that contains the retinoblastoma protein
(Rb) and E2F. In G1-phase uncommitted cells, hypo-phosphorylated Rb binds to the
E2F-DP1 transcription factors forming an inhibitory complex with HDAC to repress
key downstream transcription events. Commitment to enter S-phase occurs through
sequential phosphorylation of Rb by Cyclin D-CDK4/6 and Cyclin E-CDK2 that dissociates
the HDAC-repressor complex, permitting transcription of genes required for DNA
replication. In the presence of growth factors, Akt can phosphorylate Fox01/3, which
inhibits their function by nuclear export, thereby allowing cell survival and proliferation.
Importantly, a multitude of different stimuli exert checkpoint control, including TGF-B,
DNA damage, replicative senescence, and growth factor withdrawal. These stimuli act
though transcription factors to induce specific members of the INK4 or Kip/Cip families of
cyclin dependent kinase inhibitors (CKIs). Notably, the oncogenic polycomb protein Bmi1
acts as a negative regulator of INK4A/B expression in stem cells and human cancer.
In addition to regulating CKls, TGF-B also inhibits cdc25A transcription, a phosphatase
directly required for CDK activation. At a critical convergence point with the DNA-
damage checkpoint, cdc25A is ubiquitinated and targeted for degradation via the SCF
ubiquitin ligase complex downstream of the ATM/ATR/Chk-pathway. However, timely
degradation of cdc25A in mitosis (M-phase) via the APC ubiquitin ligase complex allows
progression through mitosis. Furthermore, growth factor withdrawal activates GSK-
3B to phosphorylate Cyclin D, which leads to its rapid ubiquitination and proteasomal
degradation. Collectively, ubiquitin/proteasome-dependent degradation and nuclear
export are mechanisms commonly used to effectively reduce the concentration of
cell cycle control proteins. Importantly, Cyclin D1/CKD4/6 complexes are explored as
therapeutic targets for cancer treatment as researchers have found this checkpoint to be
invariantly deregulated in human tumors.

For selected reviews see www.cellsignal.com

We would like to thank Dr. Hans Widlund, Brigham and Women's Hospital, Harvard
Medical School, Boston, MA, for contributing to this diagram.

Cell Cycle Control: G2/M
DNA Damage Checkpoint

The G2/M DNA damage checkpoint serves to prevent the cell from entering mitosis
(M-phase) with genomic DNA damage. Specifically, the activity of the Cyclin B-cdc2
(CDK1) complex is pivotal in regulating the G2-phase transition wherein cdc2 is
maintained in an inactive state by the tyrosine kinases Wee1 and Myt1. It is thought that
coordinated action of the kinase Aurora A and the cofactor Bora activate PLK1 as cells
approach the M-phase, which in turn activates the phosphatase cdc25 and downstream
cdc?2 activity, hence establishing a feedback amplification loop that efficiently drives
the cell into mitosis. Importantly, DNA damage cues activate the sensory DNA-PK/ATM/
ATR kinases, which relay two parallel cascades that ultimately serve to inactivate the
Cyclin B-cdc2 complex. The first cascade rapidly inhibits progression into mitosis: the
Chk kinases phosphorylate and inactivate cdc25, which prevents activation of cdc2.
The slower second parallel cascade involves phosphorylation of p53 and allows for
its dissociation from MDM2 and MDM4 (MdmX), which activates DNA binding and
transcriptional regulatory activity, respectively. The transcriptional ability of p53 is further
augmented through acetylation by the co-activator complex p300/PCAF. The second
cascade constitutes the p53 downstream-regulated genes including: 14-3-3, which
binds to the phosphorylated Cyclin B-cdc2 complex and exports it from the nucleus;
GADD45, which binds to and dissociates the Cyclin B-cdc2 complex; and p21 Cip1,
an inhibitor of a subset of the cyclin-dependent kinases including cdc2. Recent data
suggest an important role for the p53-regulated WIP1 phosphatase that acts as a critical
dampener of DNA damage signaling in cancer. In human cancer, researchers have found
p53 to be commonly mutated, indicating that this checkpoint is a critical barrier to tumor
formation. In addition, sporadic and familial mutations in the DNA-repair proteins such
as the BRCA-family, ATM, and the Fanconi Anemia proteins further highlight this as a key
tumor suppressor checkpoint.

For selected reviews see www.cellsignal.com

We would like to thank Dr. Hans Widlund, Brigham and Women'’s Hospital, Harvard
Medical School, Boston, MA, for contributing to this diagram.
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Jak/Stat Utilization

The Jak/Stat Utilization Table tabulates the combinatorial use of tyrosine kinases and Stat proteins in cytokine/growth factor signaling.

Other Tyrosine Stat Family
Ligand Receptor Kmases Members

© 2007-2013 Cell Signaling Technology, Inc

Other Tyrosine Stat Family
Ligand Receptor Kinases Members

IL-6 IL-6Ra+gp130 Jak1,2, Tyk2 Stat1, Stat3 IL-20 IL-20Ra-+IL-20RB, Jak1, ? Stat3
IL-11 IL-11R+gp130 Jak1,2, Tyk2 Src, Yes Stat3 IL-22R+IL-20RB
CNTF, CT-1, CNTFR+gp130, CT-1R+gp130, Jak1,2, Tyk2  Src family Predominant: Stat3 IL-21 IL-21R+yc Jak1,3 Stat1,3,5
LIF, OSM LIFR+gp130, 0SMR+gp130 Secondary: Stat1,5 IL-22 IL-22R-+IL-10RB Jak1, Tyk2 Stat1,3,5
G-CSF G-CSFR Jak2, Tyk2 — Lyn Stat3 IL-23 IL-12RB1+IL-23R Jak2 Tyk2 Stat4
IL-12 IL-12RB1+IL-12R2 Jak2, Tyk2  Lck Stat4 (p40+p19)
(p40+p35) IL-24 same as IL-20 Jakd, ? Stat3
Leptin LeptinR Jak2 not determined Stat3,5,6 IL-26 IL-20Ra-+IL-10RB Jak1, Tyk2 Stat3
IL-27 gp130+WSX1 Jak1,2, Tyk2 Stat1,2,3,4,5
IL-3 IL-3Ra-+fc Jak2 Fyn, Hek, Lyn Stat3,5,6 (EBI3+p28)
IL-5 IL-5R+pc Jal2 Bk Stat3,5,6 IL-28A, IL-28B, IL-28R+IL-10RB Jaki, Tyk? Stat1,2,3,4,5
GM-CSF GM-CSFR+fc Jak2 Hek, Lyn Stat3,5 IL-29
Angiotensin  GPCR Jak2, Tyk2 Stat1 2,3 :tz; 'L'?LEQJ\’A?;TR jatl ; ?ﬁ zta: iz
A = gp RF aKl,2, 1yl atl,s,
Serotonin GPCR Jak2 Stat3 (n35+EBI3)
a-Thrombin GPCR Jak2 Stat1,3
Chemokines CXCR4 Jak2,3 GH GHR Jak2 Src family Stat3,5 (mainly
Statba)
IL-2 IL-2Ra-+IL-2RB+yc Jak1,23  Fyn, Hek, Lek, Stat3,5 Tpo TpoR (c-Mpl) Jak2, k2 Lyn Stat1,3,5
Syk, Tec Epo, Pro EpoR, ProlactinR Jak2 Src Family Stat5 (mainly Stat5a)
IL-4 IL-4Ra+ycR or IL-4Ra+ Jak1,3 Lck, Tec Stat6
IL-13Ral Interferon IFNAR1+IFNAR2 Jak1, Tyk2 ~ Lck Predominant: Stat1,2
IL-7 IL-7R+yc Jak1,3 Lyn Stat3,5 (IFNo/B) Secondary: Stat3,4,5
1L-9 IL-9R+yc Jak1,3 not determined ~ Stat1,35 IFN-y IFN-yR1-+IFN-yR2 Jak1, Jak2  Hek, Lyn Stat1
IL-13 IL-13Ral+ IL-4Ra Jak1,2, k2 Ctk Stat6 IL-10 IL-10Ra+ IL-10RB Jak1, Tyk2  not determined Stat1,3,5
IL-15 IL-15Ra-+IL-2RB-+yc Jak1,3 Lck Stat3,5 TLSP TLSPR and IL-7R Jakd, not determined Stat3,5
IL-19 IL-20Ra-+IL-20RB Jak1, ? Stat3 oSSV
EGF EGFR Jak1 EGFR, Src Stat1,3,5
PDGF PDGFR Jak1,2 PDGFR, Src Stat1,3,5

Jak and Cytokine Receptor

The Jak and Cytokine Receptor Table lists mutations found in various cancers, along with the corresponding references.
© 2007-2013 Cell Signaling Technology, Inc.

Jak2 V617F EpoR, TpoR (MPL), G-CSFR Myeloproliferative neoplasms (MNPs), PV, ET, PMF

Jak2 K539L / exon 12 mutants EpoR MNP: PV 6
Jak2 T875N undetermined AML (AMKL) 7
Jak3 A572V undetermined AML (AMKL) (cell lines) 8
Jak1 V658F / Jak1 A634D / R879H / R724S IL2R, IL9R, other undetermined T-ALL 9,10
Jak1 R683G/S Jak2 AIREED TLSPR Pediatric and Down syndrome ALL 11-15
TpoR W515L/K/A Jak2 MPNs: ET, PMF 16-18
TpoR S505N 19
TpoR S487A 20

TLSPR F232S / TLSPR translocations Jak2 R683 mutants Pediatric and Down syndrome ALL 13,21-23
References: (1) James, C. et al. (2005) A unique clonal JAK2 mutation leading to constitutive signalling causes polycythaemia vera. Nature 434, 1144—1148. | (2) Baxter, E.J. et al. (2005) Acquired mutation of the
tyrosine kinase JAK2 in human myeloproliferative disorders. Lancet 365, 1054—1061. | (3) Kralovics, R. et al. (2005) A gain-of-function mutation of JAK2 in myeloproliferative disorders. N. Engl. J. Med. 352, 1779-1790.
| (4) Levine, R.L. et al. (2005) Activating mutation in the tyrosine kinase JAK2 in polycythemia vera, essential thrombocythemia, and myeloid metaplasia with myelofibrosis. Cancer Cell 7, 387-397. | (5) Vainchenker, W.
et al. (2008) JAKs in pathology: role of Janus kinases in hematopoietic malignancies and immunodeficiencies. Semin. Cell Dev. Biol. 19, 385-393. | (6) Scott, L.M. et al. (2007) JAK2 exon 12 mutations in polycythemia
vera and idiopathic erythrocytosis. N. Engl. J. Med. 356, 459-468. | (7) Mercher, T. et al. (2006) JAK2T875N is a novel activating mutation that results in myeloproliferative disease with features of megakaryoblastic
leukemia in a murine bone marrow transplantation model. Blood 108, 2770-2779. | (8) Walters, D.K. et al. (2006) Activating alleles of JAK3 in acute megakaryoblastic leukemia. Cancer Cell 10, 65-75. | (9) Flex, E.

et al. (2008) Somatically acquired JAK1 mutations in adult acute lymphoblastic leukemia. J. Exp. Med. 205, 751-758. | (10) Jeong, E.G. et al. (2008) Somatic mutations of JAKT and JAK3 in acute leukemias and solid
cancers. Clin. Cancer Res. 14, 3716-3721. | (11) Malinge, S. et al. (2007) Novel activating JAK2 mutation in a patient with Down syndrome and B-cell precursor acute lymphoblastic leukemia. Blood 109, 2202—2204.

| (12) Mullighan, C.G. et al. (2009) JAK mutations in high-risk childhood acute lymphoblastic leukemia. Proc. Natl. Acad. Sci. U.S.A. 106, 9414-9418. | (13) Mullighan, C.G. et al. (2009) Rearrangement of CRLF2 in
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Jak/Stat Signaling:
IL-6 Receptor Family
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Fathway Diagrams 1
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NF-kB Signaling
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Toll-like Receptor Signaling
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Fathway Diagrams

T Cell Receptor Signaling
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B Cell Receptor Signaling
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Amyloid Plaque and
Neurofibrillary Tangle
Formation in Alzheimer’s
Disease
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Dopamine Signaling in
Parkinson’s Disease
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Pathway Diagrams

Hippo Signaling

sl Y .",,‘ A SNt Hippo signaling is an evolutionarlly conserved pathway that controls organ size
c g g3 by regulating cell proliferation, apoptosis, and stem cell self renewal. In addition,
2 g3 3 dysregulation of the Hippo pathway contributes to cancer development. Core to the
§ C 23 2 Hippo pathway is a kinase cascade, wherein Mst1/2 (ortholog of Drosophila Hippo)
2 %4 kinases and Sav1 form a complex to phosphorylate and activate LATS1/2. LATS1/2
é kinases in turn phosphorylate and inhibit the transcription co-activators YAP and TAZ,

two major downstream effectors of the Hippo pathway. When dephosphorylated, YAP/

TAZ translocate into the nucleus and interact with TEAD1-4 and other transcription

factors to induce expression of genes that promote cell proliferation and inhibit apoptosis.

