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Constitutive activation of the extracellular signal-regulated kinase (ERK) and/or phosphatidylinositol-3 kinase
(PI3K) /Akt signaling pathways is associated with neoplastic transformation of a variety of human tumor cells. Treat-
ment of such tumor cells with agents that specifically inhibit the activity of mitogen-activated protein kinase/ERK kinase
(MEK) or PI3K completely suppresses their proliferation. However, treatment of cells with these inhibitors leads to
only a modest increase in apoptotic cell death. Efficient induction of apoptosis is essential for the development of effec-
tive cancer chemotherapy. Therefore, we have examined whether specific blockade of these two signaling pathways
affects the efficacy of the induction of apoptosis by various anti-cancer agents in tumor cells. We found that MEK inhibi-
tors markedly enhance the efficacy of histone deacetylase inhibitors to induce the generation of reactive oxygen species
and apoptosis. This effect was only observed in tumor cells in which the ERK pathway was constitutively activated. Fur-
thermore, we found that PI3K inhibitors selectively and markedly enhanced the efficacy of the induction of apoptosis by
doxorubicin. This latter effect was only detected in tumor cells in which the PI3K/Akt pathway was constitutively acti-
vated and in which the p53 pathway was functional. These combination treatments provide an efficient chemotherapeu-
tic strategy for the treatment of tumor cells in which the ERK pathway or PI3K/Akt pathway is constitutively activated.
This review gives an overview of the development of new targeted molecular strategies for cancer therapy based on the
suppression of the activity of oncogenic pathways involved in the proliferation or survival of tumor cells.

Key words——extracellular signal-regulated kinase; phosphatidylinositol-3 kinase; Akt; histone deacetylase inhibitor;
molecular-targeted cancer therapy
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Fig. 1. Targeting Oncogenic Signaling Pathways in Cancer Therapy
Constitutive activation of ERK and/or PI3K/Akt pathways in different tumors has been reported.
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Fig. 2. MEK Inhibitor PD184352 Enhances the Efficacy of HDAC Inhibitors to Induce the Cell Death in HT-29 Cells

(A) (B) HT-29 cells were treated with the indicated concentration of HC-toxin in the absence or presence of 10 um PD184352 for 48 h. Cells stained with
propidium iodide were analyzed by flow cytometry. Proportions of dead cells with fractional DNA content (cells in sub-G1 phase) are shown. (C) HT-29 cells were
mock-treated (control) or treated with 10 um PD184352 (PD), 0.1 um HC-toxin (HC) or PD184352 and HC-toxin in combination (HC+PD) for the indicated
periods of time. Proportions of dead cells with fractional DNA content (cells in sub-G1 phase) are shown. (D) HT-29 cells were treated with the indicated concen-
tration of various HDAC inhibitors in the absence (—) or presence of 20 um U0126 (+U0126) or 10 um PD184352 (+PD184352) for 48 h. Proportions of dead
cells with fractional DNA content (cells in sub-G1 phase) are shown. Data are mean +S.D. of three separate experiments, each performed in duplicate.
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(Fig. 2(D)).

3. ERK REROEEHIEHIENRO LN D EM
RICHENCHAONDHAIR

KT, MEK fHZEH] & HDAC FHEHR & O Bt A%
KNBENZEMPFEREITDOVWTREL .
ERK BRI DOIEMEALL NV, EHEETHD Y
{t. ERK % western blot iZ &k > T T2 Z & TH
HHJETH S, Figure 3(A) DL S, ERK DY >
e (WEMEM) L XILb2avE WiEM A (HT-29,
WiDr, A431, PC-9) IZBWTOHHAZNENED
53, U 2Es{k ERK O # H & 378 W
(Col0320, PC3) IZDWTIEBHHIC X B MliusEssE
mERIT < i nianoz (Fig. 3(B)). %

