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E1A R B GRREHEILE R LA RS R LIRS —EH
B RE R o

FOXO03a #7 E1A 2 2 /LR BYHEERABALE

EIA RARGHBRAT S FE LR EWAE > 4 H 3 ho E AL 8 438 5
A oo Blhofeib BB op £5 91L&k B 42 | palclitaxel » EI4 X R 454
¥ B B E4EA (Liaoetal,2007) - Bl AR X BREIE Y - £
# palclitaxel &) @5t Mk 4m B0 4k 42 & 30184 & 49 FOXO03a (Sunters et al.,
2003) » 7 & K AR B 302 5 FOXO3a #7 E1A 81 21t H 5 43 &1k A
TRARBE - AARRE T KRIOVA AT B &R E a8 RF FOXO3a #7 EIA
7 E » BB &4 NIH3T3 g4 S 4afe ¥ &% 3 FOX03a £ %4 E1A &
o AR A A BRI A B Ao (Figure 1A) - B E289% » & /14 A RNAI B4l
1# %3 FOXO3a F & H.(siFOX03a ) 3,32 E1A ¥84% 2 1t & #( palclitaxel )
3¢ 851 A 42 MDA-MB-231 %L éa i fo SKOV3-ipl 97 £ /& 4m B 12 45 2t
siFOXO3a tmfie 7 A A AR R £ 4 (Figure 1B) - K1 EA A &F B8 %
% siFOXO03a 9% 3. (Figure 1IC) - KMt Bt — S A BB N RE
FOXO3a #1 7 E1A 4 2 b B 1E R » sbB9 4048 A5 4t | 51 2t
i3 °%$%§Eﬁ= # E1A 3A#E 2 b %4 (palclitaxel) #9384 15 A & S
RMENRARBRR - SRETHA 23 i P 2R EIA A BAv 231 tmpadhsa )

A2 ] 85 A palclitaxel 758 0231 tmfe ¥ R 3 E1A A R a938 78 /s R R 224
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A 8T & (4 Figure 1D » 810.7£73.2mm’ (231/E1A > lane6) #v
1648.7+237.4mm’ (231/vc » lane2) tb#x ) B & &% » & K AIH A RNAI
HA74% 43 FOXO3a F & 8 » & 231/E1A fmfe ¥ T A 3L E1A iz 2
palclitaxel ¥ 455 A & & 53038 % & 4 (& Figure 1D>810.7+73.2mm’( lane6 )
#0 1855.1£135.8mm’ (lane8) tb#x - 4 Figure 1E ¥ » siFOX03a & 2 8 &)
231/E1A g %2> FOXO3a 89 & 7T fic € & s AZE BB Y o o AT AR —
18 4 3% & FOXO03a #7 E1A #Hix 2 bk £ 4 (palclitaxel ) &3¢ 545 A 38

¥FR¥ERHAL -

E1A B5 .k FOXO03a #% % G864 R

#4714 45 440 8 FOXO3a 6448 2 & #7% FOXO3a 8476 1478 & £ Hu
etal.,2004) - B LK1 E X F EIA 6950 4 f T 3834 FOXO3a 48 € & ©
FAME A 231/ve Fodk ¢ E1A 2] 231 s (231/E1A) R4F3t > 3 B R85
e T cycloheximide » H4&K K [5) B fu] 2R FELET de novo & & &k ° LN A AR
/N B14 » FOXO03a £ % #948 231/E1A tmfe @ 2 R RF& % » £ VM 1.5
BF 0 T EE3, FOXO03a ¥ R A D A% - (Figure 2A - & A &5 867k
5 # ) o TNF-a 38 69 FOXO3a ($#4E A (Huetal, 2004) 4 231/E1A %o
231/ve th#t4 A R BAGY F % (Figure2B) # R8T % E1A T & dHH L&

& 8§ 5 A% FOXO03a R 3% v FOX03a &3, °
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BTrCP % 1 E1A 3% ¥ FOXO3a th % 3,

A T 243t TNF-a 3 & 89 FOXO3a [ #24E A & %5 4 & Ub E3 ligase -
#11% 3, TNF-a 7% 1t IKK %848 1t FOXO03a 4 Serine 644 #94x E(Hu et al.,
2004) > ™ B4 Serine 644 &4 & K34 4 H — B F 5] 3Kk PTrCP Fri2 2 A 5148
Bl o 7% £ i BTrCP T4t 4 82 FOXO3a B2 - A ERLE ¥ > K2
#3t BTrCP & F 44t FOXO3a FEA24E A > AT A R APME A & & Bid ) B
MG132 4 %l hx 231/ve o 231/E1A 4afes2 > it BB %45 hABEf &Y B
E5E R A PTrCP & F €3k FOX03a 1A - & R8T i M 4 M4y FOXO03a #o
P e BTrCP T hEfE 231/ve mPe ¥ A X ZAE A > B3 ER A4 TNF-a
FRf it o A AR © HAVEEAL 231/E1A ¥ TNF-a 35463 BTrCP 4o
FOXO3a & 51k A& T e 3R & - (Figure 3A) - B3R, % K94 A4 Tag
#) HA-FOXO3a #o Myc-BTrCP — #e 4§ % %| HeLa 4 ja 32 » it B 4| A HA #o
Myc &) 4728 R # 3% - (Figure 3B ) - BTrCP &) F4 # & 3% (F-box ) 424 7 BTrCP
[ERRRE S > PTUARFIEEARE R (F-box) Mipkie (Myc-BTrCPAF) - %33
F &4 FOXO3a 4 A (Figure 3C) - sb4} £44.4] A RNAI # 4#51% 45 BTrCP
# & A(siBTrCP B th PTrCP ## FOXO03a & 1% & £ - Fl 8544 3 BTrCPI
Fo BTrCP2 3 Aoty FOXO3a & 3 & tb B — 3% 4 BTrCP1 % BTrCP2 & 247

(Figure 3D - lane4 #v 2,3 tb#% )  F] 8% sipTrCP € {¢ 43 BTrCP R & [§ 42
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FOXO3a (Figure 3E) - sbh > 2%k 3 E1A tafini2 5538, PTrCP R & 542
FOXO3a (Figure 3D ) » W& &K MBI &% > b4 X BT 4 BTrCPl1 Fo

BTrCP2 %41 7 FOXO3a i #24E M » @ E1A € 3p#] PTrCP % &2 FOXO3a-

E1A & &7 4] IKKB 3 & FOXO3a /£ 8 B &L 644 94 B A& {Lfo By ok
BTrCP 3% % FOXO03a [&#%

A 4018 BTrCP 324 AL b4 & & /B # Serine/Threonine i& — %8 > 3t B 4%
4% TNF-a ;&4 b IKK 354 8 1t FOXO03a 4& Serine644 #4941 ( Hu et al., 2004 ).
AHTERTE-R > KMARASHHTRE R FOX03a £8 K &3 IKKP 4
Hela gmB@%ii’%ﬁ’:‘ BTrCP % 3% BA &8¢ /v (Figure 4A) > sbsb > HAMF A&
B Abfr B4 £ 4% (GFP-FOX03a/S644E ) » # 37,3 wild type tb#kAe Rfo
BTrCP 4 B £ 3% (Figure 4B) - FOXO3a B 37T B.40 &4k Akt B EE LKA =
fBF E &4 B £ (Thr32,Ser253,Ser315 ) (Brunetetal.,1999) - gt » i 8k
Akt B84t th 4 B R €40 PTrCP 4 A (Figure 4B) -

#H9F A FOXO03a BEAk ( &4 5484 1L serine 644 9 & ) RE VAT H
Bt FOXO03a €3k PTICP &4 » & RE Tt At BRI RLRARELE

(Figure 4C )~ F — A & & T 432 IKKB & F 3R BTrCP &4 FOXO3a %

BB > P45 A 3+ Tag 89 HA-FOXO03a fv Myc-BTrCP —Ae st £ 3| A4

thk oy IKKB £ 8 EAs e (MEF) RGHRCHHNIKKBREABE -
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B % IKKB #% €47 & Rk > BTrCP #7 FOXO03a &4 694 /1 X BR H 5. - 8
& 8 IKKP A7 3842 695 8% /£ FOXO3a £ Ser644 44 & & BTrCP th 45 441 B o
# T 532 E1A # & FOXO3a #& & & 7T b5 .t FOXO03a #% IKKp #4841t
serine 644 #44 & » B g% PTrCP Ar##3d o &4 A 231/VC #v 231/E1A &
Pk 4m B R E 3 FOXO3a &85 1L 48 Serine 644 8443 & # % FOXO3a o BTrCP
B - AR 0 J£ 231ELA ¥ $47% 3R TNF-a 3 & FOXO3a & 81t/
Serine 644 #4541 B A B BA T 93 % (Figure 4E) o 3t5h » & 231/E1A & >
TNF-a 38 & FOXO3a # 7 BTrCP 444 & F ¥ # (Figure 4E) - £ 231/E1A
P48 4 & R IKKP o9 %88 i & T & B85 B4 /& FOXO03a 4t serine 644 ¢4 & »
B Ao FOXO3a ##> BTrCP % 3R # M %ttt (Figure 4F) - $45BA~ & E1A 3
# FOXO03a &8 1t 4= Serine 644 #941 B & 4 &3 TNF-o/IKKP Fi38iz > £ B &

o PTICP &6 H Rk 2/ -
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SUMMARY

Adenovirus type 5 E1A (E1A) induces sensitization to anticancer drug-induced
apoptosis in different human cancers, inclﬁding paclitaxel in breast and ovarian
cancers. We found that Forkhead box O-class (FOXO) transcription factor
FOXO03a is critical for E1 A-mediated chemosensitization to paclitaxel. Knocked
down FOXO3a expression dramatically abolished El1A-induced
chemosensitization of paclitaxel. E1A stabilized FOXO3a by preventing
ubiquitin-dependent proteolysis. The E3 ligase involved in stabilizing FOXO3a
is B-transducin repeat—containing proteins (BTrCP); BTrCP binding to FOXO3a
requires phosphorylation of FOXO3a at Ser644 by IKKPB. E1A reduces
BTrCP-mediated ubiquitination of FOXO3a by inhibiting IKKp activity. Further,
inhibited IKKP activity is due to E1 A-induced expression of PP2A, which binds
to transforming growth factor P-activated kinase 1 (TAK1), thus inhibiting
TAK1’s activation of IKK}.

