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Abstract Dynamic cross-talk between PI3-kinase/Akt and Ras/ERK pathways

Cell survival (PI3K/Akt) and mitogenic (Ras/ERK) signaling cascades rarely act as independent parallel pathways, rather they interact at different points = = = mg = m B

and phases of signal propagation, generating positive and negative feedback loops. We explored the patterns of cross-talk between PI3K and ERK in EG F pt g I g th t ff t d g t ty t m I I
various normal and cancer cells that were pretreated with wortmannin or U0126 inhibitors prior to stimulation with increasing EGF doses. Time-courses I n rece O r SI n a I n a Ca n a ec ru Se n SI IVI I n u O r ce S
of total and phosphorylated ERK or Akt expression were detected by Multistrip Western blotting, a novel procedure used for concurrent comparison of

signals derived from multiple blots. Quantitative analysis of immunoblots showed that PI3K enhanced and sustained ERK responses, whereas activated

ERK suppressed PI3K activity in time- and EGF dose-dependent manner. The differential extent of such bidirectional reciprocal cros,s-talk could be attri- Ed ita Aksa m itie n e g An atO Iy Kiyatki n y J a n B H Oe k

buted to diverse recruitment mechanisms of GAB family adaptor proteins, as suggested by immunoblot analyses of subcellular fractions and immuno-

precipitates. Dynamic PI3K-ERK interactions also persist in tumors, making the activation patterns robust to individual perturbations, which can be linked Department Of Path0|09y, Anatomy & Ce” B'OlOgy, ThOmaS JefferSOn Un|VerS|ty, Ph'ladelph|a, Penn8y|Vanla 1 91 07

to differentdrug sensitivity profiles. Nonetheless, combined inhibition of PI3K and ERK activities synergistically decreased tumor cell viability and growth,
as measured by AlamarBlue assay.
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The epidermal growth factor receptor (EGFR) belongs to ErbB family of receptor tyrosine ’ : ZONE @ Gel loading strategy #1 ' D85 === P-ERK
kinases. Upon binding to cognate EGF family of peptides, the autophosphorylated tyrosine 100 @ | em': emem Ras  1p: Gabl- - | SHP2 — w—— | P-Akt

residues on the C-terminal domain of dimerized receptor and the tyrosine phosphorylated L )

. . . . 75 @
receptor-substrates create the docking sites for Src homology 2 (SH2) domains-containing : =T Akt1/2/3 migration ZONE®
enzymes and adaptor/docking proteins without catalytic activity, but with multiple motifs to 51)2)B3)4)B5)B6 5788 B9 74)B4)C4) A5 B5) C5 A6 B6 6 50 G
mediate protein-protein and protein-lipid interactions. By assembling different combinations ERK1/2 migration ZONE ®
of signaling molecules and by anchoring enzymes to the subcellular structures, where their 37 e
protein or lipid substrates reside, docking proteins can direct a signal to different pathways ) W 25

and fine-tune cellular responses [1, 2]. 1) c2)c3) cacs) s c7) 8 [cs) a7)87)c7) a8 B8 c8[as) B9 c9) 20 e ®

. . . 1 % ]
EGF-evoked signals are generally transmitted to the Raf/MEK/ERK (also known as mitogen Gel C Gel C 13:\ ® | WT-treated (C) ©

activated protein kinase (MAPK)) cascade through the GTPase Ras and Src family tyrosine _ L _ _ . _ _
kinases that also facilitate the activation of class | phosphoinositide 3-kinases (PI3K). PI3K Fig. 1. Multistrip Western blotting (MSWB) is a modified immunoblotting procedure based on simultaneous electro-

phosphorylates phosphatidylinositol lipids to generate Ptdins(3,4,5)Ps, which is recognized phoretic transfer of proteins from multiple strips of polyacrylamide gels to single membrane sheet. In comparison with
by pleckstrin homology (PH) domains of various proteins includ,in,g thé downstream effector a conventional technique, MSWB can increase data output per single blotting cycle up to ten fold, enables concurrent
serine/threonine kinase Akt. The translocation of ERK AI,<t and their substrates into the cell viewing of multiple protein bands, comparison of kinetic curves, detection of up to nine different antigens from a same

nucleus leads to the expression of specific sets of genes that determine relevant biological loading of sample, and substantially improves data accuracy by reducing immunoblotting-derived signal errors [10, 11].

responses to extracellular cues: namely, cell division, proliferation, differentiation, adhesion

or migration, cytoskeletal rearrangements, changes in metabolism, DNA repair, survival or ' ' | | | | | ' ' | | | | | 5. Our data suggest, that upon treatment with MEK/ERK inhibitory

death (apoptosis). Signaling through the EGFR so governs critical physiological processes _ _ Results —e—20 nM EGF _ Time (min) 1(')l'im::minzo ® agents, higher EGF doses may increase the survival of those cells,