The Hippo pathway is involved in cell contact inhibition, and its activity is regulated at

multiple levels: Mst1/2 and LATS1/2 are regulated by upstream molecules such as
Merlin, KIBRA, RASSFs, and Ajuba; 14-3-3, a-catenin, AMOT, and Z0-2 retain YAP/
TAZ in the cytoplasm, adherens junctions, or tight junctions by binding; Mst1/2 and YAP/
TAZ phosphorylation and activity are modulated by phosphatases; Lats1/2 and YAP/TAZ
stability are regulated by protein ubiquitination; and LATS1/2 activity is also regulated
by the cytoskeleton. Despite extensive study of the Hippo pathway in the past decade,
the exact nature of extracellular signals and membrane receptors regulating the Hippo
pathway remains elusive.

Adherens Junction

Select Reviews: Badouel, C. and McNeill, H. (2011) SnapShot: The hippo signaling
pathway. Cell 145, 481-484. | Genevet, A. and Tapon, N. (2011) Biochem. J. 436,
213-224. | Pan, D. (2010) Dev. Cell 19, 491-505. | Sudol, M. and Harvey, K.F. (2010)
Trends Biochem. Sci. 35, 627-633. | Zhao, B., Li, L., Lei, Q., and Guan, K.L. (2010)
Genes Dev. 24, 862-874. | Zhao, B., Tumaneng, K., and Guan, K.L. (2011) Nat. Cell
Biol. 13, 877-883.

We would like to thank Prof. Kun-Liang Guan, University of California, San Diego, for
contributing to this diagram.

ESC Pluripotency and
Differentiation

Two distinguishing characteristics of embryonic stem cells (ESCs) are pluripotency and
their ability to self renew. These traits, which allow ESCs to grow into any cell type in the
body and to divide continuously in the undifferentiated state, are regulated by a number
of cell signaling pathways. In human ESCs (hESCs), the predominant signaling pathways
involved in pluripotency and self renewal are TGF-B, which signals through Smad2/3/4,
and FGFR, which activates the MAPK and Akt pathways. The Wnt pathway also promotes
pluripotency, although this may occur through a non-canonical mechanism involving a
balance between the transcriptional activator TCF1 and the repressor TCF3. Signaling
through these pathways results in the expression and activation of three key transcription
factors: Oct-4, Sox2, and Nanog. These transcription factors activate gene expression
of ESC-specific genes, regulate their own expression, and also serve as hESCs markers.
Other markers used to identify hESCs are the cell surface glycolipid SSEA3/4, and
glycoproteins TRA-1-60 and TRA-1-81. Loss of pluripotency results in differentiation into
primordial germ cells or one of the three primary germ layers: endoderm, mesoderm, or
ectoderm. One of the primary signaling pathways responsible for this process is the BMP
pathway, which uses Smad/1/5/8 to promote differentiation by both inhibiting expression
of Nanog, as well as activating the expression of differentiation-specific genes. Notch
also plays a role in this process through the notch intracellular domain (NICD). As
differentiation continues, cells from each primary germ layer further differentiate along
lineage-specific pathways.

Select Reviews: Bilic, J. and Izpisua Belmonte, J.C. (2012) Stem Cells 30, 33-41. |
Boiani, M. and Scholer, H.R. (2005) Nat. Rev. Mol. Cell Biol. 6, 872—884. | Guenther,
M.G. (2011) Epigenomics 3, 323-343. | Heng, J.C., Orlov, Y.L., and Ng, H.H. (2010)
Cold Spring Harb. Symp. Quant. Biol. 75, 237—244. | Pan, G. and Thomson, J.A. (2007)
Cell Res. 17, 42—49. | Pei, D. (2009) J. Biol. Chem. 284, 3365-3369. | Welham,
M.J., Kingham, E., Sanchez-Ripoll, Y., Kumpfmueller, B., Storm, M., and Bone, H. (2011)

Gene Expression Biochem. Soc. Trans. 39, 674-678.
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Wnt/p-Catenin Signaling

The conserved Wnt/B-Catenin pathway regulates stem cell pluripotency and cell fate
decisions during development. This developmental cascade integrates signals from
other pathways, including retinoic acid, FGF, TGF-p, and BMP, within different cell types
and tissues. The Wnt ligand is a secreted glycoprotein that binds to Frizzled receptors,
which triggers displacement of the multifunctional kinase GSK-3 from a regulatory APC/
Axin/GSK-3p-complex. In the absence of Wnt-signal (Off-state), B-catenin, an integral
E-cadherin cell-cell adhesion adaptor protein and transcriptional co-regulator, is targeted
by coordinated phosphorylation by CK1 and the APC/Axin/GSK-3pB-complex leading to
its ubiquitination and proteasomal degradation through the B-TrCP/SKP pathway. In
the presence of Wnt ligand (On-state), the co-receptor LRP5/6 is brought in complex
with Wnt-bound Frizzled. This leads to activation of Dishevelled (Dvl) by sequential
phosphorylation, poly-ubiquitination, and polymerization, which displaces GSK-3p from
APC/Axin through an unclear mechanism that may involve substrate trapping and/
or endosome sequestration. The transcriptional effects of Wnt ligand is mediated via
Rac1-dependent nuclear translocation of B-catenin and the subsequent recruitment
of LEF/ TCF DNA-binding factors as co-activators for transcription, acting partly by
displacing Groucho-HDAC co-repressors. Additionally, B-catenin has also been shown
to cooperate with the homeodomain factor Prop1 in context-dependent activation as well
as repression complexes. Importantly, researchers have found 3-catenin point mutations
in human tumors that prevent GSK-3( phosphorylation and thus lead to its aberrant
accumulation. E-cadherin, APC, and Axin mutations have also been documented in
tumor samples, underscoring the deregulation of this pathway in cancer. Furthermore,
GSK-3B is involved in glycogen metabolism and other signaling pathways, which has
made its inhibition relevant to diabetes and neurodegenerative disorders.

Select Reviews: Angers, S. and Moon, R.T. (2009) Nat. Rev. Mol. Cell Biol. 10,
468-477. | Clevers, H. and Nusse, R. (2012) Cell 149, 1192-1205. | Fearon, E.R.
(2009) Cancer Cell 16, 366-368. | MacDonald, B.T., Tamai, K., and He, X. (2009)
Dev. Cell17,9-26. | Metcalfe, C. and Bienz, M. (2011) J. Cell Sci. 124, 3537-3544.
| Mosimann, C., Hausmann, G., and Basler, K. (2009) Nat. Rev. Mol. Cell Biol. 10,
276-286. | Nusse, R. (2010) The Wnt Homepage. http://www.stanford.edu/group/
nusselab/cgi-bin/wnt/. | Petersen, C.P. and Reddien, PW. (2009) Cel/139, 1056—1068.
| Sokol, S.Y. (2011) Development 138, 4341-4350. | van Amerongen, R. and Nusse,
R. (2009) Development 136, 3205-3214.

We would like to thank Dr. Hans Widlund, Brigham and Women’s Hospital, Harvard
Medical School, Boston, MA, for contributing to this diagram.

Notch Signaling

Notch signaling is an evolutionarily conserved pathway in multicellular organisms
that regulates cell-fate determination during development and maintains adult tissue
homeostasis. The Notch pathway mediates juxtacrine cellular signaling wherein both
the signal sending and receiving cells are affected through ligand-receptor crosstalk
by which an array of cell fate decisions in neuronal, cardiac, immune, and endocrine
development are regulated. Notch receptors are single-pass transmembrane proteins
composed of functional extracellular (NECD), transmembrane (TM), and intracellular
(NICD) domains. Notch receptors are processed in the ER and Golgi within the
signal-receiving cell through cleavage and glycosylation, generating a Ca**-stabilized
heterodimer composed of NECD noncovalently attached to the TM-NICD inserted in
the membrane (S1 cleavage). The processed receptor is then endosome-transported
to the plasma membrane to enable ligand binding in a manner regulated by Deltex
and inhibited by NUMB. In mammalian signal-sending cells, members of the Delta-like
(DLL1, DLL3, DLL4) and the Jagged (JAGT, JAG2) families serve as ligands for Notch
signaling receptors. Upon ligand binding, the NECD is cleaved away (S2 cleavage) from
the TM-NICD domain by TACE (TNF-a ADAM metalloprotease converting enzyme). The
NECD remains bound to the ligand and this complex undergoes endocytosis/recycling
within the signal-sending cell in @ manner dependent on ubiquitination by Mib. In the
signal-receiving cell, y-secretase (also involved in Alzheimer’s disease) releases the NICD
from the TM (S3 cleavage), which allows for nuclear translocation where it associates
with the CSL (CBF1/Su(H)/Lag-1) transcription factor complex, resulting in subsequent
activation of the canonical Notch target genes: Myc, p21, and the HES-family members.
The Notch signaling pathway has spurred interest for pharmacological intervention due
to its connection to human disease. Importantly, researchers have found Notch receptor
activating mutations leading to nuclear accumulation of NICD are common in adult T
cell acute lymphoblastic leukemia and lymphoma. In addition, loss-of-function Notch
receptor and ligand mutations are implicated in several disorders, including Alagille
syndrome and CADASIL, an autosomal dominant form of cerebral arteriopathy.

Select Reviews: Ables, J.L., Breunig, J.J., Eisch, A.J., and Rakic, P. (2010) Nat.
Rev. Neurosci. 12, 269-283. | Andersson, E.R., Sandberg, R., and Lendahl, U. (2011)
Development 138, 3593-3612. | Aster, J.C., Blacklow, S.C., and Pear, W.S. (2010) J.
Pathol. 223, 262-273. | Bai, G. and Pfaff, S.L. (2011) Neuron72,9-21. | de la Pompa,
J.L. and Epstein, J.A. (2012) Dev. Cell 22, 244-254. | Ranganathan, P, Weaver, K.L.,
and Capobianco, A.J. (2011) Nat. Rev. Cancer 11, 338-351. | Weinmaster, G. and
Fischer, J.A. (2011) Dev. Cell 21, 134144, | Yuan, J.S., Kousis, P.C., Suliman, S.,
Visan, 1., and Guidos, C.J. (2010) Annu. Rev. Immunol. 28, 343-365.

We would like to thank Dr. Hans Widlund, Brigham and Women's Hospital, Harvard
Mediical School, Boston, MA, for contributing to this diagram.
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Hedgehog Signaling

The evolutionarily conserved Hedgehog pathway plays a critical role in a time
and position-dependent fashion during development by regulating patterning and
maintenance of proliferative niches. Proper secretion and gradient diffusion of the
vertebrate Hedgehog-family ligands, including Sonic, Desert, and Indian Hedgehog, all
require autoprocessive cleavage as well as cholesterol and palmitate lipid modifications.
In the receiving cell in the absence of Hedgehog ligand (off-state), the Patched receptor
is associated with Smoothened, a G-coupled transmembrane protein, and prevents
its membrane incorporation from endosomes. Further, the Hedgehog Off-state allows
SuFu and COS2 (Kif7 in vertebrates) to sequester the microtubule-bound pool of the
Gli transcription factor within the primary cilium, thereby allowing its phosphorylation
by PKA, CK1, and GSK-3. This results in B-TrCP-mediated degradation of Gli activators
(Gli1 and Gli2 in mammals) or the generation of repressor-Gli (Gli3 or truncated-Gi in
Drosophila) in the conserved pathway that collectively leads to repression of Hedgehog
target genes. In the on-state, Hedgehog binding sequesters the co-receptor Ihog to
Patched that permits B-arrestin to freely facilitate incorporation of Smoothened to the
primary cilium membrane. In the primary cilium, Smoothened’s associated G protein
activity relieves Gli from microtubule association, enables nuclear translocation, and
activation of Hedgehog/Gli target genes including Cyclin D, Cyclin E, Myc, and Patched.
Consequently, the conserved action of Hedgehog ligands is to switch the Gli factors
from transcriptional repressors into activators and allow for well-coordinated bursts
of transcriptional events. Loss-of-function Patched mutations are associated with
Gorlin syndrome and predisposes to basal cell carcinomas, medulloblastomas, and
rhabdomyosarcomas. In addition, researchers have found activating mutations of
Smoothened in basal cell carcinomas and rare SuFu mutations in medulloblastomas,
underscoring the involvement of this developmental pathway in cancer; consequently,
significant interest is focused on targeting this pathway for therapeutic purposes.