7z, B ME® 2 f5RME (TIG3) i2xLTH, ff
FENRITERD s e - 7z,

T 51T, PEHAZIEEE T O 5 N2 EMIED
ERK ##& OEHEWEMEE, RO 7 FIVg+
Td % EGFRY % B-Raf¥ [Z DWW T D5 T HIE®
EWRARIGERT 525D THo 2. KiT, AOFH
R DOFEET DM R %D 1 DTdHh % B-Raf
DIEMRIZE 1L, [B-Raf £ 8 & MEK [ #E %%
HIIIAHBEIMEN D 5 EOWMEI EB—HL TV 5,

4. TRM-ZAFERF L L TOFEMEESR

PERALERIC & > THAE I NAMAEIC DWW T DR
W% 47> 7z. Figure 4(A) ® X 512, HT-29 fifgic
%t L T, PD184352 & HC-toxin & O HfFHAULEE (24 Ky
M) #2175 2 &Ic&>TDH, caspase-8, caspase-
9, caspase-3, M Uf PARP (caspase-3 DEE) DY)
Wit S, caspase R DIE ALY M HER S N
7. Lo T, PRFRAMICZE > THESI NS
X7 R = ATHDHIENHHALZ. 51T,
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Fig. 3. Enhanced Cell Death Induced by the Combination of
PD184352 and HC-toxin is Observed in a Cell Type-specific
Manner

(A) Tumor cells were mock-treated or treated with 10 um PD184352 for

2 h. Cell lysates were resolved by SDS-PAGE, followed by immunoblot anal-

ysis using anti-phospho-ERK1/2 or anti-ERK1/2 antibody. (B) All cells

used were mock-treated (Control) or treated with 10 um PD184352 (PD),

0.1 um HC-toxin (HC) or PD184352 and HC-toxin in combination (PD-+

HC) for 48 h. Proportions of dead cells with fractional DNA content (cells

in sub-G1 phase) are shown. Data are mean+S.D. of three separate experi-

ments, each performed in duplicate. HT-29, WiDr, A431 and PC-9 cells are
those exhibiting constitutive activation of the ERK pathway as the conse-
quence of activation mutation of B-Raf (V600E), overexpression of EGFR

(gene amplification) or activation mutation of EGFR (E746-A750 deletion) ,

respectively.

caspase @ general inhibitor Td % Z-VAD iRINIC &
o C, PFAERAINLIE 24 FeRT O MIESEIT IFIT 564
12, 48 TR ic ikl x 7z (Fig. 4(B)).
L7> T, 48 RFfEILARE OMIMSEIZ DN TIE, *
JO—TAREDFEHEZ SN

RIZ, VIR =2 ZFHEDANZ L LITDONTHR
#L7-. HDAC [HEHSIC L 2 MG EEEL, &
MEEZ (reactive oxygen species: ROS) 12 > Tt
NEINDEOHEINHO, REFABHREICHES
LTWaBAEENEZ SNz, ROS DMELE
ROS &= M# N7 0—~7 (CMH,DCFDA) 1Z&-
TH~X7z. Figure 4(CO)IZAHNS X DI, HT-29
HMRICx LT, PDI184352 & HC-toxin & O ff FI AL
(24 Bf) 2352 &Ik TOH, HER
ROS DREENEO SN, —F, ROSAHXR Y
¥ —Td 5 N-acetyl cysteine (NAC) ZHRMNT 5

EIZEo T, BEHAEICK DB SN/ ROS 135
2ITHEINL.
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HbE—INHIZT T N U YST 2 HillE o E
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50 f5IRE TdH S 5 uM HC-toxin HAMALIIZ K> T
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W X 7= (Figs. 4(B), (F)).
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HHSMNZ L= 10
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LTTL—F0&%E % T 5iEMGER T, PTEN
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HEEETTHENE LS. B2, PBK O NS T THD
Akt1, 7R b= ABESTOU P E{bEmEL T
ZOERZIHIL, EHEANEBIZENS, 207
N —=2 ZMHS 7 FIW BiREEN B A - A
B ORINMER I21Z, PBKHEATH %
LY294002 7 W /=,