SIGNIFICANCE

E14 gene therapy was tested in multiple clinical trials in breast, ovarian, and head
and neck cancers. E1A can sensitize paclitaxel-induced cell death and combined
paclitaxel chemotherapy and E1A gene therapy is currently tested in a clinical
‘trial for ovarian cancer patients. It has been shown that resistance to paclitaxel
occurs in cells expressing low level of FOXO3a. In this study, we found that E1IA
stabilizes FOXO03a which is required to sensitize paclitaxel-induced apoptosis.

The stabilization is achieved by ElA-induced expression of PP2A/C, which
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inhibits the binding of TAK1 to IKKp, therefore abolishing IKKfB’s function in
phosphorylating FOX0O3a and FOXO3a degradation. This result suggests that the
combination of E/A4 gene therapy and paclitaxel chemotherapy might be an
effective way to treat paclitaxel-resistant tumors. |

RESULTS
FOXO3a Is Critical for E1A-Mediated Chemosensitization

E14 gene therapy has been shown to induce chemosensitizations among different
chemotherapeutic agents, including paclitaxel in breast and ovarian cancers (Liao
et al., 2007). And it has been shown that resistance to paclitaxel occurs in cells
expressing low level of FOXO3a (Sunters et al., 2003). We therefore ask whether
FOXO3a may contribute to E1 A-mediated chemosensitization. To this end, we
examined the effects of E1A on FOXO3a expression in various types of cancer
cells and NIH3T3 fibroblasts and found that expression of FOXO3a was
significantly increased in E/A-transfected cells (Figure 1A). More importantly,
El1A-induced chemosensitization of paclitaxel was abolished by knocked down
FOXO3a expression using FOXO3a specific small interfering RNA (siFOX03a)
in MDA-MB-231 breast cancer cells as well as in SKOV3-ipl ovarian cancer
cells (Figure 1B). The expression of FOXO3a in siFOXO3a stable transfectants
were also analyzed by Western bolt assay (Figure 1C). We further investigated
the effects of FOXO3a on ElA-mediated chemosensitization in a xenograft
tumor model in which mice were injected orthotopically with stably transfected
cell clones. The results indicated that E1A induces the chemosensitization of
paclitaxel in vivo, in that the tumor volume in 231/E1A-bearing mice treated

with paclitaxel was significantly less than that in 231/vector-bearing mice
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treated with paclitaxel (810.7 + 73.2 mm’ versus 1648.7 + 237.4 mm’; Figure
1D, lane 6 versus lane 2). More importantly, E1 A-induced chemosensitization to
paclitaxel was abolished by knocked down FOXO3a expression by stable
expressing siFOX03a in 231/E1A cells (810.7 + 73.2 mm’ versus 1855.1 +
135.8 mm’; Figure 1D, lane 6 versus lane 8). Increased tumor volumes by
siFOXO3a treatment in 231/E1A correlated well with reduced FOXO3a
expression in the tumors (Figure 1E). We therefore concluded that FOXO3a is

required for the E1 A-mediated chemosensitization to paclitaxel.

E1A Prevents Ub-Dependent Proteolysis of FOXO3a

Posttranslational modification and regulation of FOXO3a protein stability are
critical for FOXO3a activity (Hu et al., 2004). Therefore, we attempted to
determine the stability of FOXO3a protein in response to E1A in breast cancer
cells. For this analysis, we treated control vector and E1A expression vector
stable transfectants (231/vector and 231/E1A) with cycloheximide for various
times to block de novo protein synthesis and found that the half-life of FOXO3a
protein was more than 7 hours for E1A-transfected cells but less than 1.5 hours
for control cells by western blot analysis (Figure 2A). TNFa-mediated FOXO3a
polyubiquitination (Hu et al., 2004) was significantly decreased in 231/E1A cells
compared with that in 231/vector cells (Figure 2B). These results suggest that
El1A increases FOXO3a protein expression by preventing Ub-dependent
proteolysis of FOXO3a.

BTrCP Is Involved in E1A-Induced FOXO3a Induction

In an attempt to search for the specific Ub E3 ligase responsible for
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TNFa-induced FOXO3a polyubiquitination, we noticed that TNFa-activated
IKK phosphorylates FOXO3a at Serine 644 (Hu et al., 2004) and the sequence
surround Ser644 share a story homology to the consensus recognition site for
BTrCP. Thus, we asked whether BTrCP was involved in FOXO3a protein
degradation. To this end, we first asked whether BTrCP physically interacted
with FOXO3a. We analyzed proteosome inhibitor MG132-treated 231/vector
and 231/E1A cell lysates by reciprocal co-immunoprecipitation (IP) followed by
immunoblotting (IB) using antibodies against FOXO3a and BTrCP. Our results
showed that endogenous FOXO3a was associated with endogenous BTrCP in
vivo in 231/vector cells and this interaction was stimulated by TNFa  treatment.
Interestingly, TNFa-induced binding between FOXO3a and BTrCP was
significantly reduced in E1A-expressing cells (Figure 3A). This phenomenon
was further confirmed by cotransfection of HA-FOXO3a with Myc-BTrCP into
HeLa cells and analyzed by anti-HA and anti-Myc antibodies (Figure 3B). The
F-box domain of BTrCP provides specificity by directly recruiting the substrate
to the rest of the ligase and, ultimately, to the Ub-conjugating enzyme. In

support of these notions, deletion of the F-box domain of PBTrCP
(Myc-BTrCPAF) cannot physically interact with FOXO3a (Figure 3C). In

addition, BTrCP was shown to be required for FOXO3a expression by using
siRNA of BTrCP. Cotransfection with sipTrCP1 and sifTrCP2 increased
FOXO3a expression more dramatically than did transfection with either one
alone in 231 vector cells, (Figure 3D, lane 4 versus lanes 2 and 3). Also,
knockdown of BTrCP abolished the association between FOXO3a and BTrCP
(Figure 3E). However, in El1A-expressing cells FOXO3a lost its ability to
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interact with BTrCP (Figure 3D). Taken together, these results suggest that both
BTrCP1 and PTrCP2 are involved in FOXO3a degradation. E1A inhibits
interaction of FOXO3a and BTrCP which may prevent from FOXO3a

degradation.

E1A Inhibits IKKp-Mediated FOXO3a Phosphorylation at Ser644 and
Prevents fTrCP-Induced FOXO3a Degradation

It is known that BTrCP preferentially recognizes phosphorylated
Serine/Threonine in the consensus recognition site, and TNFa-activated IKK
phosphorylates FOXO3a at Serine 644 (Hu et al., 2004). In supporting of this
notion, the interaction of FOXO3a with BTrCP in vivo was shown to be
enhanced by overexpression of IKKp in HeLa cells (Figure 4A). In addition, the
GFP-FOX03a/S644E, a phosphorylation mimic mutant, interacts with BTrCP
much stronger than that with GFP-FOXO3a/wild type (wt) (Figure 4B).
FOXO3a is also known to be degraded by Akt through phosphorylation at 3
different sites (Thr32, Ser253, and Ser315) (Brunet et al., 1999). However, these
Akt phosphorylated sites were not shown to be critical for interaction with

BTrCP (Figure 4B).

The notion that phosphorylation of FOXO3a at Ser644 is required for
binding with BTrCP was confirmed by the fact that competition with the
FOXO3a peptide containing the Ser644 (peptide 636-654), but not the
scrambled peptide, abolished the binding between FOXO3a and BTrCP (Figure
4C). Next, to confirm whether IKK is required for the association between
FOXO3a and BTrCP, we cotransfected HA-FOXO3a with Myc-BTrCP into WT
and IKKp-deficient (IKKB™) mouse embryonic fibroblasts (MEF) and
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examined whether their interactions can be interrupted by IKKB knockout.
Figure 4D shows that the interaction between FOXO3a and BTrCP was present
in WT MEFs but not in IKKB™™ MEFs. When the IKKpB was re-expressed in
IKKB™ MEFs, the interaction between FOXO3a and BTrCP was rescued
(Figure 4D). Together, these data suggested that IKKB-mediated
phosphorylation of FOXO3a at Ser644 is required for binding to BTrCP.