Select Reviews: Beachy, PA., Hymowitz, S.G., Lazarus, RAA., Leahy, D.J., and
Siebold, C. (2010) Genes Dev. 24, 2001—2012. | Eaton, S. (2008) Nat. Rev. Mol.
Cell Biol. 9, 437-445. | Hui, C.C. and Angers, S. (2011) Annu. Rev. Cell Dev. Biol.
27,513-537. | Ingham, PW., Nakano, Y., and Seger, C. (2011) Nat. Rev. Genet. 12,
393-406. | Ng, J.M. and Curran, T. (2011) Nat. Rev. Cancer 11, 493-501. | Oh,
E.C. and Katsanis, N. (2012) Development 139, 443-448. | Theunissen, J.W. and de
Sauvage, F.J. (2009) Cancer Res. 69, 6007-6010. | Wilson, C.W. and Chuang, PT.
(2010) Development 137, 2079-2094.

We would like to thank Dr. Hans Widlund, Brigham and Women's Hospital, Harvard
Medical School, Boston, MA, for contributing to this diagram.

TGF-p Signaling

Transforming growth factor-B (TGF-P) superfamily signaling plays a critical role in the
regulation of cell growth, differentiation, and development in a wide range of biological
systems. In general, signaling is initiated with ligand-induced oligomerization of serine/
threonine receptor kinases and phosphorylation of the cytoplasmic signaling molecules
Smad2 and Smad3 for the TGF-B/activin pathway, or Smad1/5/8 for the bone
morphogenetic protein (BMP) pathway. Carboxy-terminal phosphorylation of Smads by
activated receptors results in their partnering with the common signaling transducer
Smad4, and translocation to the nucleus. Activated Smads regulate diverse biological
effects by partnering with transcription factors resulting in cell-state specific modulation
of transcription. The activin and BMP pathways are themselves attenuated by MAPK
signaling at a number of levels, while the expression of inhibitory Smads (I-Smads) 6 and
7 is induced by both activin/TGF-B and BMP signaling as part of a negative feedback
loop. In certain contexts, TGF-P signaling can also affect Smad-independent pathways,
including Erk, SAPK/JNK, and p38 MAPK pathways. Activation of Smad-independent
pathways through TGF-B signaling is also common. Rho GTPase (RhoA) activates
downstream target proteins, such as mDia and ROCK, to prompt rearrangement of
the cytoskeletal elements associated with cell spreading, cell growth regulation, and
cytokinesis. Cdc42/Rac regulates cell adhesion through downstream effector kinases
PAK, PKC, and c-Abl following TGF-B activation.

Select Reviews: Herpin, A. and Cunningham, C. (2007) FEBS J. 274, 2977-2985.
| Horbelt, D., Denkis, A., and Knaus, P. (2012) Int. J. Biochem. Cell Biol. 44, 469-474.
| Ikushima, H. and Miyazono, K. (2010) Nat. Rev. Cancer 10, 415-424. | Kitisin, K.,
Saha, T, Blake, T., Golestaneh, N., Deng, M., Kim, C., Tang, Y., Shetty, K., Mishra, B.,
and Mishra, L. (2007) Sci. STKE cm1. | Meulmeester, E. and ten Dijke, P. (2011) J.
Pathol. 223, 205-218. | Schmierer, B. and Hill, C.S. (2007) Nat. Rev. Mol. Cell Biol. 8,
970-982. | Verheyen, E.M. (2007) Dev. Cell13, 755-756. | Xiao, Y.T., Xiang, L.X., and
Shao, J.Z. (2007) Biochem. Biophys. Res. Commun. 362, 550-553.

We would like to thank Luuk Hawinkels and Prof. Peter ten Dijke, Leiden University
Medical Center, Leiden, The Netherlands, for contributing to this diagram.
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Regulation of Actin Dynamics

Signaling to the cytoskeleton through G protein-coupled receptors (GPCRs), integrins,
receptor tyrosine kinases (RTKs), and numerous other specialized receptors, such as the
semaphorin 1a receptor PlexinA, can lead to diverse effects on cell activity, including
changes in cell shape, migration, proliferation, and survival. Integrins, in conjuction
with other components of focal adhesion complexes, serve as the link between the
extracellular matrix and cytoskeleton in many cell types. Integrin activation leads to
activation of focal adhesion kinase (FAK) and Src kinase, resulting in phosphorylation of
other FA components such as paxillin and the Crk-associated substrate p130 Cas, as
well as the recruitment of signaling adapter proteins.

Intracellular regulation of the cell's response to external cues occurs through a large
number of signaling cascades that include the Rho family of small GTPases (Rho, Rac,
and Cdc4?2) and their activators, guanine nucleotide exchange factors (GEFs), their
downstream protein kinase effectors, including Rho-kinase/ROCK and p21 activated
kinase (PAK), as well as through direct binding of the GTPases to several actin regulatory
proteins, such as cortactin, mDia, WAVE, and WASP. These cascades converge on
proteins that directly regulate the behavior and organization of the actin cytoskeleton,
including actin interacting regulatory proteins such as cofilin, Arp2/3 complex, Ena/
VASP, forminins, profilin, and gelsolin. Signaling through different pathways can lead
to the formation of distinct actin-dependent structures whose coordinated assembly/
disassembly is important for directed cell migration and other cellular behaviors.
Migration is also regulated by signaling to myosin, which participates in leading edge
actin dynamics and enables retraction of the rear of the cells. Tropomyosins stabilize
F-actin by preventing binding of severing and dynamizing factors. Some tropomyosins
may also enhance filament dynamics. Dynamic actin is required for most cellular actin-
dependent processes; inhibiting actin assembly and preventing actin disassembly are
equally inhibitory to most behaviors.

Aberrant control of cytoskeletal signaling, which can result in a disconnection between
extracellular stimuli and cellular responses, is often seen in immune pathologies,
developmental defects, and cancer.

Select Reviews: Bernstein, B.W. and Bamburg, J.R. (2010) Trends Cell Biol. 20,
187-195. | Lee, S.H. and Dominguez, R. (2010) Mol. Cells 29, 311-325. | Levayer,
R. and Lecuit, T. (2012) Trends Cell Biol. 22, 61-81. | Poukkula, M., Kremneva, E.,
Serlachius, M., and Lappalainen, P. (2011) Cytoskeleton (Hoboken) 68, 471-490. |
Ridley, A.J. (2011) Cell 145, 1012—1022. | Rottner, K. and Stradal, T.E. (2011) Curr.
Opin. Cell Biol. 23, 569-578.

We would like to thank Prof. James Bamburg, Colorado State University, for updates to
the Regulation of Actin Dynamics and the Regulation of Microtubule Dynamics pathways.

Regulation of Microtubule
Dynamics

Microtubules are required for the establishment of cell polarity, polarized migration
of cells, intracellular vesicle transport, and chromosomal segregation in mitosis.
Microtubules (MTs) are nonequilibrium polymers of a/B-tubulin heterodimers, in
which GTP hydrolysis on the B-tubulin subunit occurs following assembly. Most
microtubules are nucleated from organizing centers. The most prevalent microtubule
behavior is dynamic instability, a process of slow plus end growth coupled with rapid
depolymerization (“catastrophe”) and subsequent rescue. Although microtubule minus
ends show dynamic instability, albeit at a lower rate than the plus ends, the minus
ends are usually capped and anchored at MT organizing centers and thus often do not
participate in microtubule dynamics.

Maintaining a balance between dynamically unstable and stable microtubules is
regulated in large part by proteins that bind either tubulin dimers or assembled
microtubules. Proteins that bind tubulin dimers include stathmin, which sequesters
tubulin and enhances MT dynamics by increasing catastrophe frequency, and collapsin
response mediator protein (CRMP2), which increases MT growth rate by promoting
addition of tubulin dimers onto microtubule plus ends. Other proteins that associate with
assembled MTs include those that bundle MTs (e.g. MAP1c), those that stabilize MTs
(e.0. tau), and those that maintain MTs in a dynamic state (MAP1b). A major signaling
pathway that regulates MT dynamics involves GSK-3, a kinase typically active under
basal growth conditions but locally inactive in response to signals that enhance MT
growth and dynamics.

Tubulin undergoes several post-translational modifications such as acetylation, poly-
glutamylation, and poly-glycylation, which have been shown to alter the association with
certain MT motors as well as other proteins that can affect MT stability and dynamics.

For selected reviews see www.cellsignal.com

We would like to thank Prof. James Bamburg, Colorado State University, for updates
to the Regulation of Actin Dynamics and the Regulation of Microtubule Dynamics
pathways.
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Adherens Junction Dynamics

Adherens junctions are dynamic structures that form, strengthen and spread,
degrade, and then re-form as their associated proteins create ephemeral connections
with counterparts from adjacent cells. This view updates the traditional model of a
stable complex composed of cadherin, B-catenin, and a-catenin bound to the actin
cytoskeleton. Although cadherin does exist in a complex with 3-catenin and a-catenin,
this cadherin-catenin complex does not associate with the actin cytoskeleton. a-catenin
does not directly anchor cell adhesion proteins to the actin cytoskeleton but acts as a
regulatory protein to control actin filament dynamics.

Monomeric a-catenin binds B-catenin at adherens junctions and upon release forms
a-catenin dimers that promote actin bundle formation. The transition from branched
actin networks to bundled actin filaments correlates with the creation of mature, strong
adherens junctions and a decrease in membrane lamellipodia. The connection between
cell junctions and the cytoskeleton may be more dynamic than originally considered and
may rely on multiple, weak associations between the cadherin-catenin complex and the
actin cytoskeleton or rely on other membrane-associated proteins (i.e. nectin and afadin).

As with most dynamic cellular systems, a collection of kinases, phosphatases, and
adaptor proteins regulate the activity and localization of a few key effector proteins. p120
catenin (8-catenin) binds and stabilizes cadherin at the plasma membrane. Membrane-
bound and cytosolic tyrosine kinases phosphorylate B-catenin at weak or nascent
junctions, while phosphatases remove added phosphates from (-catenin and 6-catenin
at established junctions. Rho family GTPases modulate the availability and activation
state of catenins and other essential adherens proteins. Together, this collection of
structural proteins, enzymes, and adaptor proteins create dynamic cell-cell junctions
necessary for temporary associations during morphogenesis and maintains the integrity
of complex tissues and structures following development.

Select Reviews: Baum, B. and Georgiou, M. (2011) J. Cell Biol. 192, 907-917.
| Citi, S., Spadaro, D., Schneider, Y., Stutz, J., and Pulimeno, P. (2011) Mol. Membr.
Biol. 28, 427—444. | Harris, T.J. and Tepass, U. (2010) Nat. Rev. Mol. Cell Biol. 11,
502-514. | Niessen, C.M. and Gottardi, C.J. (2008) Biochim. Biophys. Acta. 1778,
562-571. | Pieters, T., van Roy, F., and van Hengel, J. (2012) Front Biosci. 17, 1669—
1694. | Yonemura, S. (2011) Curr. Opin. Cell Biol. 23, 515-522.

We would like to thank Prof. Rakesh Kumar of The George Washington University,
Washington, D.C. for reviewing this diagram.

Angiogenesis

Angiogenesis is the formation of new blood vessels and can be induced by tumor
growth, tissue wound, and inflammation. Rapid tumor cell growth creates intracellular
hypoxia. Hypoxia-inducible factor (HIF) is a transcription factor that responds to changing
intracellular oxygen concentration. Under typical oxygen levels (normoxia), HIF is
hydroxylated and acetylated, modifications that target the transcription factor for VHL-
mediated ubiquitin degradation. During hypoxia, HIF accumulates and is transported to
the nucleus where it induces expression of numerous target gene products. Secreted
growth factors (such as VEGF, FGF, and TGF) induce signaling pathways (including PLCy,
PI3K, Src, and Smad signaling) that result in endothelial cell proliferation, increased
vascular permeability, and cell migration. In addition to hypoxia, the PI3K and Ras
pathways can increase HIF expression by promoting HIF translation.

Pericytes are support cells that provide structural support for newly formed blood vessels,
promote endothelial cell survival, guide sprouting vessels, and regulate vasoconstriction
and dilation. This is done through a reciprocal signaling mechanism in which PDGF-BB
secreted into the matrix by endothelial cells acts as a ligand for PDGF receptor-§ located
on the pericyte membrane. In return, pericytes produce and secrete VEGF that signals
through the endothelial VEGF receptor.