9, Fig. S(A)ITRTLIIZ, HHERTHDY
> BE{t Akt % western blot TfEIFT A Z &I12&LD,
PI3K/Akt %% O 18 % BI1E (b D & 5 3 5 il fd B
(A172, T98G, T24, LNCaP) &, {EME(kL )L DI
Wi (WiDr, ACHN) /¥ L /~=. £I T,
LY294002 12 & % &Ml #E D HEARE IC K 9 5 & %
FT= &2 A, PI3K/Akt #2588 OHH IS ML D A&
5N 5 Ml IEHEE T O A REAK ARSI 2 R &
N7 (Fig. 5(B)). LAL, 30 PI3K [HEHH
MOETIE, SHEFLSMEAEICIEST, ok
Al DA ZRAD I EITL .

DERSEARE DD, BEFOFIEFOH T Akt
EMEEEK T IR ERTEANCERHLEZ. 20
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Fig. 4. Enhanced Apoptotic Cell Death Induced by the Combination of PD184352 and HC-toxin is Mediated by the ROS Generation

(A) HT-29 cells were mock-treated (control) or treated with 10 um PD184352 (PD), 0.1 um HC-toxin (HC) or PD184352 and HC-toxin in combination (HC
+PD) for 24 h. Cell lysates were subjected to immunoblot analysis using the indicated antibodies. Open arrowhead indicates the position of uncleaved form of
caspase-8, caspase-9 or PARP, whereas closed arrowheads indicated the position of their cleaved fragments. (B) HT-29 cells were treated with the combination of
10 um PD184352 and 0.1 um HC-toxin in the absence or presence of Z-VAD for the indicated periods of time. Proportions of dead cells with fractional DNA content
(cells in sub-G1 phase) are shown. (C) HT-29 cells were mock-treated (Control) or treated with 0.1 um HC-toxin [HC (0.1)], 5 um HC-toxin [HC (5.0)] or the
combination of 10 um PD184352 and 0.1 um HC-toxin [HC (0.1) +PD] for 24 h. Cells were labeled with a ROS-sensitive dye and analyzed by flow cytometry to de-
termine the percentage of cells displaying an increase in ROS generation as shown in (D). In some experiments, the cells were treated with the combination of 10 um
PD184352 and 0.1 um HC-toxin or 5 um HC-toxin in the presence of 15 mm NAC. (E) Generation of ROS in the cells was monitored as described above. (F) HT-29
cells were treated with the combination of 10 um PD184352 and 0.1 um HC-toxin or 5 um HC-toxin in the absence (—NAC) or presence of 15 mm NAC (+NAC)
for 48 h. Proportions of dead cells with fractional DNA content (cells in sub-G1 phase) are shown. Data are mean+S.D. of three separate experiments, each per-
formed in duplicate.
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Fig. 5. Blockade of the PI3K/Akt Pathway Selectively Enhances the DXR-induced Cell Death

(A) Cell lysates were resolved by SDS-PAGE, followed by immunoblot analysis using anti-phospho-Akt, anti-Akt, or anti-8-actin (loading control) antibody.
(B) ACHN or LNCaP cells were mock-treated (Control) or treated with 3 or 10 um LY294002 for the indicated periods of time. Viable cells were counted using a
hemocytometer. Inset; cell lysates were subjected to immunoblot analysis using anti-phospho-Akt or anti-Akt antibody. (C) A172 cells were mock-treated (Con-
trol) or treated with 10 um LY294002, 0.2 um DXR, 1 um TPT, LY294002 and DXR in combination, or LY294002 and TPT in combination for the indicated periods
of time. Cells stained with propidium iodide were analyzed by flow cytometry. (D) A-172 or LNCaP cells were mock-treated (Cont) or treated with the indicated
concentration of DXR, TPT, CDDP MMC or VP-16 in the absence (—LY) or presence (+LY) of 10 um LY294002 for 48 h. Proportions of dead cells with frac-
tional DNA content (cells in sub-G1 phase) are shown. Data are mean+S.D. of three separate experiments, each performed in duplicate.