To define whether E1A-mediated FOXO3a stabilization prevents FOXO3a
phosphorylation at Ser644 by IKKf and subsequent recognition by BTrCP, we
demonstrated the phosphorylation status of FOXO3a at Ser644 and the
association between FOXO3a and BTrCP in 231/vector and 231/E1A cells.
Notably, TNFa-mediated FOXO3a phosphorylation at Ser644 was significantly
decreased in 231/E1A cells (Figure 4E). Moreover, the TNFa-mediated
association between FOXO3a and BTrCP was also reduced in 231/E1A cells
(Figure 4E). Transfection with the IKKpB expression vector reestablished the
phosphorylation of FOXO3a at Ser644 and the association between FOXO3a
and BTrCP in 231/E1A cells (Figure 4F). These data indicated that the
E1A-inhibited S644 phosphorylation of FOX0O3a by TNFo/IKK and accordingly

FOXO3a lost its ability to interact with BTrCP.
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The adenoviral type 5 E1A (E1A) associates with multiple anti-cancer activities
and has been tested in multiple clinical trials in a gene therapy setting for breast,
ovarian and head and neck cancer patients. Thus, it is critical and timely to
understand the detailed molecular mechanisms that associate with
E1A-mediated anti-cancer properties. We have unraveled several novel signaling
pathways that may contribute to anti-cancer activities of E1A. The goal of this
Career Development Grant application is to understand the molecular
mechanisms of the E1A-mediated anti-cancer activities. To reach the goal, we
will focus on how E1A may interact with the novel signaling pathways and exert

suppression effects on tumor progression and metastasis in breast cancer.

In the first year, we hypothesized to define the regulatory mechanisms of
FOXO3a expression and the biological function in response to E1A in breast
cancer cells. We have identified a novel signaling cascade involving four key
components: PP2A phosphatase and two kinases — TAK1 and IKK. We have
shown that a forkhead transcriptional factor, FOXO3a associates with tumor
suppression activity in breast cancer cells. Through inactivation of Akt and
IKKa/B kinases, EIA may upregulate FOXO3a to enhance its anti-cancer
activity. Our group have previously shown that E1A can repress TNF-a- and
radiation-induced IKK activity, which causes stabilization of IxkBaand therefore,
inactivation of NF-xB. More recently, we also found that IKKa/Binhibits
FOXO3a transcriptional activity through phosphorylation of FOXO3a resulting

in nuclear exclusion and degradation. Thus, it prompts us to investigate whether
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E1A may activate FOXO3a activity through suppression of IKK activity. To this
end, we have shown that IKKB-mediated repression of FOXO3a activity is
indeed reversed in the presence of E1A, supporting the notion that E1A inhibits
IKK activity to activate FOXO3a. This mechanism will be further tested in the
first year of this grant.

= HBEAT R R ERATHEL > EFBRT LEIRBMASR GF
EAERE)

Adenovirus type 5 E1A (E1A) induces sensitization to anticancer drug—induced
apoptosis in different human cancers, including paclitaxel in breast and ovarian
cancers. We found that Forkhead box O-class (FOXO) transcription factor
FOXO03a is critical for E1 A-mediated chemosensitization to paclitaxel. Knocked
down FOXO3a expression dramatically abolished ElA-induced
chemosensitization of paclitaxel. E1A stabilized FOXO3a by preventing
ubiquitin-dependent proteolysis. The E3 ligase involved in stabilizing FOXO3a
is B-transducin repeat—containing proteins (BTrCP); BTrCP binding to FOXO3a
requires phosphorylation of FOXO3a at Ser644 by IKKP. E1A reduces
BTrCP-mediated ubiquitination of FOXO3a by inhibiting IKKf activity. In the
first year, we successfully set up our in vitro and in vivo system and get the

anticipated results.
RESULTS
FOXOQ03a Is Critical for E1A-Mediated Chemosensitization

EIA gene therapy has been shown to induce chemosensitizations among
different chemotherapeutic agents, including paclitaxel in breast and ovarian
cancers (Liao et al., 2007). And it has been shown that resistance to paclitaxel

occurs in cells expressing low level of FOXO3a (Sunters et al., 2003). We
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therefore ask whether FOXO3a may contribute to ElA-mediated
chemosensitization. To this end, we examined the effects of E1A on FOXO03a
expression in various types of cancer cells and NIH3T3 fibroblasts and found
that expression of FOXO3a was significantly increased in E]A4-transfected cells
(Figure 1A). More importantly, E1A-induced chemosensitization of paclitaxel
was abolished by knocked down FOXO3a expression using FOXO3a specific
small interfering RNA (siFOX03a) in MDA-MB-231 breast cancer cells as well
as in SKOV3-ip1 ovarian cancer cells (Figure 1B). The expression of FOXO3a
in siFOXO3a stable transfectants were also analyzed by Western bolt assay
(Figure 1C). We further investigated the effects of FOXO3a on E1A-mediated
chemosensitization in a xenograft tumor model in which mice were injected
orthotopically with stably transfected cell clones. The results indicated that E1A
induces the chemosensitization of paclitaxel in vivo, in that the tumor volume in
231/E1A-bearing mice treated with paclitaxel was significantly less than that in
231/vector-bearing mice treated with paclitaxel (810.7 + 73.2 mm’ versus
1648.7 + 237.4 mm’; Figure 1D, lane 6 versus lane 2). More importantly,
E1A-induced chemosensitization to paclitaxel was abolished by knocked down
FOXO3a expression by stable expressing siFOXO3a in 231/E1A cells (810.7 +
73.2 mm’ versus 1855.1 + 135.8 mm?; Figure 1D, lane 6 versus lane 8).
Increased tumor voiumes by siIFOXO3a treatment in 231/E1A correlated well
with reduced FOXO3a expression in the tumors (Figure 1E). We therefore
concluded that FOXO3a is required for the E1 A-mediated chemosensitization to

paclitaxel.
E1A Prevents Ub-Dependent Proteolysis of FOX03a

Posttranslational modification and regulaﬁon of FOXO3a protein stability are -
critical for FOXO3a activity (Hu et al., 2004). Therefore, we attempted to

determine the stability of FOXO3a protein in response to E1A in breast cancer
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cells. For this analysis, we treated control vector and E1A expression vector
stable transfectants (231/vector and 231/E1A) with cycloheximide for various
times to block de novo protein synthesis and found that the half-life of FOXO3a
protein was more than 7 hours for E1A-transfected cells but less than 1.5 hours
for control cells by western blot analysis (Figure 2A). TNFa-mediated FOXO3a
polyubiquitination (Hu et al., 2004) was significantly decreased in 231/E1A cells
compared with that in 231/vector cells (Figure 2B). These results suggest that
E1A increases FOXO3a protein expression by preventing Ub-dependent
proteolysis of FOXO3a.

BTrCP Is Involved in E1A-Induced FOX(O3a Induction

In an attempt to search for the specific Ub E3 ligase responsible for
TNFa-induced FOXO3a polyubiquitination, we noticed that TNFa-activated
IKK phosphorylates FOXO3a at Serine 644 (Hu et al., 2004) and the sequence
surround Ser644 share a story homology to the consensus recognition site for
BTrCP. Thus, we asked whether BTrCP was involved in FOXO3a protein
degradation. To this end, we first asked whether BTrCP physically interacted
with FOXO3a. We analyzed proteosome inhibitor MG132-treated 231/vector
and 231/E1A cell lysates by reciprocal co-immunoprecipitation (IP) followed by
immunoblotting (IB) using antibodies against FOX0O3a and BTrCP. Our results
showed that endogenous FOXO3a was associated with endogenous BTrCP in
vivo in 231/vector cells and this interaction was stimulated by TNFa  treatment.
Interestingly, TNFa-induced binding between FOXO3a and BTrCP was
significantly reduced in E1A-expressing cells (Figure 3A). This phenomenon
was further confirmed by cotransfection of HA-FOXO03a with Myc-BTrCP into
HeLa cells and analyzed by anti-HA and anti-Myc antibodies (Figure 3B). The
F-box domain of BTrCP provides specificity by directly recruiting the substrate
to the rest of the ligase and, ultimately, to the Ub-conjugating enzyme. In



support of these notions, deletion of the F-box domain of BTrCP
(Myc-BTrCPAF) cannot physically interact with FOXO3a (Figure 3C). In
addition, BTrCP was shown to be required for FOXO3a expression by using
siRNA of BTrCP. Cotransfection with siBTrCP1 and sifTrCP2 increased
FOXO3a expression more dramatically than did transfection with either one
alone in 231 vector cells, (Figure 3D, lane 4 versus lanes 2 and 3). Also,
knockdown of BTrCP abolished the association between FOXO3a and BTrCP
(Figure 3E). However, in E1A-expressing cells FOXO3a lost its ability to
interact with BTrCP (Figure 3D). Taken together, these results suggest that both
BTrCP1 and BTrCP2 are involved in FOXO3a degradation. E1A inhibits
interaction of FOXO3a and PTrCP which may prevent from FOXO3a
degradation.