Extracellular matrix proteases and regulators induce tissue matrix remodeling in
preparation for migration of endothelial cells from existing vessels to form new tubing.
Tissue wounding, ischemia, or inflammation recruit macrophages and bone marrow-
derived inflammatory cells (BDMC) to wound areas and secrete a similar panel of proteins
to induce angiogenesis.

Select Reviews: Keith, B., Johnson, R.S., and Simon, M.C. (2011) Nat. Rev. Cancer
12, 9-22. | Raza, A., Franklin, M.J., and Dudek, A.Z. (2010) Am. J. Hematol. 85,
593-598. | Sakurai, T. and Kudo, M. (2011) Oncology 81 Suppl 1, 24-29. | Senger,
D.R. and Davis, G.E. (2011) Cold Spring Harb. Perspect. Biol. 3, a005090. | Tie, J. and
Desai, J. (2012) Crit. Rev. Oncog. 17, 51-67. | van Hinsbergh, V.W. and Koolwijk, P.
(2008) Cardiovasc. Res. 78, 203-212.

GAP/GEF

o Acetylase
o Deacetylase

O G-protein
o Ribosomal subunit



www . cellsignal.com

Nuclear Receptor Signaling

Th reckar reootn Semriamdy o bgand e Taecirion bokes ot pley

Pl ond MR InETRERS. Ventes o the Ll ol o
M il iorsactisien SoTaR, 3 biphly consones coninad regisn Snc Bega DHE
Sinchine] Coaresn, oid & C kamnal B bincing domain . Lkgand Sadiag i is condale
Bk MR WS i stk o Jedlo pEES sl o e e,

Topz | wockesr recnpiors. olsd colkor Skamid ool inchice: e SiTgen KOamr
DN Pl WFOpESEOE oooply, o0 Qharowiood eooplon  Shormes
BATHNE: gl oy ks sebgroup ol reooplers o om e especian CRaacring
ghand erwgh e Raakream b i sieesd bindng plobelin. Soree b 1 secke
WTEITEs e actheied, inipart, upon binding ol respocties Bgand e e oyioplamic
corarireal Th: ligand rooopiss comle anlers the: nuoeds where § honadmeines,
desmaciales from HEPO, and ads a heamea: Kspares conenl wliin tha peamoir of
a taged gore:. Thi: K@l Tsaciation SaTai s responsile Mo ek of e
proesae wiln st irsiises, o-actisaons, aad e ool nnecriphan nacisry
{THP. TFEE, R pokywcses N Herchy kssliag in rasoigional acivalan

Ty B o Shed MCssr erapires inchide Thernoid Narmaone: recoply, Ko oo
gy Wiarna [ sy and FRFE Blamias ol e lamdy heioedreriae with
e e ¥ reccpion AL Prior i Sgend binding, reoepind Mekerpdines e koand
B T rotas 3 por of congnes Rl e deacoilee HINCY and ol
npresys Tl kep magol DHA in 2 dghily woued colormialion, prrering cqposune
o rsckakn s Ugand binding sseits in HOAD dissociadan, dwtraln
drEpass, hd Dorsriplional arivason

0 addkion iz igeed Eede], moks rooply aciily oo be okl Dogh
e aChan of RUneEDES Qo Brion ond cplskine sipralng casrades Hhae result
axepiTd phaspharyiaion o ot pos-Sansiaionol mosbcolions, Fpically wihin e
W mTrinl Darsactislion demadn. For caarmgs, th eS0T rcaplr ks phosghonilanng
o sl soring Ksicies Han oFoo reaeplor ooy, Sorl 18 may b i sbsain
of tha irasosigion regelatney kinsse COKT, sheans Sarl 67 moy b phossioriand
¥ PODAEK and Ak Proephordalen of Serie oy ook ssdssecs i e 0
oas CRRoo e,

Ha Ligarai Foor st | poofe © rovv s s e wawzel Islpnal.com

|

o P

S,

ErbB/HER Signaling

Tha [ migilae by i Fvly st of b ool iy vmcaplins; £l
EFRTERT, EroiamEsg, pRaeEi), sl ErbBAHER, [l reoplas tee hpaal
ol reanbere rioloe g el el e acicilsd Ioiiowing Pl bedieg dnd
s S ization, |ijpedh G el (eiply el gty e CGF, TF-a,
B, and Epigees b BGFH or b 10 o ar means satated saepioes, naregubes 1-4
wdd [ et v bl saluly HOHECT, e, s Fr-contlool vl 18, ot
Eridl? b oo iped, bl recind vchury o sogesd E1BEC i probadp ks
ksl iy ligand

T Dol esplinn mgeedl Fimeg® Rkl RHEC, S gy alhae paillevyn K ekl ol
prolfecilion, magrein, Fksmieson. opkes, s el vy, Bl Ernly ek
e o peeropaisid, prpifad, o mutaled i ey Tanis ol cancey, ik Fere
wprkad | barpey el Semgatues kv Tood CEFH g Le rigile) in plrce
) WESCAEC il Criie? cenplclone: e e in rendd, o, Db, RSO o
vl vyl afew i byyes

Bemkn lyacdivang @ reoaplon: an e ool darkion, bl by prokre e ki
el ) e ks 15 el e DO ki i Iy plre agmishns. it B,
EGF R omobd ey Eemmpren] inf e ook wises i hrcione 5 o omes ke In
phumghota® vl sabis PO Saiady, reanbcrs-boasd DB rkaacls wib
wpuorin [T s Rl el egrakes i e cckn v ooyl waeickes, ik e
s il sk e lormalion Of malips SraEiean s Ncheng
CID-2, b Mo, G o TP Elkshon (romube: Ereld cleavage Uy - saatie,
wisay a1 WOw infracelaks dorean Bl lowmiciles B e ruciees B e
difipamianon o opkes e achwilon gl cemag. [ o psd Toem g
i wilh TR 3] H-CoR RO ripeins paa xpesson

Speaing thainph Bl relenec: i mipvkkEad Teopgh Seee (maiee Srdd e
feckeach and Fesd foracrd ops, icfeding Waephv-ndepeadend sy oo Eed
A ot s bl fry ey Sl b paoleens e reiHMES Or sl AT
wrepines o be avichinl T woagh (ephoiphosyiibon, moepior olpaligkon,
o el Of Boe RN o e o ariace tReugh areoeinedl porting Eed
et el S rEcn

For salechad reviswg die waw gallgignil com

B sl b 7 P ey Bbmarnch Manmceinn i, Cioids B
o ooy i O e

——+ [ Shralgiory Modticaton  —t— Wulleiep Somslyioy Modiiogion  — — a-Tesiaivn Smustry Vodfoion. g Trassrplionsl 2 S o doiriey #15 - en e TEREEA
—— Dorwct bbbty oilcgtion —-— Wufsieq Inhitviory Rlllcpion 4 Inistadary 1 T Tomopkea bk oy Separmton ol Sutunts o Dieevege Praduts




=

Protein
Substrate

N
>
®

ATP  AMP

@
/
PN
@

Protein

@ G Substrate
@
Multiple
Cycles
/ Protein S
/ / Substrate @?
/ /7, ADP  ATP
/ / / 7/ Protein
Pepides / Substrate
© 2004 — 2013 Cell Signaling Technology, Inc. ] 198
P— 26S
E3 Ubiquitin Ligases :| 208 Broteasome
¢-Cbl N-Terminal RING UBA
c-Chl (906 aa) n ] 198

EFEF
WW Domains

HECT

WD Domains

NEDD4 (1319 aa)

F-box
B-TrCP (605 aa)
Fo0x LR Repeals

Skp2 (424 aa)

Ubiquitin Ligase Table

Pathway Diagrams 41

Ubiquitin/Proteasome

The ubiquitin proteasome pathway, conserved from yeast to mammals, is required for
the targeted degradation of most short-lived proteins in the eukaryotic cell. Targets
include cell cycle regulatory proteins, whose timely destruction is vital for controlled cell
division, as well as proteins unable to fold properly within the endoplasmic reticulum.

Ubiquitin modification is an ATP-dependent process carried out by three classes of
enzymes. A “ubiquitin activating enzyme” (E1) forms a thio-ester bond with ubiquitin,
a highly conserved 76-amino acid protein. This reaction allows subsequent binding
of ubiquitin to a “ubiquitin conjugating enzyme” (E2), followed by the formation of an
isopeptide bond between the carboxy-terminus of ubiquitin and a lysine residue on the
substrate protein. The latter reaction requires a “ubiquitin ligase” (E3). E3 ligases can be
single- or multi-subunit enzymes. In some cases, the ubiquitin-binding and substrate-
binding domains reside on separate polypeptides brought together by adaptor proteins
or cullins. Numerous E3 ligases provide specificity in that each can modify only a subset
of substrate proteins. Further specificity is achieved by post-translational modification of
substrate proteins, including, but not limited to, phosphorylation.

Effects of monoubiquitination include changes in subcellular localization. However,
multiple ubiquitination cycles resulting in a polyubiquitin chain are required for targeting
a protein to the proteasome for degradation. The multisubunit 26S proteasome
recognizes, unfolds, and degrades polyubiquitinated substrates into small peptides. The
reaction occurs within the cylindrical core of the proteasome complex, and peptide bond
hydrolysis employs a core threonine residue as the catalytic nucleophile.

Recent work has indicated that an additional layer of complexity, in the form of
multiubiquitin chain receptors, may lie between the polyubiquitination and degradation
steps. These receptors react with a subset of polyubiquitinated substrates, aiding in their
recognition by the 26S proteasome, and thereby promoting their degradation.

This pathway is not only important in cellular homeostasis, but also in human disease.
Because ubiquitin/proteasome-dependent degradation is often employed in control of
the cell division cycle and cell growth, researchers have found that proteasome inhibitors
hold some promise of being developed into potential cancer therapeutic agents.

Select Reviews: Budhidarmo, R., Nakatani, Y., and Day, C.L. (2012) Trends Biochem.
Sci. 37, 58-65. | Burrows, J.F. and Johnston, J.A. (2012) Front. Biosci. 17, 1184-200.
| Hammond-Martel, I., Yu, H., and Affar el, B. (2012) Cell Signal. 24, 410-421. |
Schaefer, A., Nethe, M., and Hordijk, PL. (2012) Biochem. J. 442, 13-25. | Weissman,
AM., Shabek, N., and Ciechanover, A. (2011) Nat. Rev. Mol. Cell Biol.12, 605-620.

The Ubiquitin Ligase Table provides a list of E3 ubiquitin ligases, along with their substrates (when known), and corresponding references. This table was generated using PhosphoSitePlus®, Cell Signaling Technology's protein modification