Including cell-cycle progression, development, wound healing and oncogenesis |1, 3, 4, 5]. | —e—10 nM EGF —e—1nM EGF | —e—1nM EGF —o—20 nM EGF + Gab1 siRNA e which provide relatively stronger negative feedbacks from ERK to
other substrates

. . . . . . —-+—-10 nM EGF+WT —-+—-1nM EGF+WT —-—-1nM EGF+WT —-+—-0.05 nM EGF
Abnormal expression and activity of EGFR and signaling components of mitogenic and pro- | PI3K.

—o—0.1 nM EGF —0—0.01 nM EGF —0—0.01nM EGF —-0—-0.05 nM EGF + Gab1 siRNA
survival signaling pathways is common in different solid tumors [6] that display distinct drug Fig. 4. EGF-induced recruitment of the PH domain-containing docking protein GAB1 from 6. Simultaneous targeting of MEK/ERK and PI3K/Akt pathways is
1\\\4 the cytosol to the inner surface of the plasma membrane (A, left panel), GAB1 tyrosine phos- rl GAB]-'_l particularly efficient in suppressing pancreatic tumor cell growth.
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1. PI3K activation potentiates EGF-induced ERK phosphorylation,
whereas enforced activation of ERK downregulates PI3K activity
In time-dependent manner.
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4. Our findings indicate that docking protein GAB1 is an important
node coupling cell survival and mitogenic signaling patwhays. Its
contribution to ERK activationis most pronounced at physiologicaly
low EGF doses, when GAB1 membrane targeting mainly depends
on PI3K activity, and signal flow through the canonical EGFR/SHC/
Grb2/SOS route is relatively weak.
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sensitivity profiles. Depending on cellular context, these pathways can either stay individual
phorylation and its interaction with the p85 regulatory subunit of PI3K, the protein tyrosine

and signal in parallel or may start to interact (cross-talk) with each other in a positive and/or | | o
phosphatase SHP2 and adaptor protein Grb2 (A, right panel), correlate with the increase in /. Suppression of endogenous GAB1 levels by siRNA significantly

negative manner at different stages of signal propagation [7]. An activation of anti-apoptotic — — | _ | >3
and cell-cycle genes after repeated drug exposure contributes to chemoresistance, which is phosphorylation levels of pP90RSK and GSK3, the primary substrates of ERK and Akt kinases. increases the cytotoxic effects of antitumor drug 5-fluorouracil in

a major cause of treatment failure as well as poor prognosis in various human malignancies . | | . . . . - : | | . o | B. Silencing of GAB1 gene expression by small interfering RNA attenuates EGF-induced phosphorylation of Akt PLS pancreatic adenocarcinoma cells.
18]. It is relevant to explore alternative therapeutic approaches to overcome drug resistance. ' 1'0 2'0 3'0 4'0 | | O 10 20 30 40 50 60 and ERK. C. GAB1 is a target of PI3K-mediated positive (upper panel) and ERK-mediated negative (bottom panel)

. . Time (min) Time (min) Time (min) feedback loops in EGF signaling of most epithelial cells (HEK293 cells shown here). However, depending on cell type
Resea I'Ch ObjeCtlveS EPPP— "« 1 "M EGF and kind of the ligand (e.g. EGF vs. HGF or 1I-6), the properties of these feedbacks may vary dramatically.

We sought to evaluate the cross-talk between PI3K/Akt and Ras/MAPK signaling pathways 1 — ¢~ 10 nM EGF +U0126 —-=+—-1nMEGF +U0126 A. B. _ C.
upon acute exposure to increasing EGF doses, and to determine the efficacy of single and _@_-gjl ﬂm EgLuom ' _;*__8:81 ﬂm EgE+UO126 WT - + I + :II_- + :II_- : EGF (nM) WT - - + - + IBY. WT + Refe rences
combined inhibition of these signaling pathways in a panel of EGF-responsive cancer cells. P
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IP:Gabl-| s e es e em Gabl . Csiszar A. Structu uncti iversity ins involved i
s D s D G GED G v | | 20 T b-ERK TCL | [ v s | Grb 2 tyrosine kinase signalling. BioEssays 28: 465-479 (2006).