E1A Inhibits IKKB-Mediated FOXO3a Phosphorylation at Ser644 and
Prevents BTrCP-Induced FOXO3a Degradation

It is known that BTrCP preferentially recognizes phosphorylated
Serine/Threonine in the consensus recognition site, and TNFa-activated IKK
phosphorylates FOXO3a at Serine 644 (Hu et al., 2004). In supporting of this
notion, the interaction of FOXO3a with BTrCP in vivo was shown to be
enhanced by overexpression of IKK in HeLa cells (Figure 4A). In addition, the
GFP-FOXO3a/S644E, a phosphorylation mimic mutant, interacts with BTrCP
much stronger than that with GFP-FOXO3a/wild type (wt) (Figure 4B).
FOXO3a is also known to be degraded by Akt through phosphorylation at 3
different sites (Thr32, Ser253, and Ser315) (Brunet et al., 1999). However, these
Akt phosphorylated sites were not shown to be critical for interaction with
BTrCP (Figure 4B).

The notion that phosphorylation of FOXO3a at Ser644 is required for ._
binding with BTrCP was confirmed by the fact that competition with the
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FOXO3a peptide containing the Ser644 (peptide 636-654), but not the
scrambled peptide, abolished the binding between FOXO3a and BTrCP (Figure
4C). Next, to confirm whether IKKP is required for the association between
FOXO03a and BTrCP, we cotransfected HA-FOXO3a with Myc-BTrCP into WT
and IKKp-deficient (IKKP™) mouse embryonic fibroblasts (MEF) and
examined whether their interactions can be interrupted by IKKB knockout.
Figure 4D shows that the interaction between FOXO3a and BTrCP was present
in WT MEFs but not in IKKB”™ MEFs. When the IKKP was re-expressed in
IKKP™ MEFs, the interaction between FOXO3a and BTrCP was rescued
(Figure 4D). Together, these data suggested that IKKp-mediated
phosphorylation of FOXO3a at Ser644 is required for binding to BTrCP.

To define whether E1A-mediated FOXO3a stabilization prevents FOXO3a
phosphorylation at Ser644 by IKKP and subsequent recognition by BTrCP, we
demonstrated the phosphorylation status of FOXO3a at Ser644 and the
association between FOXO0O3a and BTrCP in 231/vector and 231/E1A cells.
Notably, TNFa-mediated FOXO3a phosphorylation at Ser644 was significantly
decreased in 231/E1A cells (Figure 4E). Moreover, the TNFo-mediated
association between FOXO3a and BTrCP was also reduced in 231/E1A cells
(Figure 4E). Transfection with the IKK[ expression vector reestablished the
phosphorylation of FOXO3a at Ser644 and the association between FOXO3a
and BTrCP in 231/E1A cells (Figure 4F). These data indicated that the
E1A-inhibited S644 phosphorylation of FOXO3a by TNFo/IKK and accordingly
FOXO3a lost its ability to interact with BTrCP.
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Figure 2
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Figure 3
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Figure 4
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SUMMARY

Adenovirus type 5 E1A (E1A) induces sensitization to anticancer drug—induced apoptosis in
different human cancers, including paclitaxel in breast and ovarian cancers. We found that
Forkhead box O-class (FOXO) transcription factor FOXO3a is critical for El1A-mediated
chemosensitization to paclitaxel. Knocked down FOXO3a expression dramatically abolished
ElA-induced chemosensitization of paclitaxel. E1A stabilized FOXO3a by preventing ubiquitin-
dependent proteolysis. The E3 ligase involved in stabilizing FOXO3a is B-transducin repeat—
containing proteins (BTrCP); BTrCP binding to FOXO3a requires phosphorylation of FOXQ3a at
Ser644 by IKK. E1A reduces BTrCP-mediated ubiquitination of FOXOQ3a by inhibiting IKKB
activity. Further, inhibited IKKp activity is due to ElA-induced expression of PP2A, which
binds to transforming growth factor B-activated kinase 1 (TAKI), thus inhibiting TAK1’s

activation of IKKp.



SIGNIFICANCE

E14 gene therapy was shown safe and well tolerated by multiple clinical trials in breast, ovarian,
or head and neck cancers. Additionally, it might be an effective strategy for enhancing the
sensitivity of tumor cells to chemotherapy. Paclitaxel is a chemotherapeutic agent for breast and
ovarian cancer. Resistance to paclitaxel occurs in cells expressing low level of FOXO3a. In this
study, we found that E1A stabilizes FOXO3a and sensitizes paclitaxel-induced apoptosis. The
stabilization is achieved by E1A-induced expression of PP2A/C, which inhibits the binding of
TAKI to IKKP, therefore abolishing IKKp’s function in phosphorylating FOX03a and FOXO3a
degradation. This result suggests that the combination of EI14 gene therapy and paclitaxel

chemotherapy might be an effective way to treat paclitaxel-resistant tumors.



INTRODUCTION

Adenovirus type 5 E1A (E1A) was originally recognized as an oncogene that could facilitate
oncogenic transformation by other viral and cellular oncogenes. However, E1A has not been
associated with human malignancies dgspite extensive efforts to identify such a link (Yu and
Hung, 1998). Instead, E1A was shown to associate with antitumor activities by reversing the
transformed phenotype, inhibiting metastasis, and inducing apoptosis in multiple transformed
rodent cells and human cancer cell lines (Deng et al., 1998; Ueno et al., 2001; Yu et al., 1992). In
addition to the tumor suppressor activities, expression of the E/4 gene in stably transfected
normal fibroblasts and human cancer cells has also been shown to induce chemosensitization
among different categories of anticancer drugs in vitro, including etoposide in normal fibroblasts,
rhabdomyosarcoma, osteosarcoma, non-small cell lung cancer and breast cancer cells (Frisch and
Dolter, 1995; Lowe et al., 1993; Zhou et al., 2001); cisplatin in keratinocytes, sarcoma, breast,
and ovarian cancer cells (Brader et al., 1997; Frisch and Dolter, 1995; Liao and Hung, 2003;
Sanchez-Prieto et al., 1995a; Sanchez-Prieto et al., 1995b; Viniegra et al., 2002); doxorubicin in
normal ﬁbroblasfs, sarcoma, and breast cancer cells (Liao and Hung, 2003; Lowe et al., 1993;
Zhou et al., 2001), gemcitabine in hepatocellular and breast cancer cells (Lee et al., 2003; Liao
and Hung, 2003); Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in ovarian
cancer cells (Shao et al., 2005); and paclitaxel in breast and ovarian cancers (Brader et al., 1997,
Liao and Hung, 2003; Ueno et al., 2000; Ueno et al., 1997). Animal studies also showed that the
combination of systemic E/A gene therapy with paclitaxel significantly enhanced paclitaxel-
induced apoptosis and prolonged survival rates in the animal orthotopic model in vivo (Liao et
al., 2004). Therefore, E14 is now considered a tumor suppressor gene and has been tested in

multiple clinical trials in a gene therapy setting for patients with breast (Hortobagyi et al., 1998;



Hortobagyi et al., 2001; Yoo et al., 2001), ovarian (Hortobagyi et al., 1998; Hortobagyi et al,,
2001; Madhusudan et al., 2004), or head and neck cancers (Villaret et al., 2002; Yoo et al., 2001).
This evidence suggests that E/4 gene therapy might be an effective strategy for enhancing the
sensitivity of tumor cells to chemotherapy. However, the molecular mechanisms underlying
E1A-mediated chemosensitization are still not completely defined. It is critical and timely to
understand the detailed molecular mechanisms that associate with E1A-mediated
chemosensitization so future clinical trials using the combination of chemotherapy with E14
gene therapy can be developed.

One of the mechanisms by which E1A induces chemosensitization is down-regulation of
Her-2/neu overexpression (Brader et al., 1997; Ueno et al., 2000; Yu and Hung, 2000a; Yu and
Hung, 2000b; Zhou et al., 2001). Recently, down-regulation of Akt activation of p38 was
reported to provide a general cellular mechanism for E1A-mediated chemosensitizgtion (Liao
and Hung, 2003; Liao and Hung, 2004). Regulation of some critical tumor suppressors was also
proposed as being involved in E1A-induced chemosensitization, such as p53 and p19ARF (de
Stanchina et al., 1998; Lowe, 1999; Lowe et al., 1993), the proapoptotic protein Bax, caspase 9,
and a yet-unidentified inhibitor that ordinarily provides protection against cell death (Duelli and
Lazebnik, 2000; Fearnhead et al., 1998; McCurrach et al., 1997; Putzer et al., 2000; Teodoro et
al., 1995; Ueno et al., 2000).