resource. See page 4 for more information on PhosphoSitePlus®.
We would like to thank Prof. Wenyi Wei, Beth Israel Deaconess Medical Center, Harvard Medical School, for contributing to this table.
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AMFR KA AMFR is also known as gp78. AMFR is an integral ER membrane protein and functions in ER-associated degradation (ERAD). AMFR has been found to 18037895
promote tumor metastasis through ubiquitination of the metastasis suppressor, KAI1.
APC/Cdc20 Cyclin B, Securin The anaphase promoting complex/cyclosome (APC/C) is @ multiprotein complex with E3 ligase activity that regulates cell cycle progression through degrada- 17609108, 12070128
tion of cyclins and other mitotic proteins. APC is found in a complex with CDC20, CDC27, SPATC1, and TUBGT.
APC/Cdh1 Cdc20, Cyclin B, Cyclin A, The anaphase promoting complex/cyclosome (APC/C) is a multiprotein complex with E3 ligase activity that regulates cell cycle progression through degrada- 10548110, 11562349,
Aurora A, Skp2, Claspin tion of cyclins and other mitotic proteins. The APC/C-Cdh1 dimeric complex is activated during anaphase and telophase, and remains active until onset of the 15014503, 19477924
next S phase.
ARIH1 4EHP ARIH1 is an E3 ubiquitin ligase that may regulate protein translation by targeting elF4E2 for ubiquitination and degradation by the proteasome. 14623119
BIRC2 Smac, TRAF2 BIRC2 is an apoptotic suppressor that prevents caspase activation by forming a complex with TNF receptor associated factors 1 and 2 (TRAF1 and TRAF2), 12525502, 18434593
which is then recruited to the tumor necrosis factor receptor 2 (TNFR2).
BIRC3 Caspase 3 and 7, Smac, BIRC3 is an apoptotic suppressor that prevents caspase activation by forming a complex with TNF receptor associated factors 1 and 2 (TRAF1 and TRAF2), 10862606, 12525502,
TRAF1 which is then recruited to the tumor necrosis factor receptor 2 (TNFR2). 15468071
BIRC4 Caspase 3, Smac, MEKK2  BIRC4 is an apoptotic suppressor that prevents caspase activation by forming a complex with TNF receptor associated factors 1 and 2 (TRAF1 and TRAF2), 11447297,12121969,
which is then recruited to the tumor necrosis factor receptor 2 (TNFR2). BIRC4 is also known as XIAP. 18761086
BIRC7 Smac BIRC7 is an E3 ubiquitin ligase with anti-apoptotic activity. BIRC7 supports cell survival by targeting Smac for ubiquitination and degradation by the protea- 16729033
some.
Bmit H2A K119 Bmit is a component of the polycomb group multiprotein PRC1- like (PcG PRC1) complex. Bmi1 is required for stimulating PcG PRC1 ubiquitin-protein ligase 18650381
activity.
BRCA1 ER-a, Rpb8, CtIP, FANCD2 ~ BRCA1 is an E3 ubiquitin ligase that maintains genomic stability by repairing DNA damage. Research studies have shown that mutations of this gene have 17392432, 17283126,
been linked to breast cancer. 16818604, 11239454
Céorf157 Cyclin B C60rf157 is also known as H10BH. C6orf157 is an E3 ubiquitin ligase that has been shown to ubiquitinate cyclin B. 15749827
Chl Cbl-b and c-Cbl are members of the Cbl family of adaptor proteins that are highly expressed in hematopoietic cells. Cbl proteins possess E3 ubiquitin ligase 18759930, 9797470
activity that downregulates numerous signaling proteins and RTKs in several pathways such as EGFR, T cell and B cell receptors, and integrin receptors. Cbl
proteins play an important role in T cell receptor signaling pathways.
CBLL1 CDH1 CBLL1 is also known as Hakai. GBLL1 is an E3 ubiquitin ligase that ubiquitinates the phosphorylated form of E-Cadherin, causing its degradation and loss of 11836526
cell-cell adhesions.
CHFR PLK1, Aurora A CHFR is an E3 ubiquitin ligase that functions as a mitotic stress checkpoint protein that delays entry into mitosis in response to stress. CHFR has been shown 14562038, 19326084
to ubiquitinate and degrade the kinases PLK1 and Aurora A.
CHIP HSP70/90, INOS, Runx1, CHIP is an E3 ubiquitin ligase that acts as a co-chaperone protein and interacts with several heat shock proteins, including HSP70 and HSP90, as well as the 19913553, 19362296,
LRRK2 nonheat shock proteins iNOS, Runx1, and LRRK2. 19524548, 19536328
Cul3/HIB Ci/Gli Cul3/HIB is an E3 ubiquitin ligase complex composed of Cullin3, Hedgehog-induced MATH and BTB domain-containing protein (HIB), and SPOP. Cul3/HIB 16740475
targets the Hedgehog pathway transcription factor (Ci)/Gli for ubiquitination and degradation by the proteasome.
Cul3/Keap1 Nrf2 Cul3/Keap1 is part of an E3 ubiquitin ligase complex composed of RBX1, cullin3 and the substrate-recognition component Keap1. Cul3/Keap1 targets Nrf2, a 12682069

transcription factor that regulates antioxidant genes in response to oxidative stress for ubiquitination and degradation by the proteasome.
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Cul3/MEL-26 is an E3 ubiquitin ligase complex composed of cullin3 and the substrate-recognition component MEL-26. MEL-26 targets mei-1 for ubiquitina-
tion and subsequent proteasomal degradation.

Cul4/Cdt2 is an E3 ubiquitin ligase complex composed of DCX (DDB1-CUL4-X-box) and the substrate recognition component Cul4/Cdt2. Cul4/Cdt2 regulates
cell cycle progression into S phase by targeting cdt1 and spd1 for ubiquitination and degradation by the proteasome.

Cul4/COP1 is an E3 ubiquitin ligase that mediates ubiquitination and subsequent proteasomal degradation of target proteins. COP1 targets the oncoprotein
c¢-Jun and may target the tumor suppressor p53 for ubiquitination and degradation.

Cul4/DDB2 is an E3 ubiquitin ligase complex composed of DCX (DDB1-CUL4-ROC1) and the substrate recognition component Cul4/DDB2. Cul4/DDB2 may
target histone H2A, histone H3, and histone H4 at sites of UV-induced DNA damage to induce ubiquitination and degradation by the proteasome.

Cul5/S0CST is part of an SCF-like ECS (Elongin BC-CUL2/5-SOCS-box protein) E3 ubiquitin ligase complex. Cul5/SOCS1 targets components of the Jak/Stat
pathway as well as Dab1, a regulator of cortical development, for ubiquitination and degradation by the proteasome.

Cul5/S0CS4 is part of an SCF-like ECS (Elongin BC-CUL2/5-SOCS-box protein) E3 ubiquitin ligase complex. SOCS4 may target components of cytokine signal
transduction pathways, such as EGF receptor (EGFR) for ubiquitination and degradation by the proteasome.

Cul5/Vif is part of an SCF-like ECS (Elongin BC-CUL2/5-SOCS-hox protein) E3 ubiquitin ligase complex. Vif targets APOBEC3G and APOBEC3F for ubiquitina-
tion and degradation by the proteasome. The interaction of Vif with APOBEC3G also blocks its cytidine deaminase activity in a proteasome-independent
manner,

Cul7/FBXW8 is an SCF-like E3 ubiquitin ligase complex composed of SKP1, CUL7, RBX1, GLMN isoform 1, and the substrate recognition component,
FBXWS.

DZIP3 is an E3 ubiquitin ligase that blocks transcriptional elongation by ubiquinating H2A at lysine 119.

E6-AP is also known as UBE3A. E6-AP is a HECT domain E3 ubiquitin ligase that interacts with Hepatitis C virus (HCV) core protein and targets it for
degradation. The HCV core protein is central to packaging viral DNA and other cellular processes. E6-AP also interacts with the E6 protein of the human
papillomavirus types 16 and 18, and targets the p53 tumor-suppressor protein for degradation.

FANCL is an ubiquitin ligase protein integral to the DNA repair pathway.

HACE1 is an E3 ubiquitin ligase and tumor suppressor. Research has shown that aberrant methylation of HACE1 is frequently found in Wilms’ tumors and
colorectal cancer.

HECTD1 is an ubiquitin E3 ligase required for neural tube closure and normal development of the mesenchyme.

HECTD? is a probable E3 ubiquitin ligase and may act as a susceptibility gene for neurodegeneration and prion disease.

HECTDS is a probable E3 ubiquitin ligase and may play a role in cytoskeletal regulation, actin remodeling, and vesicle trafficking.

HECW1 is also known as NEDL1. HECW1 interacts with p53 and the Wnt signaling protein DVL1, and may play a role in p53-mediated cell death in neurons.
HECW?2 is also known as NEDL2. HECW2 ubiquitinates p73, which is a p53 family member. Ubiquitination of p73 increases protein stability.

HERC?2 belongs to a family of E3 ubiquitin ligases involved in membrane trafficking events. HERC2 plays a role in the DNA damage response through interac-
tion with RNF8.

HERC3 belongs to a family of E3 ubiquitin ligases involved in membrane trafficking events. HERC3 interacts with hPLIC-1 and hPLIC-2 and localizes to the
late endosomes and lysosomes.

HERC4 belongs to a family of E3 ubiquitin ligases involved in membrane trafficking events. HERC4 is highly expressed in testis and may play a role in
spermatogenesis.

HERCS belongs to a family of E3 ubiquitin ligases involved in membrane trafficking events. HERC5 is induced by interferon and other pro-inflammatory
cytokines and plays a role in interferon-induced ISG15 conjugation during the innate immune response.

HLTF is both a helicasee and an E3 ubiquitin ligase. HLTF participates in postreplication repair (PRR) of damaged DNA by polyubiquitination of chromatin-
bound PCNA.

HOIP is the E3 ubiquitin ligase of the LUBEC (linear ubiquitin chain assembly complex) which ubiquitinates signaling proteins, targeting them for proteasomal
degradation.

HUWET is also known as Mule. HUWET is a HECT domain E3 ubiquitin ligase that regulates degradation of Mcl-1 and therefore regulates DNA damage-
induced apoptosis. HUWE1 also controls neuronal differentiation by destabilizing N-Myc, and regulates p53-dependent and independent tumor suppression
via ARF.

HYD is also known as EDD or UBR5. HYD is a regulator of the DNA damage response and is overexpressed in many forms of cancer.

IBRDC2 is an E3 ubiquitin ligase involved in the regulation of apoptosis. IBRDC2 expression can be induced by p53 and may target apoptosis related proteins
p21 and Bax.

IBRDC3 is an E3 ubiquitin ligase involved in the cytolytic activities of hematopoietic natural killer cells and T cells.

ITCH plays a role in T cell receptor activation and signaling through ubiquitination of multiple proteins including MKK4, RIP2, and Foxp3. Loss of ITCH function
leads to an aberrant immune response and T helper cell differentiation.

LNX1 is an E3 ubiquitin ligase that plays a role in cell fate determination during embryogenesis through regulation of NUMB, the negative regulator of Notch
signaling.

LRSAM is an E3 ubiquitin ligase that mediates intracellular vesicular trafficking by monoubiquitination of TSG101.

Mahogunin is an E3 ubiquitin ligase involved in melanocortin signaling. Loss of mahogunin function leads to neurodegeneration and loss of pigmentation, and
may be the mechanism of action in prion disease.

Malin, also known as NHLRC1, is an E3 ubiquitin ligase that promotes the ubiquitination and proteasomal degradation of misfolded proteins.

MARCHT1 is an E3 ubiquitin ligase found on antigen presenting cells (APCs). MARCH1 ubiquitinates MHC class Il proteins and downregulates their cell surface
expression.

MARCH-II'is a member of the MARCH family of E3 ubiquitin ligases. It associates with syntaxin6 in the endosomes and helps to regulate vesicle trafficking.
MARCH-IIl is a member of the MARCH family of E3 ubiquitin ligases. MARCH-IIl associates with syntaxin6 in the endosomes and helps to regulate vesicle
trafficking.

MARCH-IV is a member of the MARCH family of E3 ubiquitin ligases. MARCH-IV ubiquitinates MHC class | proteins and downregulates their cell surface
expression.

MARCH-V is a member of the MARCH family of E3 ubiquitin ligases. March-V is located in the mitochondria and aids in the control of mitochondrial morphol-
0gy.

MARCH-VI'is also known as TEB4 and is a member of the MARCH family of E3 ubiquitin ligases. It localizes to the endoplasmic reticulum and participates in
ER-associated protein degradation.

MARCH-VII is also known as axotrophin. MARCH-VII was originally identified as a neural stem cell gene, but has since been shown to play a role in LIF signal-
ing in T lymphocytes through degradation of the LIF receptor subunit, gp190.

MARCH-VIIlis also known as c-MIR. MARCH-VIII causes the ubiquitination/degradation of B7-2, which is a co-stimulatory molecule for antigen presentation.
MARCH-VIIl has also been shown to ubiquitinate MHC class Il proteins.

MARCH-IX is @ member of the MARCH family of E3 ubiquitin ligases. MARCH-IX mediates ubiquitination of transmembrane proteins, marking them for
endocytosis and sorting to lysosomes via multivesicular bodies.

MARCH-X is also known as RNF190. MARCH-X is a member of the MARCH family of E3 ubiquitin ligases. MARCH-X may be involved in spermiogenesis.
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MARCH-XI CDh4 MARCH-XI is a member of the MARCH family of E3 ubiquitin ligases. MARCH-IX mediates ubiquitination of CD4, marking it for endocytosis and sorting to 17604280
lysosomes via multivesicular bodies.

MDM2 p53 MDM2, an E3 ubiquitin ligase for p53, plays a central role in regulation of the stability of p53. Akt-mediated phosphorylation of MDM2 at Ser166 and Ser186 9153395
increases its interaction with p300, allowing MDM2-mediated ubiquitination and degradation of p53.

MEKK1 c-Jun, Erk MEKKT is a well known protein kinase of the STE11 family. MEKK1 phosphorylates and activates MKK4/7, which in turn activates JNK1/2/3. MEKK1 contains 12049732, 17101801
a RING finger domain and exhibits E3 ubiquitin ligase activity toward c-Jun and Erk.