Materlals and MEthOds - 1 | | . | | | . | . . . . . Cyt | oms s oo e o - — TCL Grb2 B — T 3.. KatzMgt aI: Regulatiqn of MAPKS by growth factors and receptor tyrosine
Cell lines: normal epithelial kidney (HEK293), mammary (MCF10A) and cancerous breast 10 15 20 25 30 20 30 40 0| 1| 3 | 6 |0 10 20 [0.05 | y _ kinases. Biochimica et Biophysica Acta 1773: 1161-1176 (2007).

(MCF7, T47D, BT474), pancreatic (PL5, Capan-2), epidermoid (A431), bladder (T24), lung Time (min) E Time (min) Time (min) Time, min EGF (nM), 5 min 20 nM EGF, 5 min 4. Roymans D, Slegers H. Phosphatidylinositol 3-kinases in tumor progression.

(A549) cells. Stimulation: serum-starved cells were preincubated with MEK inhibitor U0126 o 1 — . . . . . L . Eur. J. Biochem. 268: 487-493 (2001)
(5 uM) or PI3K inhibitor wortmannin (WT, 100 nM) for 30 min before addition of varying EGF IB: p-ERK EGf (nM) | o 18 m ESL U0126 .. 18 ﬂm Eg; + U0126 Fig. 5. A. At higher EGF dose, PI3K activity becomes only partially required to initiate GAB1 translocation, and 5. Holbro T, Hynes NE. ErbB receptors: directing key signaling networks

doses for indicated time intervals. Immunoprecipitation (IP) and Ras-GTP assay: typically 2 . SO MECE oizs o USTMEGE vizs| [ and its binding to Grb2 and SHP2 protsins are less afiectod by PISK inhibition at higher EGF dose. C. SIRNA- [ ["28"outie. Annu. Rou. Prmecal Toxicol 4 195-217 (2004).
4 min cells were lysed [9] and total cell lysates (TCL) were incubated with 5 ug of indicated : o ' 9 P y 9 L 6. Normanno N et al. Epidermal growth factor receptor (EGFR) signaling in

1° antibody (Ab) in the presence of protein A/G-agarose or with 30 ul of Ras-RBD beads for i\ mediated downregulation of Grb2 endogenous levels reduces PI3K-independent phosphorylation of GAB1. cancer. Gene 366: 2-16 (2006).

4 h at 4°C. The proteins from IP buffer and phosphate buffer saline-washed (2x/each) beads
were released at 95°C in 4x LDS sample buffer. Subcellular fractionation: the isolation of
soluble (Cyt) and particulate (Mem) fractions was carried out in digitonin-permeabilized cells
(150 ug/ml, 10 min) [9]. Electrophoresis: proteins were resolved by LDS-PAGE at 140V on , | | | |
4-12% gradient Bis-Tris gels (Invitrogen) followed by transfer onto nitrocellulose membrane 9_" PI3K h—_" ERK ‘l— e 10 20 30 40

by conventional or Multistrip Western blotting (Fig.1) at 30V for 90 min. The membranes Time (min) Time (min)

were kept in 4% bovine serum albumin blocking buffer for 1 h, incubated with primary Ab to Fig. 2. Effects of PI3K inhibitor wortmannin (WT) and MEK inhibitor U0126 on the time-courses of ERK or Akt

phosphorylated or non-phosphorylated protein forms overnight, washed and treated with an activation at increasing EGF doses in MCF7 (A), A431 (B), T47D (C), MCF10A (D), Capan-2 (E) and PL5 (F) cells.
appropriate 2°Ab for 1 h followed by final wash. Blocking, Ab dilution and washing solutions

-
o

p-Akt/Akt (AU)

p-Akt/Akt (AU)

p-Akt/Akt (AU)
N

N
o

N

N

o

N

-
o

N
L O
o

+-§p

- -
o 00 O N
o O O O

o

o

N
p-Akt/Akt (AU)

MCE7 cells A431 cells 120 7. Hanahan D, Weinberg RA. The Hallmarks of Capcer. CeI.I .190: 57-70 (2000).
BPL5 8. Janne PA, Gray N, Settleman J: Factors underlying sensitivity of cancers to