Forkhead box O-class (FOXQ) transcription factors include FOXO1 (Forkhead in
rhabdomyosarcoma, FKHR), FOXO3a (FKHR-like 1, FKHRL1), and FOXO4 (acute
lymphocytic leukemia-fused gene from chromosome X, AFX). The FOXOs activate and/or
repress transcription of genes involved in metabolism, apoptosis, DNA damage repair, and cell

cycle progression (Accili and Arden, 2004). For example, FOXO3a activity has been shown to



elevate p27"" expression and induce cell cycle arrest (Medema et al., 2000). FOXO3a and
FOXO4 have also been shown to inhibit the cell cycle through down-regulation of cyclin D by a
p27*P-independent mechanism (Dijkers et al., 2000b; Schmidt et al., 2002). In breast cancer,
FOXO3a has been shown to up-regulate BIM, a BH3 domain protein very effective at inducing
apoptosis (Dijkers et al., 2000a; Gilley et al., 2003). The activity of the FOXOs can be inhibited
by activating the phosphoinositide 3'-kinase (PI3K)/Akt pathway. FOXO3a can be
phosphorylated by Akt at three conserved serine/threonine residues (Thr32, Ser253, and Ser315),
and it subsequently translocates from the nucleus to the cytoplasm, where it is retained by
binding to the 14-3-3 protein (Brunet et al., 1999). FOXO3a activity can also be inhibited by IxB
kinase (IKK) signaling pathway. IKK physically interacts with and phosphorylates FOXO3a
independently of Akt, which causes nuclear exclusion of FOXO3a and subsequently proteolysis
of FOXO3a via the ubiquitin (Ub)-dependent proteasome pathway (Hu et al., 2004). However,
the contributing E3 Ub ligase and detailed molecular mechanism of FOXO3a proteolysis are still
unclear.

In an attempt to understand the molecular mechanism of E1A-mediated chemosensitization,
we found that FOXO3a is critical to that process. E1A stabilizes FOXO3a by preventing Ub-
dependent proteolysis mediated by E3 ligase B-transducin repeat—containing proteins (BTrCP).
The binding of BTrCP to FOXO3a requires the phosphorylation of FOXO3a at Ser644 by IKKp.
E1A induces the expression of PP2A (a protein phosphatase involved in muitiple cellular
functions, including chemosensitization), which is involved in inhibiting transforming growth
factor B-activated kinase 1 (TAK1)-activated IKK signaling, therefore stabilizing FOXO3a and

inducing chemosensitization.



RESULTS

FOXO3a Is Critical for E1A-Mediated Chemosensitization

To examine the effects of E1A on FOXO3a expression, various types of cancer cells and
NIH3T3 fibroblasts were transfected with EJ4 expression vector. Expression of FOXO3a was
significantly increased in ElA4-transfected cells (Figure 1A). More importantly, E1A-induced
chemosensitization of paclitaxel was dramatically abolished by knocked down FOXO3a
expression using FOXO3a specific small interfering RNA (siFOXO3a) in MDA-MB-231 breast
cancer cells as well as in SKOV3-ip1 ovarian cancer cells (Figure 1B). We further investigated
the effects of FOXO3a on El1A-mediated chemosensitization in a xenograft tumor model in
which mice were injected orthotopically with stably transfected cell clones. After 6 weeks, the
tumors in mice injected with MDA-MB-231/vector cells were slightly larger than those in mice
injected with MDA-MB-231/E1A clones (231/vector, mean = SE = 2097.4 = 72.6 mm?;
231/E1A, mean £+ SE = 1815.0 + 190.5 mm3; Figure 1C, lane 1 versus lane 4). Furthermore, the
tumor volume in 231/E1A-bearing mice treated with paclitaxel was significantly less than that in
231/vector-bearing mice treated with paclitaxel (810.7 + 73.2 mm? versus 1648.7 + 237.4 mm’;
Figure 1C, lane 6 versus lane 2). More importantly, E1A-induced chemosensitization to
paclitaxel was dramatically abolished by knocked down FOXO3a expression by stable
expressing siFOXO03a in 231/E1A cells (810.7 + 73.2 mm’ versus 1855.1 + 135.8 mm’; Figure
1C, lane 6 versus lane 8). In addition, E1A-mediated FOXO3a expression in tumors was
significantly inhibited by siFOXO03a (Figure 1D). We therefore concluded that FOXO3a plays a
critical role in E1A-mediated chemosensitization to paclitaxel.

E1A Prevents Ub-Dependent Proteolysis of FOXO03a



Posttranslational modification and regulation of FOXO3a protein stability are critical for
FOXO3a activity (Hu et al., 2004). Therefore, we attempted to determine the stability of
FOXO3a protein in response to ElA in breast cancer cells. For this analysis, we treated control
vector and E1A expression vector stable transfectants (231/vector and 231/E1A) with
cycloheximide for various times to block de novo protein synthesis. According to Westem blot
analysis and the resultant quantitative data, the half-life of FOXO3a protein was more than 7
hours for E1 A-transfected cells but less than 1.5 hours for control cells (Figure 2A). Furthermore,
we demonstrated polyubiquitination of FOXO3a in 231/vector cells in response to tumor
necrosis factor a (TNFa) treatment, which has been reported to induce polyubiquitination of
FOXO3a (Hu et al., 2004). Notably, TNFa-mediated FOXO3a ubiquitination was significantly
decreased in 231/E1A cells (Figure 2B). These results suggest that E1A increases FOXO03a

protein expression by preventing Ub-dependent proteolysis of FOXO3a.

BTrCP Is Involved in E1A-Induced FOXO03a Induction

The proteolysis of FOXO3a reportedly occurs via the Ub-dependent proteosome pathway (Hu et
al.,, 2004), but which Ub E3 ligase is involved in this degradation process was unknown. Because
BTrCP Ub ligase is responsible for the degradation of multiple proteins by recruiting the
ubiquitination machinery to its substrates and mediating the conjugation of multiple Ub’s
(Cardozo and Pagano, 2004), we asked whether TrCP was also involved in FOXO3a protein
degradation. To define whether BTrCP physically interacts with FOXO3a, we analyzed
proteosome inhibitor MG132-treated 231/vector and 231/E1A cell lysates by reciprocal co-
immunoprecipitation (IP) followed by immunoblotting (IB) using antibodies against FOX03a

and BTrCP. Our results showed that endogenous FOXO3a was specifically associated with



endogenous BTrCP in vivo in 231/vector cells but not in 231/E1A cells (Figure 3A). We found
that TNFa-induced binding between endogenous FOX03a and BTrCP appeared to be abolished
in E1A-expressing cells.

To confirm this association with tag-specific antibody, we cotransfected HA-FOXO3a with
Myc-BTrCP into HeLa cells and examined whether their interaction could be interrupted by E1A
expression. After IP/IB with anti-HA and anti-Myc antibodies, the exogenously expressed HA-
FOXO03a specifically interacted with Myc-BTrCP in vivo, and this interaction was abolished by
expression of E1A (Figure 3B). The F-box protein subunit of BTrCP provides specificity by
directly recruiting the substrate to the rest of the ligase and, ultimately, to the Ub-conjugating
enzyme. In support of these results, deletion of the F-box protein subunit, of fTrCP (Myc-BTrCP

AF) cannot physically interact with FOXO3a (Figure 3C). Because the sequence surrounding

Ser644 (the site of FOXO3a phosphorylation by IKK) shows a strong homology with the
consensus tecognition site for BTrCP, IKK activity is expected to be required for recruiting
BTrCP to FOXO03a. Indeed, the interaction of FOXO3a with BTrCP in vivo was significantly
enhanced by overexpression of IKKB in HeLa cells (Figure 3D). These data indicated that
FOXO3a is physically associated with BTrCP and that this interaction may require the
involvement of TNFa- and IKKf-mediated signaling.

Given this physical association, we next determined whether BTrCP is required for
FOXO03a processing by using small interfering RNA (siRNA) to knock down the endogenous
BTrCP gene product. Transfection of double—straﬁded BTrCP1 or BTrCP2 siRNA, which was
previously shown to effectively knock down BTrCP1 or BTrCP2 in human breast cancer cells
(Tang et al., 2005), efficiently down-regulated the production of endogenous BTrCP species and

increasee the FOXO3a protein level (Figure 3E). Cotransfection with siBTrCP1 and sifTrCP2
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increased FOXO3a expression more dramatically than did transfection with either one alone
(Figure 3E, lane 4 versus lanes 2 and 3). Consistent with our hypothesis, knockdown of BTrCP
also abolished the association between FOXO3a and BTrCP (Figure 3F) and prevented TrCP-
mediated FOXO3a degradation (Figure 3E). These data indicated that BTrCP is the critical Ub
E3 ligase involved in E1 A-mediated FOXO3a degradation.

E1A Inhibits IKKp-Mediated FOXO03a Phosphorylation at Ser644 and Prevents pTrCP-
Induced FOXO3a Degradation

Most BTrCP substrates are recognized and bound by the F-box protein subunit only when they
are phosphorylated on specific sites. To determine which phosphorylation pattern of FOXO3a is
required for BTrCP interaction, all three Akt phosphorylation sites of FOXO3a (Thr32, Ser253,
and Ser315) and the IKKp phosphorylation site of FOXO3a (Ser644) were mutated to glutamine
to mimic the phosphorylated status of FOXO3a. Green fluorescent protein (GFP)-tagged
FOXO3a/3E mutant or GFP-FOX03a/S644E mutant were cotransfected with Myc-BTrCP in
HeLa cells. Our results showed that BTrCP has a preference for associating with GFP-
FOXO3a/S644E rather than with GFP-FOXO03a/wild type (WT) and GFP-FOXO03a/3E (Figure
4A).