MGRN1 Tsg101 MGRN1 is an E3 ubiquitin ligase that mediates intracellular vesicular trafficking by monoubiquitination of TSG101. 17229889

MIB1 Delta, Jagged Mindbomb homolog 1 (MIB1) is an E3 ligase that facilitates the ubiquitination and subsequent endocytosis of the Notch ligands, Delta and Jagged. 16000382

MIB2 Delta, Jagged Mind Bomb 2 (MIB2) is an E3 ligase that positively regulates Notch Signaling. MIB2 has been shown to play a role in myotube differentiation and muscle 156824097, 18216171,
stability. MIB2 ubiquitinates NMDAR subunits to help regulate synaptic plasticity in neurons. 17962190

MID1 PP2A Mid1, also known as Midline-1, is an E3 ubiquitin ligase that may target protein phosphatase 2 for ubiquitination and proteasomal degradation. 11685209

MKRN1 hTERT, p53, CDKN1A, FLIPT MKRN1 is an E3 ubiquitin ligase that regulates both anti- and pro-apoptotic functions. 15805468

MycBP2 Fbxo45, TSC2 MycBP2 is an E3 ubiquitin ligase also known as PAM. MycBP2 associates with Fbxo45 to play a role in neuronal development. MycBP2 also regulates the 19398581, 18308511
mTOR pathway through ubiquitination of TSC2.

NEDD4 NEDD4 is an E3 ubiquitin ligase highly expressed in the early mouse embryonic central nervous system. NEDD4 downregulates both neuronal voltage-gated 9618557, 9792722
Na+ channels (NaVs) and epithelial Na+ channels (ENaCs) in response to increased intracellular Na+ concentrations.

NEDD4L Smad?, PTEN NEDDAL is an E3 ubiquitin ligase highly expressed in the early mouse embryonic central nervous system. NEDDAL has been shown to negatively regulate 19917253, 17218260
TGF-B signaling by targeting Smad2 for degradation.

NEURL Jagged 1, Delta NEURL is an E3 ubiquitin ligase involved in Notch signaling and neurological determination of cell fate. 17003037, 11696324

0STM1 Gai3 0STM1 is an E3 ubiquitin ligase localized to the cell membrane that regulates membrane associated G-proteins by ubiquitination and proteasomal degrada- 12826607
tion.

PARC PARC is a cullin family member that acts as a p53-binding cytoplasmic anchor protein and is part of an atypical cullin-RING- based E3 ubiquitin ligase 12526791
complex.

Parkin Pael-R, CDC-rel, PLC-g1 Parkin is an E3 ubiquitin ligase that has been shown to be a key regulator of the autophagy pathway. Mutations in Parkin can lead to Parkinson’s Disease. 20074049, 18671761,

17553932, 16672220

PCGF1 H2A, K119 PCGF1 is a component of the polycomb group multiprotein PRC1- like (PcG PRC1) complex. PCGF1 is required for PcG PRC1 mediated monoubiquitination of 18460542
H2A Lys119, which is central to the histone code and gene regulation.

PELI TRIP, IRAK PELI1 is an E3 ubiquitin ligase that plays a role in Toll-like Receptor (TLR3 and TLR4) signaling to NF-B via the TRIP adaptor protein. PELI1 has also been 19734906, 17675297
shown to ubiquitinate IRAK.

PEX10 Pex5 PEX10 is localized to peroxisome membranes and has been associated with several peroxisomal biogenesis disorders. 15283676

PJA1 ELF PJA1 is also known as PRAJA. PJAT plays a role in downregulating TGF-B signaling in gastric cancer via ubiguitination of the Smad4 adaptor protein ELF. 16096365

PJA2 PJA2 is an E3 ubiquitin ligase found in neuronal synapses. The exact role and substrates of PJA2 are unclear. 12036302

RAD18 PCNA RAD18 is an E3 ubiquitin ligase involved in post-replication repair of UV-damaged DNA. 17720710, 18245774

RBCK1 SOCS6, PKC, TAB2/3 RBCK1 is an E3 ligase that acts as an iron sensor by promoting the ubiquitination of oxidized IREB2 in the presence of high iron and oxygen. RBCK1 is a 17449468, 16643902,
component of the LUBAC (linear ubiquitin chain assembly complex).

RCHY1 P27, KIP1, P53 RCHY1, also known as Pirh2, is an E3 ubiquitin ligase that contributes to the regulation of the cell cycle. RCHY1 is primarily associated with the ubiquitination 12654245, 18006823,
and proteasomal degradation of tetrameric p53. 18344599

RFFL p53 RFFL is also known as CARP2 and is an E3 ubiquitin ligase that inhibits endosome recycling. RFFL also degrades p53 through stabilization of MDM2. 15229288, 18382127

RFWD2 MTA1, p53, FoxO1 RFWD2 is also known as COP1. RFWD2 is an E3 ubiquitin ligase that ubiquitinates several proteins involved in the DNA damage response and apoptosis 19805145, 16931761,
including MTA1, p53, and FoxO1. 18815134

Rictor SGK1 Rictor interacts with Cullin1-Rbx1 to form an E3 ubiquitin ligase complex and promotes ubiquitination and degradation of SGK1. 20832730

RING1 H2A, K119 RING1, also known as RNF1, is an E3 ubiquitin ligase of the polycomb group multiprotein PRC1-like (PcG PRC1) complex. RING1 is required for PcG PRC1 16359901
mediated monoubiguitination of H2A Lys119, which is central to the histone code and gene regulation.

RNF2 H2A, K119, Geminin RNF2, also known as Ring2, is an E3 ubiquitin ligase of the polycomb group multiprotein PRC1-like (PcG PRC1) complex. RNF2 is required for PcG PRC medi- 17157253, 15509584
ated monoubiquitination of H2A Lys119, which is central to the histone code and gene regulation.

RNF5 JAMP, paxillin RNF5 is also known as RMAS. RNF5 plays a role in ER-associated degradation of misfolded proteins and ER stress response through ubiquitination of JAMP. 19269966, 12861019
RNF5 also plays a role in cell motility and has been shown to ubiquitinate paxillin.

RNF6 LIM1, Androgen receptor RNF6 is an E3 ubiquitin ligase involved in the regulation of cell motility and differentiation. RNF6 targets LIMK for ubiquitination and degradation, inhibiting 16204183
cytoskeleton stability.

RNF8 H2A, H2AX RNF8 is a RING domain E3 ubiquitin ligase that plays a role in the repair of damaged chromosomes. RNF8 ubiquitinates Histone H2A and H2A X at double- 18001824
strand breaks (DSBs) which recruits 53BP1 and BRCA1 repair proteins.

RNF11 Smurf2 RNF11 is a required component of a ubiquitin-editing protein complex involved in modifying cellular inflammatory response to LPS and TNF signaling. 14562029

RNF12 CLIM, Ldb1, Ldb2 RNF12, also known as RLIM, is an E3 ubiquitin ligase. RNF12 is involved in telomere regulation and X chromosome inactivation. 12874135, 11882901

RNF19 SOD1 RNF19 is also known as Dorfin. Accumulation and aggregation of mutant SOD1 leads to ALS disease. RNF19 ubiquitinates mutant SOD1 protein, causinga 19610091
decrease in neurotoxicity.

RNF20 Histone H2B RNF20 is also known as BRE1. RNF20 is an E3 ubiquitin ligase that monoubiquitinates Histone H2B. H2B ubiquitination is associated with areas of active 18832071
transcription.

RNF34 Caspase-8, -10 RNF34 is also known as RFI. RNF34 inhibits death receptor mediated apoptosis through ubiquitination/degradation of caspase-8 and -10. 16596200

RNF40 Histone H2B RNF40 is also known as BRE1-B. RNF40 forms a protein complex with RNF20 resulting in the ubiquitination of Histone H2B. H2B ubiquitination is associated 16307923
with areas of active transcription.

RNF41 ErbB3, BIRCE, Parkin RNF41 is an E3 ubiquitin ligase that has been implicated in the regulation of hematopoietic progenitor cell differentiation. 14765125, 12411582,

18541373

RNF111 Smad, SnoN, c¢-Ski RNF111 is an E3 ubiquitin ligase that participates in mesoderm patterning by promoting the ubiquitination and proteasomal degradation of downstream 18451154, 14657019,
Smads. 17591695

RNF123 CDKN1B RNF123 is an E3 ubiquitin ligase that functions as part of the KPC complex. RNF123 aids in cell cycle regulation by targeting CDKN1B for ubiquitination and 15531880
proteasomal degradation during G1.

RNF125 RNF125 is also known as TRAC-1. RNF125 has been shown to positively regulate T cell activation. 17990982

RNF128 RNF128 is also known as GRAIL. RNF128 promotes T cell anergy and may play a role in actin cytoskeletal organization in T cell/APC interactions. 19833735

RNF135 RIG-1 RNF135 is an E3 ubiquitin ligase involved in viral innate immunity. RNF135 targets the cytoplasmic viral nucleic acid receptor RIG-1 for ubiquitination and 19017631
degradation by the proteasome.

RNF138 TCF/LEF RNF138 is also known as NARF. RNF138 is associated with Nemo-like Kinase (NLK) and suppresses Wnt/-Catenin signaling through ubiquitination/degrada- 16714285
tion of TCF/LEF.

RNF167 TSSC5 (SLC22A18) RNF167 may act as an E3 ubiquitin ligase involved in the regulation of kidney transporter function. 16314844

RNF168 H2A, H2A X RNF168 is an E3 ubiquitin ligase that helps protect genome integrity by working together with RNF8 to ubiquitinate Histone H2A and H2A X at DNA double- 19203579

strand breaks (DSB).
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RNF180 is an E3 ubiquitin ligase involved in neurological development. RNF180 targets the ZIC2 transcription factor for polyubiquitination and degradation by
the proteasome.

RNF 182 is an E3 ubiquitin ligase that targets ATP6VOC, a component of vacuolar ATPase, for polyubiquitination and degradation by the proteasome.

see MARCH-X

SCF/FBW7 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate recognition component, FBW7. SCF/FBW7
mediates the ubiquitination of proteins involved in cell cycle progression, signal transduction, and transcription. Target proteins for SCF/FBW7 include the
phosphoarylated forms of c-Myc, Cyclin E, Notch intracellular domain (NICD), and c-Jun. Research has found that defects in FBXW7 may be a cause of breast
cancer.

SCF/FBXL3 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate recognition component, FBXL3. SCF/FBXL3
mediates circadian clock function by ubiquitination and subsequent degradation of CRY1 and CRY2.

SCF/FBXL5 is an ubiquitin ligase complex also known as SCF (SKP1-cullin-F-box). FBXL5 is an F-box protein that functions as an iron sensor by promoting
the ubiquitination and subsequent degradation of IREB2/IRP2 under high iron and oxygen conditions.

SCF/FBXL14 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBXL14. The SCF/
FBXL14 complex is thought to contribute to mesoderm formation by ubiquitination and subsequent degradation of SNAI1.

SCF/FBXL15 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBXL15. FBXL15 tar-
gets negative regulators of the BMP signaling pathway, including SMURF1 and SMURF2, for ubiquitination and subsequent proteasomal degradation. FBXL15
is required for dorsal/ventral pattern formation and bone mass maintenance. SCF/FBXL15 also targets the Drosophila circadian clock protein timeless.
SCF/FBXL20 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBXL20. FBXL20 is
localized to the synapse and its regulation of RIM1by ubiquitination may play a role in neural transmission.

SCF/FBX01 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBXO1. FBXO01 targets
Cp110 for ubiquitination and subsequent proteasomal degradation during cell cycle G2 phase, thereby inhibiting centrosome reduplication.

SCF/FBX02 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBX02. FBXO02 targets
misfolded glycoproteins for ubiquitination and proteasomal degradation by recognition of sugar chains in the endoplasmic reticulum-associated degradation
(ERAD) pathway.

SCF/FBX03 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBX03. FBX03 targets
HIPK2 and p300 for ubiquitination and rapid degradation by the proteasome. The inclusion of PML in a complex with SCF/FBX03, HIPK2, and p300 delays
degradation of HIPK2 and allows synergistic activation of p53/TP53-dependent transactivation.

SCF/FBX04 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBX04. FBX04 may
play a role in telomere homeostasis by recognition of TERF1 and promotion of its ubiquitination together with UBE2D1.

SCF/FBX06 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBXO6. FBXO6 targets
misfolded glycoproteins for ubiquitination and proteasomal degradation by recognition of sugar chains in the endoplasmic reticulum-associated degradation
(ERAD) pathway. FBXO6 also targets the kinase Chk1, a cell cycle regulator involved in entry into mitosis.

SCF/FBX07 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBXO7. SCF/FBXO7
targets BIRC2 (clAP1), an inhibitor of apoptosis, and DLGAPS, a cell cycle regulator, for ubiquitination and proteasomal degradation.