ZOHETH% PARP UMk XN, xR
STHRB=AMBEINTNS ZENHS MM
-7~ (Fig. 6(A)).

X7z, DNA 5EMYIEHR TH 2 DXR 1E, p53
KEEOPEBIRENASNTH D, FEE, HER
BEFRN RN A 5N T A172 J U8 LNCaP #lifi i3 ps3
PFARBWEZEL TWE, 22T, EALEICXKS
WE R pS3 RRICIEH L T#NTY 5 &, Fig. 6(B)
WZHBENDEIIZ, D &d DXRAEICE ST
p33 DIEMILEZDY —5 w MERTTH S p2l1 &
Bax DRBMNFHINTND Z EAMHBAL 7=, —7,
pS3 AR TH % b MR IE Atk TI8G T,
DXR LT &> TZ D& D75 p53 R OIEMEIIE
oY AWAN oY

I 51T, AHHEDOA SN D REMLR: R % 5
HIICH~NS &, DXR & LY294002 & DfFHIZ L -
THHE I N2 ML RIL, PTEN RIBITEK
- T PI3K/Akt f#& D HEBNE LD 5,

D p53 NEAETITH ML (A172, LNCaP iffifid)
ICDOHFERNITHOENDBLETH D I ENHSNIC
725 7= (Fig. 6(C)).

7. GHRADERRRICE PBK BROEEHEME(L
DIFMC pS3 RBHEE

DXR & LY294002 & @ Of IR FEBLIT p53 &
DIEHALDN KB THEMNE S N EHRT D7D,
SIRNAJEIC L B p53 /v I I T KB EEER
L.

Figure 7(A) IZHA BN B L DI, 2HEEHD p53 1
%95 siRNA ZH N5 I ET, Wihtd DXR 4L
HIZ X5 p53 DI L & p21 FHFE 2RI
KT D ENTER, £, pS3 &/ v ITT
L7288, DERALERIC X 2 Mifaseas digsash i, 13
EaREBIMFIINTWS Z E00 >/ (Fig. 7
(B)). =51z, PHHEAOREMEICEAL TIE, W
< D7D DNA SEEGIEAIDO S B, DXR DA T
p33 DIEMLMEEE RO SN TS Z ENH S M
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Fig. 6. Enhanced Apoptotic Cell Death Induced by the Combination of LY294002 and DXR is Observed in a Cell Type-specific Man-

ner

(A) A172 or LNCaP cells were treated with 10 um LY294002, 0.2 um DXR or LY294002 and DXR in combination for the indicated periods of time. Cell lysates
were subjected to immunoblot analysis with anti-activated-caspase-3, anti-PARP, or anti-g-actin (loading control) antibody. Open arrowheads indicate the activat-
ed fragments of caspase-3 or cleaved species of PARP. (B) A172, LNCaP or T98G cells were treated with 10 um LY294002, 0.2 um DXR or LY294002 and DXR in
combination for the indicated periods of time. Cell lysates were subjected to immunoblot analysis with anti-p53, anti-p21€ir!, anti-Bax or anti-g-actin (loading con-
trol) antibody. (C) All cells were treated with 10 um LY294002, 0.2 um DXR or LY294002 and DXR in combination for the indicated periods of time. Proportions
of dead cells with fractional DNA content (cells in sub-G1 phase) are shown. Data are mean=+S.D. of three separate experiments, each performed in duplicate.