To confirm that phosphorylation of FOXO3a at Ser644 is required for binding with BTrCP,
we mutated Ser644 into alanine (S644A) and found that the IKKB-induced association between
FOXO3a and BTrCP was abrogated (Figure 4B). Accordingly, competition with the FOXO3a
peptide containing the Ser644 (peptide 636-654), but not the scrambled peptide, abolished the
binding between FOXO03a and BTrCP (Figure 4C). Next, to confirm that IKK is required for the
association between FOXO3a and BTrCP, we cotransfected HA-FOXO3a with Myc-BTrCP into

WT and IKKp-deficient (IKKB™) mouse embryonic fibroblasts (MEF) and examined whether



.their interactions can be interrupted by IKKB knockout. Figure 4D shows that the interaction
between FOXO3a and BTrCP was present in WT MEFs but not in IKKB™ MEFs. When the
IKK B-expressing vector was re-expressed in IKKB™ MEFs, the interaction between FOXO3a
and PTrCP was rescued (Figure 4D). These data indicated that IKKB-mediated phosphorylation
of FOXO3a at Ser644 is required for binding to STrCP.

To define whether E1A-mediated FOXO3a stabilization prevents FOXO3a phosphorylation
at Ser644 by IKKP and subsequent recognition by BTrCP, we demonstrated the phosphorylation
status of FOXO03a at Ser644 and the association between FOXO3a and BTrCP in 231/vector and
231/E1A cells. Notably, TNFa-mediated FOXO3a phosphorylation at Ser644 was significantly
decreased in 231/E1A cells (Figure 4E). Moreover, the TNFa-mediated association between
FOXO3a and BTrCP was also reduced in 231/E1A cells (Figure 4E). Transfection with the IKKB
expression vector reestablished the phosphorylation of FOXO3a at Ser644 and the association
between FOXO03a and BTrCP in 231/E1A cells (Figure 4F). These data indicated that the E1A-
mediated prevention of FOXO3a phosphorylation and the interaction with BTrCP occurred
through inhibition of IKK activity.

To further define whether IKKP is required for E1A-induced chemosensitization, we
transiently transfected E1A expression vector with or without IKKf expression vector into
MDA-MB-231 cells and determined the effects of paclitaxel-induced cell death. E1A-induced
chemosensitization was strikingly abolished by transfection with IKKf expression vector (Figure
4G). Additionally, treatment with two chemical inhibitors, BAY117082 and parthenolide, to
inhibit IKK activity also increased the chemosensitization of MDA-MB-231 cells (Figure 4G) to
paclitaxel. These results indicate that IKKp activity is critical for chemosensitization of breast

and ovarian cancer cells in both E1 A-dependent and -independent manners.
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Down-regulation of TAK1 Activity Is Critical for E1A-Mediated FOXO3a Stabilization
and Chemosensitization

To explore the mechanism(s) through which inhibition of IKK activity participates in the cellulaf
responses to EIA, we determined the phosphorylation of IKK in 231/vector and 231/E1A cells.
Treatment with TNFa increased the phosphorylation of IKK in 231/vector cells, but this
activation was abolished in 231/E1A cells (Figure 5A). These data indicated that E1A-induced
inhibition of IKK signaling may target the upstream kinase of IKK. Recent evidence indicates
that TAKI1 is essential for the activation of IKK in multiple signaling pathways (Sato et al.,
2005). Therefore, the involvement of TAK1 in E1A-mediated inhibition of IKK signaling,
FOXO3a stabilization, and chemosensitization were of interest. We found that treatment with
TNFa increased the phosphorylation of TAK1 in 231/vector cells, and this phosphorylation was
diminished by expression of E1A (Figure 5B). Furthermore, transfection with the HA-TAK1
expression vector significantly increased phosphorylation of IKK and subsequently degradation
of FOXO3a in 231/E1A cells (Figure 5C).

Experiments were also performed to ascertain whether TAK 1 is involved in E1A-mediated
FOXO3a phosphorylation at Ser644 and chemosensitization. Overexpression of HA-TAKI
significantly increased FOXO3a phosphorylation at Ser644 and the interaction between FOXO3a
and BTrCP in both 231/vector and 231/E1A cells (Figure 5D). More importantly, E1A-mediated
chemosensitization to paclitaxel was also significantly impaired by expression of TAK1 (Figure
SE). These data indicate that TAK]1, the upstream kinase of IKK, is critical for E]A-mediated
FOXO03a phosphorylation and subsequeﬁt chemosensitization.

ElA-Induced PP2A Expression Is Required for Regulation of IKK Signaling, FOX03a

Phosphorylation and Chemosensitization
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Phosphorylation of protein kinases are tightly regulated by related protein phosphatases, and it
has been reported that E1A increases the expression of PP2A ( Liao and Hung, 2004). To
identify whether PP2A was involved in ElA-mediated down-regulation of TAK1 and IKK
activation and FOXO3a stabilization, 231/vector and 231/E1A cells were treated with the
phosphatase inhibitor okadaic acid (OA). We found that E1A-mediated inhibition of TNFa-
induced TAK1 phosphorylation was restored by OA treatment, as were E1 A-mediated inhibition
of IKK phosphorylation and the interaction between FOXO3a and BTrCP (Figure 6A). In a
functional assay, E1A-induced chemosensitization -was indeed decreased in MDA-MB-231
breast cancer cells by treatment with OA (Figure 6B).

To further define the mechanism involved in PP2A’s inhibition of TAKI1 activation, we
examined whether PP2A directly binds to TAK1. As shown in Figure 6C, treatment with TNFa
notably increased the interaction between TAK1 and IKK in 231/vector cells but not in 231/E1A
cells. Moreover, PP2A formed a complex with TAK1 in 231/E1A cells and abolished the
interaction between TAK1 and IKK (Figure 6C).

To confirm this novel binding between PP2A and TAKI, we treated 231/vector and
231/E1A cells with siRNA for catalytic subunit of PP2A, PP2A/C, (siPP2A/C) to target
knockdown of PP2A/C protein and then measured the binding preference of TAK1. Treatment
with siPP2A/C, but not with control siRNA, decreased E1A-induced PP2A/C expression (Figure
6D). The binding of TAK1 and PP2A in 231/E1A cells was decreased by treatment with
siPP2A/C, and the formation of TAK1/IKK complex was increased (Figure 6D). E1A-mediated
inhibition of phosphorylation of FOXO3a at Ser644 and the interaction between FOXO3a and

BTrCP were also restored by treatment with siPP2A/C (Figure 6E). These findings indicated that



ElA-induced PP2A expression is required for regulation of TAKI/IKK signaling, FOXO3a

phosphorylation, and chemosensitization.

DISCUSSION
E1A has many antitumoral activities and has been tested in multiple phase I and II clinical trials.
Studies showed that although E14 gene therapy is safe and well tolerated, the tumor response to
it is only modest(Hortobagyi et al., 1998; Hortobagyi et al., 2001; Madhusudan et al., 2004;
Villaret et al., 2002; Yoo et al., 2001). However, E1A has been shown to induce sensitization to
different categories of anticancer drug-induced apoptosis; therefore, one improvement that might
render E1A more usefql as an anticancer therapy is the combination of £/4 gene therapy with
conventional chemotherapy. It has been shown that paclitaxel, a front-line chemotherapeutic
agent for the treatment of human breast and ovarian cancer, can up-regulate FOXO3a,
subsequently increasing BIM (pro-apoptotic BH3-only protein) expression and ultimately
decreasing cell survival and contributing to the tumor response to paclitaxel in paclitaxel-
sensitive cells, such as MCF-7, in which FOXO3a expression level is already high. However,
this phenomena has not been observed in MDA-MB-231 cells, which express low levels of
FOXO3a (Sunters et al., 2003). In the current study, we found that E1A can stabilize FOX03a in
MDA-MB-231 cells, therefore sensitizing them to paclitaxel-induced apoptosis both in vitro and
in vivo. This result provides evidence that the combination of E/4 gene therapy and paclitaxel
chemotherapy might be an effective way to treat those patients with paclitaxel-resistant tumors
whose basal FOXO3a expression is low.

We found that E1A can protect FOXO3a from degradation b); inhibiting its ubiquitination.