SCF/FBX031 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBX031. FBX031 is
also known as FBX014. SCF/FBX031 targets phosphorylated cyclin D1 for ubiquitination and degradation by the proteasome, resulting in G1 cell cycle arrest.
SCF/FBX042 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBX042. FBX042
targets p53/TP53 for ubiquitination and degradation by the proteasome.

SCF/FBX045 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate-recognition component FBX045. SCF/FBX045
aids in the regulation of neurotransmission at mature neurons by targeting UNC13A for ubiquitin dependent degradation by the proteasome. FBX045 also
targets the apoptotic protein p73 for ubiquitination and degradation.

SCF/FBXWS5 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate recognition component, FBXW5. SCF/FBXW5
mediates the ubiquitination of SASS6, preventing centriole duplication.

SCF/FBXW10 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate recognition component, FBXW10. SCF/
FBXW10 has been shown to contribute to gene expression by degradation of heterochromatin components CBX5 and CBX1

SCF/Skp2 is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate recognition component, Skp2. SCF/Skp2 medi-
ates the ubiquitination of proteins involved in cell cycle progression (specifically the G1/S transition), signal transduction and transcription. Target proteins for
SCF/Skp2 include the phosphorylated forms of p27Kip1, p21Waf1/Cip1, and FoxO1.

SCF/B-TrCP is an E3 ubiquitin ligase complex composed of SCF (SKP1-CUL1-F-box protein) and the substrate recognition component, B-TrCP (also known as
BTRC). SCF/B-TrCP mediates the ubiquitination of proteins involved in cell cycle progression, signal transduction, and transcription. SCF/B-TrCP also regulates
the stability of B-catenin and participates in Wnt signaling.

SHPRH is an E3 ubiquitin ligase that plays a role in DNA replication through ubiquitination of PCNA. PCNA ubiquitination prevents genomic instability from
stalled replication forks after DNA damage.

SIAH1 is an E3 ubiquitin ligase that plays a role in inhibition of Wnt signaling through ubiquitination of B-catenin. SIAH1 has also been shown to promote
apoptosis through upregulation of Bim, and to ubiquitinate the signaling adaptor protein TRB3.

SIAH2 is an E3 ubiquitin ligase that plays a role in hypoxia through ubiquitination and degradation of HIPK2. SIAH2 also ubiquitinates PHD1/3, which regulates
levels of HIF-1a in response to hypoxia.

SMURF1 is an E3 ubiquitin ligase that interacts with BMP pathway Smad effectors, leading to Smad protein ubiquitination and degradation. Smurf1 negatively
regulates osteoblast differentiation and bone formation in vivo.

SMURF2 is an E3 ubiquitin ligase that interacts with Smads from both the BMP and TGF-( pathways. SMURF2 also regulates the mitotic spindle checkpoint
through ubiquitination of Mad2.

SYVNT is an E3 ubiquitin ligase involved in the ER-associated degradation (ERAD) pathway. SYVN1 targets misfolded proteins and appropriately folded short-
lived proteins for ubiquitination and degredation by the proteasome.

TOPORS is an E3 ubiquitin ligase and a SUMO ligase. TOPORS ubiquitinates and sumoylates p53, which regulates p53 stability. TOPORS has also been
shown to ubiquitinate the tumor suppressor NKX3.1.

TRAF2 is a weak E3 ubiquitin ligase that acts as a component of several ubiquitination complexes. TRAF2 ligase activity is activated in the presence of
cytoplasmic sphingosine-1-phosphate. TRAF2 is a major regulator of the apoptosis and cell survival machinery.

TRAF6 is an E3 ubiquitin ligase that functions as an adaptor protein in IL-1R, CD40, and TLR signaling. TRAF6 promotes NF-kB signaling through K63 polyu-
biquitination of IKK; resulting in IKK activation. TRAF6 has also been shown to ubiquitinate Akt1, causing its translocation to the cell membrane.

TRAF7 is an E3 ubiquitin ligase and SUMO ligase that functions as an adaptor protein in TNF Receptor and TLR signaling. TRAF7 has been shown to be
capable of self-ubiquitination and plays a role in apoptosis via MEKK3-mediated activation of NF-kB.

Triad 3 is an E3 ubiquitin ligase found in peripheral blood leukocytes of the immune system that regulates antiviral and cytokine induced cellular responses.
TRIM8 is an E3 ubiquitin ligase that regulates cytokine induced signal transduction by targeting SOCS1 for ubiquitination and degradation by the proteasome.
TRIM11 is an E3 ubiquitin ligase that may promote the degradation of insoluble ubiquitinated proteins. TRIMM11 may also aid in anti-viral cellular functions.
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TRIM13 is an E3 ubiquitin ligase that targets membrane and secretory proteins for ubiquitination and proteasomal degradation in the endoplasmic reticulum-
associated degradation (ERAD) pathway.

TRIM21 is an E3 ubiquitin ligase involved in intracellular antibody-mediated degradation of viral components by the proteasome.

TRIM25 is an E3 ubiquitin ligase involved in viral innate immunity. TRIM25 targets the cytoplasmic viral nucleic acid receptor RIG-1 for ubiquitination and
degradation by the proteasome.

TRIM32 is an E3 ubiquitin ligase involved in viral lysosome related vesicle trafficking. TRIM32 targets DTNBP1 for ubiquitination and degradation by the
proteasome. TRIM32 may also mediate the activity of HIV Tat proteins.

TRIM33 is an E3 ubiquitin ligase involved in the regulation of the TGF-b/ BMP signaling pathway . TRIM33 targets SMAD4 for ubiquitination, nuclear exclu-
sion, and proteasomal degradation.

TRIM41 is an E3 ubiquitin ligase that targets protein kinase C for ubiquitination and proteasomal degradation.
TRIM54 is an E3 ubiquitin ligase that may target and stabilize microtubules.
TRIM55 is an E3 ubiquitin ligase that may regulate gene expression and protein turnover in muscle cells

TRIM63 is also known as Murf-1. TRIM63 is a muscle-specific E3 ubiquitin ligase whose expression is upregulated during muscle atrophy. TRIMG63 has been
shown to ubiquitinate several important muscle proteins including troponin I, MyBP-C, and MyLC1/2.

UBES3B is an E3 ubiquitin ligase identified through sequence analysis. The specific substrates and cellular function of UBE3B is currently unknown.
UBE3C is an E3 ubiquitin ligase also known as KIAA10. UBE3C is highly expressed in muscle and may interact with the transcriptional regulator TIP120B.

UBR1 is an E3 ubiquitin ligase responsible for proteasomal degradation of misfolded cytoplasmic proteins. UBR1 has also been shown to be a ubiquitin ligase
of the N-end rule proteolytic pathway, which regulates degradation of short-lived proteins.

UBR2 is an E3 ubiquitin ligase that has been shown to ubiquitinate histone H2A, resulting in transcriptional silencing. UBR2 is also part of the N-end rule
proteolytic pathway.

UHRF1 is an epigenetic regulator that is also a putative E3 ubiquitin ligase.

UHRF2 is also known as NIRF. UHRF2 is a nuclear protein that may regulate cell cycle progression through association with Chk2. UHRF2 also ubiquitinates
PCNP and has been shown to play a role in degradation of nuclear aggregates containing polyglutamine repeats.

VHL is the substrate recognition component of the ECV (Elongin B/C, Cullen-2, VHL) E3 ubiquitin ligase complex responsible for degradation of the transcrip-
tion factor HIF-1a. Ubiquitination and degradation of HIF-1a takes place only during periods of normoxia, but not during hypoxia, thereby playing a central role
in the regulation of gene expression by oxygen.

VPS18 is an E3 ubiquitin ligase that regulates intracellular vesicle trafficking. VPS18 may also regulate the POLO-like kinase SNK during the cell cycle.
WWP1 is an E3 ubiquitin ligase commonly found to be overexpressed in breast cancer. WWP1 has been shown to ubiquitinate and degrade ErbB4. Interest-
ingly, the WWP1 homolog in C. elegans was found to increase life expectancy in response to dietary restriction.

WWP2 is an E3 ubiquitin ligase that has been shown to ubiquitinate/degrade the stem cell pluripotency factor Oct-4. WWP?2 also ubiquitinates the transcrip-
tion factor EGR2 to inhibit activation-induced T cell death.

ZNRF1 is an E3 ubiquitin ligase highly expressed in neuronal cells. ZNRF1 is found in synaptic vesicle membranes and may regulate neuronal transmissions
and plasticity.

Deubiquitinase Table

The Deubiquitinase Table provides a list of deubiquitinases, along with their substrates (when known) and corresponding references. This table was generated using PhosphoSitePlus®, Cell Signaling Technology's protein modification
resource. See page 4 for more information on PhosphoSitePlus®.

We would like to thank Prof. Wenyi Wei, Beth Israel Deaconess Medical Center, Harvard Medical School, for contributing to this table.
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STAM-binding protein (STAMBP or AMSH) is an endosomal deubiquitination enzyme that preferentially displays ubiquitin isopeptidase activity toward K63-
linked chains.

STAM-binding protein-like 1 (STAMBPL1 or AMSHLP) is a deubiquitination enzyme that preferentially displays ubiquitin isopeptidase activity toward K63-
linked chains.

ATXN3 is a transcriptional regulation deubiquitination enzyme that preferentially displays ubiquitin isopeptidase activity toward long, four or greater, ubiquitin
chains.
ATXN3-like is a deubiquitination enzyme that displays ubiquitin isopeptidase activity toward K48- and K63-linked chains.

BRCC36 (BRCC3) is a deubiquitination enzyme that preferentially displays ubiquitin isopeptidase activity toward K63-linked chains. BRCC36 targets K63-
linked ubiquitin chains on H2A and H2X at the site of DNA double strand breaks as a component of the BRCA complex.

COPS5 (CSN5) is the protease subunit of the COP9 signalosome complex (CSN), a key regulator of the ubiquitin conjugation pathway. COPS5 is essential for
the CSN isopeptidase activity responsible for deneddylation of cullin-RING E3 ubiquitin ligase complexes.

DUBS is a deubiquitination enzyme that preferentially displays ubiquitin isopeptidase activity toward CDC25A, preventing CDC25A degradation and allowing
cell cycle progression.

JOSD1 is a deubiquitination enzyme that displays low ubiquitin isopeptidase activity in vitro.

JOSD2 is a deubiquitination enzyme that displays ubiquitin isopeptidase activity toward K63-linked chains, and to a lesser extent K48-linked chains.
MPND is an MPN domain and JAMM motif-containing protein with predicted ubiquitin isopeptidase activity.

MYSM1 is a deubiquitinating enzyme that acts as a transcriptional co-activator by directing preferential ubiquitin isopeptidase activity toward monoubiqui-
nated H2A in hyperacetylated nucleosomes.

0TUT, also known as YOD1, is a deubiquitination enzyme that displays ubiquitin isopeptidase activity toward K48- and K63-linked polyubiquitin or di-ubiquitin
chains. OTU1 is a part of the endoplasmic reticulum-associated degradation (ERAD) pathway for misfolded lumenal proteins.

OTUB1 is a deubiquitination enzyme that preferentially displays ubiquitin isopeptidase activity toward polyubiquitinated K48-linked chains. OTUB1 regulates
protein turnover by preventing degradation and also plays a unique role in the regulation of T cell anergy.

0TUB2 is a deubiquitination enzyme that displays ubiquitin isopeptidase activity toward K48- and K63-linked chains. OTUB2 regulates protein turnover by
preventing degradation.
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0TUD1 0TUD1 is a member of the deubiquitinating enzyme ovarian tumor domain (OTU) superfamily. 17991829

0TUD3 0TUD3 is a member of the deubiquitinating enzyme ovarian tumor domain (OTU) superfamily. 17991829

0TUD4 0TUD4 is a member of the deubiquitinating enzyme ovarian tumor domain (OTU) superfamily. 17991829

0TUD5 TRAF3 0TUD5 is a deubiquitination enzyme that displays ubiquitin isopeptidase activity toward K48- and K63-linked chains. OTUD5 negatively regulates type | 17991829
interferon (IFN) production by deubiquitination of TRAF3.

0TUD6A OTUDGA is a member of the deubiquitinating enzyme ovarian tumor domain (OTU) superfamily. 17991829

0TUD6B OTUD6B is a member of the deubiquitinating enzyme ovarian tumor domain (OTU) superfamily. 17991829

OTUD7A/ OTUD7A is a deubiquitination enzyme that displays ubiquitin isopeptidase activity toward K48- and K63-linked chains. 12682062

Cezanne 2

0TUD7B/ TRAF6 OTUD7B is a deubiquitination enzyme that displays ubiquitin isopeptidase activity toward K48- and K63-linked chains. OTUD7B negatively regulates NF-kB. 11463333

Cezanne

0TUD7C/A20  NAF1, TAX1BP1, TRAF2  OTUD7C is a ubiquitination-editing enzyme that displays ubiquitin isopeptidase activity toward K63-linked chains and ubiquitination of K48-linked chains. 9882303, 14748687
OTUD7C is an essential regulator of inflammatory signaling pathways in the lymphoid system.