278> 7= (Fig. 7(C)). LEDZ &S, p53 fEi&
DIGFHEALDIAR DN RFEBICHETH S T & AEEH
N7z,

BT, TOHHAEIC X B MIfasERED X =
ALD I DNWTIRAN D, PI3K #% I H b 55 & ff
T 28GR E DORIT, Akt OiY S ELICIEE L
727, A172 fifaic Rt U T, DXR B TY >
&1t Akt 23 X8, Z3IE LY294002 % fHf Fi 9
52 EITEHT, anitm<<HFEINTW (Fig.
7(D)). TZT, DXRiEDHIEAINMBENE =
S REEFIERZE, ZLTEI I RIZAKtOD
iy >tz E L, 7R —AZRETD &
MHILENTVNDED ZENhS, NS OBRK{EENT
% second messenger & L T, fMilEANtE T I RigHE
HU7. %, #ilEEEEOANTEI IR (C
ceramide) % A172 flll@ICiRINT 3 &, BEBEKEEDN
72 Akt DY gk SR sEN A E S Nz (Fig. 7

(E)). ZOtT 2 RENLZMEEHERD A H=
ZLIZDNWT O, BEETHTH 5.

DL E#813, PI3K/Akt #2318 % TG L AT3E
D5, MO pS3HAREET @M L T
1%, PBBK JHZEH| & DXR & OfLE LSO TH
MTHBHIEEHSMNTILRE. O

8. BHYIC

FEMIILIC BT % ERK #2#% & PI3K/Akt fFE &
D ZRRREE DIEH S &2 Dl g & L -
FEIBBEDUEEIEIC DWW TR R=. £/, AR TE
A X 7= pE AR LSS, bitbid MEK [H
EZHX|% PI3K fHEH & VCR 2 EOMU/NEEAHE
A& OHAE DY DK DPHRIEDHERIERIC
DNWTHRHLTHD, REFERI EIIEEENE
{LRREE DIEWHITIMA T, MMOERZE T 2PUER %
HRTEHZEICE-T, ZORIBERZNERT S Z
EThdHESAS (Fig. 8). LLEDORLREIZ, 5%
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Fig. 7. Induction of Enhanced Apoptotic Cell Death by the Combination of LY294002 and DXR Requires Functional p53 Pathway

(A) A172 cells were transfected with p53 siRNA-A, p53 siRNA-B or the control non-targeting siRNA for 18 h and then were treated with 10 um LY294002, 0.2
um DXR or LY294002 and DXR in combination for the indicated periods of time. Cell lysates were subjected to immunoblot analysis with anti-p53, anti-p21¢! or
anti-g-actin (loading control) antibody. Proportions of dead cells with fractional DNA content (cells in sub-G1 phase) in cells treated as described above for 48 h
are shown in (B). Data are mean+S.D. of three separate experiments, each performed in duplicate. (C) A172 cells were treated with 10 um LY294002, 0.2 um
DXR, 1 um TPT, 30 um CDDP, 5 um MMC or 50 um VP-16 for 12 h. Cell lysates were subjected to immunoblot analysis with anti-p53 or anti-f-actin (loading con-
trol) antibody. (D) A172 cells were mock-treated (Ct) or treated with 10 um LY294002, 0.2 um DXR or LY294002 and DXR in combination for the indicated
periods of time. Cell lysates were subjected to immunoblot analysis using anti-phospho-Akt or anti-Akt antibody. (E) A172 cells were treated with the indicated
concentrations of C,-ceramide for 48 h. Proportions of dead cells with fractional DNA content (cells in sub-G1 phase) are shown. Inset; cell lysates were subjected

to immunoblot analysis using anti-phospho-Akt or anti-Akt antibody.
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Fig. 8. Efficient Strategies for the Treatment of Tumor Cells
in which the ERK and/or PI3K/Akt Signaling Pathways are
Constitutively Activated

In addition to specific blockade of the activated signaling pathways in
tumor cells, the combination of other types of agents such as HDAC inhibi-
tors is very important for efficient strategies to the treatment of these tumor
cells.

O IMADF—F—A—REE] EHbFI5X
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Rz Z2TEE £ btﬂ@?LEﬁ%@“ W0 K D R
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