Although previous studies showed that FOXO3a can be targeted by the proteasome pathway



after being phosphorylated by Akt or IKK(Brunet et al., 1999; Hu et al., 2004), its E3 Ub ligase
was still unknown. In the current study, we found that BTrCP can physically bind to FOXO3a
and mediate its degradation and that E]A stabilizes FOXO3a by inhibiting the binding of
FOXO03a to BTrCP. BTrCP are the substrate recognition subunits of the Skp1 Cullinl F-box
protein E3 Ub protein ligases that can recognize specifically phosphorylated substrates and
confer their ubiquitination. BTrCP plays a key role in the NF-xB signaling pathway by
recognizing IKK-phosphorylated 1xB and mediating its degradation (Fuchs et al., 2004). Our
findings revealed a new substrate of BTrCP that requires phosphorylation by IKK. Previous
studies showed that IKK can phosphorylate FOXO3a at serine 644 and cause FOXO3a nuclear
exclusion(Hu et al., 2004). We found that this Ser644 phosphorylation mediated by IKK is also
required for FOXO3a binding to BTrCP and for the further degradation induced by fTrCP. E1A
prevents the binding of BTrCP to FOXO3A by inhibiting the IKK-mediated FOXO3a
phosphorylation at Ser644. Akt phosphorylation also promotes FOXO3A degradation via a
proteasome pathway (Plas and Thompson, 2003). In further investigating the influence of the
Akt pathway on FOX03a degradation, we found that Akt phosphorylation can also mediate the
binding of FOXO3a to BTrCP, although that binding is much weaker than that mediated by IKK
phosphorylation. This is, to our knowledge, is the first demonstration that BTrCP can recognize
the substrate phosphorylated by Akt and functioning in the activated PI3K/Akt pathway. Since
the binding of BTrCP to Akt-phosphorylated FOXO3a is so weak, it is possible that other E3 Ub
ligases exist that can mediate the degradation of Akt-phosphorylated FOXO3a.

PI3K/Akt and IKK/NFkB are two pathways that play important roles in promoting cell
survival, proliferation, and tumor progression. Both of them can phosphorylate FOXO3a and

mediate its binding to BTrCP for degradation. In investigating their specific effect on the binding
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of FOXO3a to BTrCP, we found that the binding mediated by IKK is independent of Akt, while
the binding mediated by Akt is dependent on IKK. Therefore, we concluded that the activated
IKK pathway plays a major role in the degradation of FOXO3a mediated by BTrCP. Previous
studies showed that IKK can upregulate Akt phosphorylation at Ser473 (Sen et al., 2007). Ser473
phosphorylation on Akt facilitates its phosphorylation on Thr308 and is important for the
recognition and activation of Akt by phosphoinositide-dependent kinase 1 (PDK1). Thus, Akt-
mediated binding of FOX03a to BTrCP may be dependent on the activation of Akt through up-
regulation of Ser473 by IKK.

IKK activation requires its phosphorylation by upstream kinases, including TAK1 (Sato et
al., 2005; Takaesu et al., 2003; Wang et al., 2001), and phosphorylation plays a significant role
in TAK]1 activation (Singhirunnusorn et al., 2005). We found in this study that E1A inhibits
FOXO3a phosphorylation and binding to BTrCP by preventing TAK | activation and its effect on
IKK activation. It was previously shown that TRAF6 and RIP1 can activate TAK1 and lead to
IKK phosphorylation and activation (Kelliher et al., 1998; Ninomiya-Tsuji et al., 1999; Ting et
al,, 1996). However, overexpression TRAF6 or RIP1 in E1A-stable cell lines could not restore
TAKI activation and mediate FOXO3a degradation (data not shown), indicating that prevention
of TAK1 activation by E1A is not mediated by those two upstream activators. Thus, it is possible
that the inactivation is mediated by the phosphatase. PP2A phosphatase activity is enhanced in
E1A-expressing cells through E1A-mediated up-regulation of PP2A/C expression, which results
in repression of Akt activation (Liao and Hung, 2004). We found that TAKI is a novel target of
PP2A/C. Therefore, E1A-mediated up-regulation of PP2A/C is involved in TAK] inactivation
and inhibits the binding of TAK1 to IKK, which abolishes IKK’s function in phosphorylating

FOXO3a, resulting in the stabilization of FOXO3a.



The activities of protein kinases are finely regulated by phosphorylation and
dephosphorylation, however, little is known about the dephosphorylation and respective protein
phosphatase involved in the regulation of TAKI. Protein phosphatase 2A (PP2A) is a
ubiquitously expressed protein serine/threonine phosphatase accounts for the tumor suppression
activity in eukaryotic cells. Mutation of PP2A was found in human breast, colon, and lung
cancers and melanoma (Schonthal, 2001). In addition, a variety of mechanisms for inactivating
PP2A were found to be involved in transformed cells. PP2A can be inhibited by the small T
antigen of the DNA tumor virus SV40 (Arroyo and Hahn, 2005), or by upregulation of the c-
Myc-specific inhibitor CIP2A (Junttila et al., 2007), or through the upregulation of SET protein
by BCR/ABL oncogene (Neviani et al., 2005). It was previously showed that PP2A phosphatase
activity is enhanced in E1A-expressing cells through E1A-mediated up-regulation of catalytic
subunit PP2A/C expression, which results in repression of Akt activation (Liao and Hung, 2004).
Besides Akt, PP2A has many other substrates including c-Myc (Junttila et al., 2007) and RalA
(Sablina et al., 2007), therefore, suppresses PI3K/Akt and ERK group of MAP kinase pathways
and RalA activity. It seems that important substrates of PP2A are downstream components of
Ras signaling and an important action of PP2A in tumor suppression is to antagonize signaling
downstream of activated Ras (Mumby, 2007). We found in this paper that TAK]1 is a novel target
of PP2A/C, which is not a component in Ras signaling, but rather, in another important signaling
pathway—IKK pathway. ElA-mediated up-regulation of PP2A/C is involved in TAKI
inactivation and inhibits the binding of TAKI to IKK, which.abolishes IKK’s function in
phosphorylating FOXO3a, resulting in the stabilization of FOXO3a. Therefore, E1A-mediated
PP2A activation suppresses both Akt and IKK pathways, among which the suppression of IKK

pathway is involved in the stabilization of FOXO3a.
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In summary, we found that FOXO3a is critical for E1A-mediated chemosensitization. On
the basis of our findings, we propose a model in which E1A stabilizes FOX03a by inducing the
expression of PP2A/C, which inhibits the activation of IKKf through binding and inactivation of
TAKI, therefore inhibiting IKKB-mediated FOXO3a phosphorylation at Ser6444 and preventing

BTrCP-induced FOXO3a degradation (Figure 7).

EXPERIMENTAL PROCEDURES
Cell Lines, DNA Constructs, and Antibodies
Cell lines MDA-MB-231, MDA-MB-453, MDA-MB-468, SKOV3, HeLa and NIH3T3 cell were
purchased from ATCC and grown in Dulbecco’s modified Eagle’s medium (DMEM)/F12
supplemented with 10% fetal bovine serum. Jkk8~~ MEF cells have been described previously
(Lee et al., 2007). The human breast cancer cell line MDA-MB-231 and its E1A/vector-stable
transfectants and the human ovarian cancer cell line SKOV3-ipl and its E1A/vector-stable
transfectants have been described previously (Meric et al., 2000; Yu et al, 1993). The
transfectants were grown under the same conditions as the controls, except that G418 was added
to the culture medium. siFOXO3a stable transfectants were selected by the use of blasticidin S.
Plasmids E1A (Yu et al, 1990), FOXO3a-HA, IKKB (Hu et al, 2004), BTrCP-myc,
BTrCPAF-myc (kindly provide by Dr. Serge Y. Fuchs, University of Pennsylvania), PP2A/A,
PP2A/C (Liao and Hung, 2004), and TAK1-HA (Blonska et al., 2005) were described previously.
FOXO3a siRNA plasmids were kindly provided by Dr. A Toker (Storz et al., 2005), and PTrCP
siRNA plasmids, by Dr. Serge Y. Fuchs (Tang et al., 2005).
We used antibodies to Flag (F3165; Sigma), Myc (11667203001; Roche), HA

(11666606001; Roche). The monoclonal antibody used against the E1A proteins was M58



(Pharmingen). The following were obtained as indicated: FOXO3a (SC-11351; Santa Cruz
Biotechnology), IxkBa (SC-371; Santa Cruz Biotechnology), plkBa (S32/S36) (9246; Cell
Signaling Technology), IKKB (2684; Cell Signaling Technology, or SC-7607; Santa Cruz
Biotechnology), and pIKKp (S181) (2681; Cell Signaling Technology). Rabbit antihuman
PP2A/A and PP2A/C were purchased from CalBiochem. We also purchased the following from
the suppliers indicated: ubiquitin (3936; Cell Signaling Technology), BTrCP (37-3400; Zymed,
or SC-15354; Santa Cruz Biotechnology), TAK1 (SC-7967; Santa Cruz Biotechnology), pTAKI
(4531S; Cell Signaling Technology), and a-tubulin (T-5168; Sigma). Antibody to the Ser644
‘phosphorylation sites of FOXO3a was generated in collaboration with Bethyl Laboratories, Inc.
Synthetic phosphorylated peptides representing the portion of FOXO3a around serine 644 were
used as antigens for producing antibody. The antibody was then purified using a phosphopeptide
column. BAY 117082 and parthenolide were purchased from Calbiochem. Recombinant human
TNFa was purchased from Roche. MG132 was purchased from Sigma.