POH1 POH1 is the metalloprotease deubiquitination enzyme component of the 26S proteasome that displays ubiquitin isopeptidase activity toward K63-linked 9374539, 19214193
chains.

PRPF8 SNRP116, WDR57/ PRPF8 is a member of the deubiquitinating enzyme metalloprotease JAMM domain superfamily. PRPF8 is known to be a central component of the spliceo- 2139226, 8702566

SPF38 some, while PRPF8 ubiquitin isopeptidase activity is controversial.

TRABID TRAF6, APC TRABID is a deubiquitination enzyme that preferentially displays ubiquitin isopeptidase activity toward K63-linked chains. TRABID acts as a positive regulator 18281465, 21834987
of the Wnt signaling pathway by deubiquitinating APC protein, a Wnt signaling pathway negative regulator.

UCHL1 COPS5 UCHL1 is a member of the ubiquitin C-terminal hydrolase (UCH) deubiquitinase superfamily. UCHL1 functions as a ubiquitin hydrolase involved in the 9790970
processing of both ubiquitin precursors and ubiquitinated substrates, generating free monomeric Ub.

UCHL2/BAP1 BRCA1, HCFC1 UCHL1/Bap1 is a member of the ubiquitin C-terminal hydrolase (UCH) deubiquitinase superfamily. UCHL1/ Bap1 is a BRCA1-associated, nuclear localized 9528852
ubiquitin hydrolase that suppresses cell growth.

UCHL3 ENAC UCHL3 is @ member of the ubiquitin C-terminal hydrolase (UCH) deubiquitinase superfamily. UCHL3 functions as a ubiquitin hydrolase involved in the 2530630
processing of both ubiquitin precursors and ubiquitinated substrates, generating free monomeric Ub. UCHL3 shows dual specificity toward both ubiquitin (Ub)
and NEDDS8, a Ub-like molecule.

UCHLS UCHL5 is a member of the ubiquitin C-terminal hydrolase (UCH) deubiquitinase superfamily. UCHLS5 is the deubiquitination enzyme component of the 19S 16906146, 18922472
regulatory subunit of the 26S proteasome that displays ubiquitin isopeptidase activity toward K48-linked chains.

USP1 FANCD2, PCNA USP1 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP1 is a negative regulator of DNA repair machinery. 15694335, 16531995

uspP2 CCND1 USP2 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP2 is characterized by its C19 peptidase activity, 17290220, 19917254,
which is involved in ubiquitin recycling and in the disassembly of various forms of polymeric ubiquitin and ubiquitin-like protein complexes. 19838211

UsP3 H2A USP3 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP3 deubiquitinates monoubiquitinated histone H2A 17980597
and H2B. USP3 is required for proper progression through S phase and subsequent mitotic entry.

USP4 ADORA2A, RB1 USP4 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP4 is a proto-oncogene that deubiquitinates target 7784062, 16316627
proteins such as the receptor ADORA2A and TRIM21 and plays a role in the regulation of quality control in the ER.

USP5/ISOT p53, TRIML1 USP5 is @ member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP5 preferentially cleaves branched and K48-linked 19098288
polymers. USP5 binds linear and K63-linked polyubiquitin with a lower affinity. Knock-down of USP5 causes the accumulation of p53/TP53 and an increase
in p53/TP53 transcriptional activity.

UsP6 USP6 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP6 exhibits an ATP-dependent C-terminal isopep- 20418905
tidase activity.

USP7/HAUSP  FOXO4, PTEN p53, USP7, also known as herpes virus-associated ubiquitin-specific protease (Hausp), is a member of the ubiquitin-specific processing protease (USP/USB) 11923872, 14506283,

MDM2 deubiquitinase superfamily. USP7 deubiquitinates target proteins such as Fox04, p53/TP53, MDM2, PTEN and DAXX. USP7 is Involved in cell proliferation 15053880
during early embryonic development.

USP8/UBPY EPS15 USP8 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP8 is an essential growth-regulated enzyme that 9628861, 16520378,
is indispensible for cell proliferation and survival. USP8 regulates endosomal ubiquitin dynamics, cargo sorting, membrane traffic at early endosomes, and 17711858
maintenance of EGFR stability.

USPIX SMAD4, MARK4, USP9X is an X-linked member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP9X hydrolyzes both ‘Lys-29'- and ‘'Lys- 16322459, 18254724,

NUAK1, BIRC5/survivin -~ 33'-linked polyubiquitin chains. USP9X functions to regulate cell-cell contact interactions, TGF-B/BMP signaling, chromosome alignment and segregation, 19135894
and specifically deubiquitinates monoubiquitinated Smad4.

USP9Y SMAD4 USP9Y is a Y-linked member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily required for sperm production. USP9Y func- 19246359
tions to regulate TGF-B/BMP signaling, and specifically deubiquitinates monoubiquitinated Smad4.

USP10 G3BP, p53/TP53, SNX3  USP10 is @ member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP10 functions as an essential regulator of p53/ 11439350, 18632802,
TP53 stability following DNA damage. 19398555

USP11 BRCA2, CHUK/IKKA, USP11 is @ member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP11 aids in the regulation of pathways leading to 15314155, 17897950,

RANBP9/RANBPM NF-kB activation and also DNA repair after double-stranded DNA breaks. 18408009

USP12 WDR48 USP12 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP12 requires interaction with WDR48 for high 19075014
deubiquitinase activity.

USP13/ISOT3 USP13 is @ member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP13 is part of an autophagy regulatory loop 9841226
involving the deubiquitination of USP10 that leads to regulation of p53 stability.

USP14 FANCC, CXCR4, ERN1 USP14 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP14 is one of three proteasome-associated 18162577, 19135427,
deubiquitinases, along with POH and UCHL5. USP14 is thought to antagonize substrate degradation as a part of the proteasome. 19106094

USP15 E6 USP15 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP15 preferentially cleaves K48-linked polymers. 16005295, 19576224
USP15 deubiquitination protects APC and human papillomavirus type 16 protein E6 target proteins against proteasomal degradation.

USP16 H2A USP16 is @ member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP16 acts as a transcriptional co-activator by 10077596, 17914355
specifically targeting H2A for deubiquitination. USP16 deubiquitination of H2A is also required for entry into mitosis.

USP18 USP18 is @ member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP18 catalyzes the removal of ISG15, an 10777664
interferon-regulated ubiquitin-like protein, which maintains the critical cellular balance of ISG15-conjugated proteins important for normal development and
brain function.

USP19 RNF123 USP19 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP19 deubiquitinates target proteins involved in 19465887

cell proliferation, myogenesis, regulation of hypoxia, and modulation of the ERAD protein degradation pathway.
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USP20 VHL, DIO2, HIF1A USP20 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP20 cleaves K48- and K63-linked chains. USP20 12056827, 12865408,
deubiquitinates p2-adrenergic receptor (ADRB2) as well as target proteins involved in thyroid hormone regulation and regulation of hypoxia. 15776016

USP21 H2A USP21 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP21 is also known as USP23. USP21 acts as a 10799498
transcriptional co-activator by specifically targeting H2A for deubiquitination. USP21 is capable of removing the ubiquitin-like NEDD8 from NEDD8 conjugates.

USP22 ATXN7L3 USP22 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP22 deubiquitinates histones H2A and H2B as 18206972, 18206973,
a component of the histone acetylation (HAT) complex SAGA. USP22 deubiquitinates specific targets required for transcription, nuclear receptor-mediated 18469533
transactivation, and cell cycle progression.

USP23 H2A See USP21 10799498

UusP24 USP24 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. Mutations of the USP24 gene may correlate with risk 16917932
of Parkinson's disease.

USP25 ACTA1, MYBPC1 USP25 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP25 cleaves both K48- and K63-linked chains. 10612803, 11597335,
The USP25 muscle-specific isoform may have a role in the regulation of muscular differentiation and function. 16501887

USP26 AR USP26 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP26 regulates the androgen receptor signaling 20501646
pathway by targeting the androgen receptor for deubiquitination.

USP27X USP27X is an X-linked member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 12838346

USP28 P53bp1, Chk2, FBW7a,  USP28 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP28 can bind to and deubiquitinate several target 17558397, 16901780

Myc proteins in the DNA damage pathway, resulting in their stability, including p53BP1 and Chk2. USP28 also plays an important role in Myc related signaling by
binding through FBW7a to Myc.

UsP29 USP29 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 10958632

USP30 USP30 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP30 may participate in the maintenance of 18287522
mitochondrial morphology.

USP31 USP31 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 14715245

UsP32 USP32 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP32 is highly expressed in breast cancer cell lines 12604796, 20549504
and may be involved in tumorigenesis.

USP33 ADRB2 USP33 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP33 is involved in cellular migration, $2- 12865408
adrenergic receptor/ADRB2 recycling, and G protein-coupled receptor (GPCR) signaling.

USP34 AXINT, AXIN2 USP34 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP34 acts as an activator of the Wnt signaling 21383061
pathway downstream of the B-catenin destruction complex by deubiquitinating and stabilizing AXIN1 and AXIN2.

USP35 USP35 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 14715245

USP36 USP36 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP36 may play a role in the maintenance of stem 22622177
cells and regulation of cellular differentiation.

USP37 FZR1/CDH1 USP37 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP37 antagonizes the anaphase-promoting 21596315
complex (APC/C) during G1/S transition by mediating deubiquitination of cyclin A (CCNA1 and CCNA2), thereby promoting S phase entry.

USP38 USP38 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP38 is expressed in skeletal muscle and adrenal 19615732
gland.

USP39 USP39 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP39 may play a role in mRNA splicing as a 11350945
competitor of ubiquitin C-terminal hydrolases (UCHs).

USP40 USP40 may be a nonprotease homologue of the ubiquitin-specific processing protease (USP/USB) superfamily. 16917932

USP41 USP41 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 14715245

USP42 USP42 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP42 may play a role in spermatogenesis. 14715245

USP43 USP43 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 14715245

USP44 Cdc20 USP44 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP44 regulates the cell cycle by deubiquitination of 17443180
CDC20, leading to stabilization of the MAD2L1-CDC20-APC/C ternary complex and avoidance of premature anaphase entry.

USP45 USP45 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 14715245

USP46 GAD1/GAD67 USP46 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP46 requires interaction with WDR48 for high 19075014
deubiquitinase activity. USP46 may act by mediating the deubiquitination of GAD1/GAD67.

USP47 POLB, CDC25A USP47 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP47 regulates base excision repair by deubiquiti- 19966869
nating monoubiguitinated DNA polymerase B (POLB). USP47 may also regulate cell growth and survival by targeting CDC25A.

USP48 TRAF2, RELA USP48 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP48 may be involved in the regulation of NF-kB 16214042
activation by the TNF receptor superfamily via its interactions with RelA and TRAF2.

USP49 USP49 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 14715245

USP50 USP50 is a nonprotease homologue of the ubiquitin-specific processing protease (USP/USB) superfamily. 14715245

USP51 USP51 is @ member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. 14715245

USP52 PAN3 USP52 is a member of the ubiquitin-specific processing protease (USP/USB) deubiquitinase superfamily. USP52 is a member of the Pan nuclease complex, 14583602, 16284618
which regulates mRNA stability.

USP53 USP53 is a nonprotease homologue of the ubiquitin-specific processing protease (USP/USB) superfamily. 14715245

USP54 USP54 is a nonprotease homologue of the ubiquitin-specific processing protease (USP/USB) superfamily. 14715245

USPL1 USPL1 is a nonprotease homologue of the ubiquitin-specific processing protease (USP/USB) superfamily.

USPL2/CYLD  NF-kB, HDAC6 CYLD deubiquitinase regulates inflammation and cell proliferation by down regulating NF-«B signaling through removal of ubiquitin chains from several NF-kB 12917689, 12917690

pathway proteins. CYLD is a negative regulator of proximal events in Wnt/B-catenin signaling and is a critical regulator of natural killer T cell development.

VCPIP1 VCP VCPIP1 (valosin containing protein p97/p47 complex-interacting protein) is a member of the deubiquitinating enzyme ovarian tumor domain (OTU) superfam- 15037600
ily. VCPIP1 is necessary for VCP-mediated reassembly of Golgi stacks after mitosis.
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