100 B Capan-2 " small molecule kinase inhibitors. Nat Rev Drug Discov (2009).

OT47D i _ o , , , ,
3 A431 9. Borisov N, Aksamitiene E et al. Systems-level interactions between insulin-
BMCF7 . EGF networks amplify mitogenic signaling. Mol Syst Biol. 5: 256 (2009).
; 10. Kiyatkin A, Aksamitiene E: Multistrip western blotting to increase quantitative
| data output. Methods Mol Biol, 536: 149-161 (2009).
\ 11. Aksamitiene E, Hoek JB et al. Multi-strip Western blotting to increase

quantitative data output. Electrophoresis 28(18): 3163-73 (2007).
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contained Tris-buffered saline with 0.5% Triton X-100. Chemiluminescent signals of bands WT + -+ -+ -+ + 1B WT + - + + IB: w1 1B
— S — ——— p-ERK —— EGFR , p-ERK

were detected by ECL and quantified using KODAK Image Station 440CF software. Kinetic BT474 - | 0 S M UG126 25.M LY294002  UOT26+  Additive value 2.5 M AKLVII UO126 + AKLVIN Additive value
curves and charts were plotted in SigmaPlot. Proliferation and viability of cells cultured in B e e e e s | p-MEK ——— Grb2 ERK , , , , , L Y294002 -

S S— G - 5 10 15 20

EGF-supplemented serum-free medium in the presence of U0126, PI3K inhibitor LY249002 e s gy o —— |p-C-Raf  IP:SHC- SHC _ERK %5 Fig. 7. Viability of cancer cell lines at 48 h after treatment with U0126,

or their combination were assessed after 48 h by AlamarBlue oxidation-reduction indicator — T ome - _ a:.-g i _ P U0126 dose (uM) PI3K inhibitor LY249002, Akt inhibitor Akt-VIll and their combinations. Acknowledgements
assay (BD Biosciences), based on conversion of blue non-fluorescent dye resazurin to pink P L EGFR || - ERK SiRNA 72 h This research was supported by NIH Grant #GM059570. E. A.
highly fluorescent resorufin by mitochondrial enzymes. Fluorescence was measured in octu- e T P T P-GSK3 :; ~___|SHC <o - |p-ERK _ — Regression ' 199 NT + '_|_ NT IB: would like to express her gratitude to the American Society of
plets using microplate reader (BioTek) at wavelength set of 530Ex/590Em. Gene silencing: L —————— b-SHC _ _:___ Grh2 ERK Pp——— YY1 Biochemistry and Mole_cular Biology for the sqpport In the form
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plates. 6 h later the medium was supplemented with 10% FBS and antibiotics. At 72 h after e e emees|Grb2 WT + - + - IB: -ERK e s s woe| GAPDH

transfection serum-starved cells were stimulated with indicated EGF doses. Alternatively, at [0]/002]0.2] 2 | 20 |0 IP:Ras-GTP| ==-— |Ras ’ -+ - + Other Info rmatlon

48 h after transfection, cells were treated with 5-fluorouracil (5-FU) (Sigma) in the presence EGF (nM), 5 min | (o IPFS—— . 1 o oil 1] | . . . . . ———————— 5-FU (10 uM) MAILING ADDRESS:

of 0.5% FBS for 24 h prior to quantitative evaluation of cell viability and drug cytotoxicity by - + + - 0/|001/01] 1 | 10 |O 0 5 10 15 20 25 02505 1 2 5 10 25 50 100 200 400 . —

using fluorimetric AlamarBlue or colorimetric LDH release (Cayman Chemicals) assays. * 0.2 nM EGF, 2 min EGF (nM), 5 min LY249002 dose (uM) S-Fluorouracil dose (uM) g;: EB'ATTAO/T‘_&Q:\(AEEE%? r Erd giﬁﬁ?ggﬁgﬁ_c@é;ﬁerson'edu
Statistics: values expressed as arbitrary units (AU) represent a mean £ SD of three signal Fig. 3. PI3K inhibition does not affect the phosphorylation levels of EGFR, docking protein Fig. 6. High EGF dose increases PI3K @ and # 5-FU _ Dr. JAN B HOEK Anatoly.Kiyatkin@jefferson.edu
measurements from at least three independent trials. Initial signal values were normalized Ras | SHC (left panel) and their binding to adaptor protein Grb2 (upper middle panel), but reduces wild-type A431, but not PI3K mutant = and © 5-FU+GABT SIRNA THOMAS JEFFERSON UNIVERSITY Work phone: (215) 503-4794
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activation fold over the basal levels. Student’s t-test was used to determine the significant MCF10A cells. Unlike in these and other cells that harbor wild-type Ras, WT fails to suppress MEK and PI3K inhibitors. RFI, relative at 24 h after cell treatment with IC20, IC30 and IC50 value doses of 5-FU 1020 LOCUST STREET xwork plore GD) ol
differences (when p<0.05) between each experimental group. PI3K I_‘ ERK ‘

ERK phosphorylation in A549, PL5 and T24 (right panel) cells with activating Ras mutations. fluorescence units. antimetabolite in GAB1 siRNA-transfected PL5 adenocarcinoma cells. PHILADELPHIA, PA 19107 \ IRANEROU
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