Immunoprecipitation and Western Blotting

Cells were washed twice with PBS, scraped into 500 pl of lysis buffer, and incubated on ice for
20 min. After centrifugation at 14,000 x g for 10 min, 1.5 mg of each supemnatant was
preincubated with 2 pg of immunoglobulin G and 50 pl! of protein G for 1 h at 4°C.
Immunoprecipitation was performed overnight with 2 pg antibody and 50 pl of protein G. The
immunocomplex was washed five times with lysis buffer, dissolved in loading buffer, subjected
to SDS-PAGE, and transferred onto nitrocellulose membranes. The membranes were blocked
with 5% nonfat dry milk in PBS containing 0.05% Tween 20 and incubated with primary
antibodies, followed by secondary antibodies (Jackson ImmunoResearch Laboratories). The

immunoblots were visualized with enhanced chemiluminescence (Amersham).
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Peptide Com'petition

The synthetic peptides used to target Ser644 phosphorylation were derived from the antigen
peptides for antibody induction by linking the amino-terminal end to the TAT-1 nuclear-
localization sequence (GRKKRRQRRR) for enhance the permeability of this peptide into cells
(Ammosova et al., 2005), which were prepared and provided by Bethyl Laboratories. One
hundred micrograms of FOXO3a peptide or scrambled peptide was incubated with cells for 6 h,
and then the cells were treated with TNFa (20 ng/ml) for 30 min. Cell lysates were collected and -

subjected to immunoprecipitation assay.

Paclitaxel-Induced Cell Death

Cells were treated with 20 nM paclitaxel and incubated for 24 h. Aliquots of 1 x 10° cells were
collected and washed once with ice-cold PBS and then fixed with ice-cold 70% ethanol
overnight. After fixation, cells were washed with PBS to remove residual ethanol, pelleted, and
resuspended in PBS containing 50 pg/ml of propidium iodide (Sigma). Staining was performed
at 4°C for at least 30 min, and samples were analyzed using an Epics Profile flow cytometer

(Coulter) in the Core Facility at The University of Texas M. D. Anderson Cancer Center.

Orthotopic Breast Tumor Growth Assay

Six-week-old female SCID mice were supplied by the animal center of Tzu Chi University,
Hualien, Taiwan. Mice were orthotopically inoculated with tumor cells into the mammary fat
pad as described previously (Lee et al., 2007). Tumor development was followed in individual
animals (eight per group) by measuring tumor length (L) and width (W) with calipers every 3

days. Tumor volume was calculated with the formula LW?/2. All animal work and care was
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performed in accordance with protocols approved by the Institutional Animal Care and Use

Committee of China Medical University.
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FIGURE LEGENDS

Figure 1. FOXO3a Is Critical for E1A-Mediated Chemosensitization

(A) ElA-expressing vector (E1A) or control vector (vector) was transfected into different types
of cells, followed by analysis of E1A and FOXO3a protein expression by Western blot analysis.
o-Tubulin was used as the internal protein loading control. (B) ElA-induced FOXO3a
expression was required for E1A-mediated chemosensitization. Upper panel: Chemosensitization
of E1A—expressing cells or vector control cells (231/E1A and 231/vector; ip-1/E1A and ip-
1/vector) stably transfected with siFOXO3a or control siRNA as analyzed by the DNA flow
cytometry assay. Each type of transfected cell was treated with 20 nM paclitaxel (Taxol) for 24 h
and assayed in three experiments. The columns are the mean values from the three independent
experiments, and the error bars are the corresponding upper 95% confidence intervals. Asterisks
denote a statistically significant difference compared with values of bar 1 (*p<<0.05, two-tailed
Student’s ¢ test. E1A-dependent chemosensitization was overturned by siFOXO3a to a
significant degree, as indicated by the # symbol. Lower panel: Expression of FOXO3a was
analyzed by Western blotting. Data are representative of three independent experiments. (C)
Tumor volume of orthotopic xenograft tumors formed by MDA-MB-231/vector cells or MDA-
MB-231/E1A cells stably transfected with either control siRNA (siControl) or FOXO3a siRNA
(siFOX03a). Each column represents the mean + SD of eight primary tumors. *p<<0.05 versus
bar 2 values, by two-tailed Student’s ¢ test. E1A-dependent chemosensitization was overturned
by siFOXO3a to a significant degree, as indicated by the # symbol. (D) Expression of FOXO3a
protein and E1A was examined by immunoblotting assays using MDA-MB-231/vector tumors or
MDA-MB-231/E1A tumors stably transfected with either control siRNA (siControl) or FOXO3a

siRNA (siIFOXO3a).
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Figure 2. E1A Prevents Ubiquitin-Dependent Proteolysis of FOXO03a

(A) Determination of the protein stability of FOX03a in MDA-MB-231/vector cells and MDA-
MB-231/E1A cells. The 231/vector cells and 231/E1A cells were treated with 100 pg/ml
cycloheximide (CHX) for the indicated times. Total protein was isolated, and expression of
FOXO3a was analyzed by Western blotting assay and quantified (bottom). The results are
representative of at least three independent experiments. Error bars, SD. (B) Upper panel:
Lysates of 231/vector or 231/E1A cells transfected with HA-ubiquitin (HA-Ub) were treated
with the proteasome inhibitor MG132 with or without TNFa (20 ng/ml) and were analyzed using
immunoprecipitation/immunoblotting. Lower panel: Lysates of 231/vector or 231/E1A cells

transfected with HA-ubiquitin were subjected to Western blotting.

Figure 3. BTrCP Is Involved in E1A-Induced FOXO3a Induction

(A) Expression of E1A disrupted the interaction between BTrCP and FOXO3a. Lysates of MDA-
MB-231/vector or MDA-MB-231/E1A cells left untreated or treated with TNFa (20 ng/ml) were
analyzed by immunoprecipitation/immunoblotting (IP/IB). (B and C) Lysates of HeLa cells
cotransfected with the indicated vectors and left untreated or treated with TNFa. were subjected
to IP/IB (anti-HA/anti-Myc). (D) IKKP was required for the interaction between BTrCP and
FOXO3a. Lysates of HeLa cells cotransfected with the indicated vectors were treated as
described in panels B and C. (E) Knockdown of BTrCP expression by BTrCP-specific siRNAs
increased FOXO3a expression. The 231/vector cells and 231/E1A cells were treated with
sifTrCP1, siBTrCP2, or control siRNA for 48 h. Total protein was isolated, and expression of

FOXO3a and BTrCP was analyzed by Western blotting. (F) Knockdown of BTrCP expression by
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BTrCP-specific siRNAs disrupted the interaction between BTrCP and FOXO3a. Lysates of
23 1/vector or 231/E1A cells left untreated or treated with sifTrCP in the presence of MG132 (5

pg/ml) were analyzed by IP/IB (anti-FOXO3a/anti-BTrCP).

Figure 4. E1A Inhibits IKKp-Mediated FOXO3a Phosphorylation at Ser644 and Prevents
BTrCP-Induced FOXO3a Degradation

(A) Akt phosphorylation sites of FOXO3a (Thr32, Ser253, and Ser315) and IKKB
phosphorylation sites of FOXQ03a (Ser644) were mutated to glutamine to mimic the
phosphorylated status of FOXO3a. Lysates of HeLa cells cotransfected with GFP-FOXO3a/3E
mutant (all three Akt phosphorylation sites of FOX0O3a were mutated to glutamine) or GFP-
FOXO03a/S644E mutant with Myc-BTrCP were subjected to
immunoprecipitation/immunoblotting  (IP/IB)  (anti-GFP/anti-Myc). (B) The same
phosphorylation sites of FOX03a described in panel A were mutated to alanine to mimic the
inactivated status of FOXO3a. Lysates of HeLa cells cotransfected with indicated expressing
vectors were subjected to IP/IB (anti-GFP/anti-Myc). (C) Lysates of MDA-MB-231 cells treated
with MG132 and with or without TNFa (20 ng/ml) in the presence of synthetic peptides were
subjected to IP/IB (anti-FOXO3a/anti-BTrCP). (D) Lysates of wild-type (WT-MEF) or IKKp
knockout mouse embryonic fibroblasts (IKKB™-MEF) cotransfected with the indicated vectors
and treated or untreated with TNFa (20 ng/ml) were analyzed by IP/IB (anti-HA/anti-Myc). (E)
Lysates of 231/vector and 231/E1A cells treated with MG132 and with or without TNFa (20
ng/ml) were subjected to IP/IB (anti-FOXO3a/anti-FOX03a-pS644 and anti-BTrCP) analysis and
Western blotting (pIkB and BTrCP). (F) Lysates of 231/vector and 231/E1 A cells transfected with

or without HA-IKKB were subjected to IP/IB (anti-FOXO3a/ anti-FOXO3a-pS644 and anti-
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BTrCP) analysis. (G) HeLa cells were transfected with E1A or HA-IKK§ in combination with
IKK$ inhibitors (parthenolide, 60 uM, 1 hour pretreatment, and BAY 117082, 30 uM, 1 hour
pretreatment) or paclitaxel (Taxol; 20 nM), and then chemosensitization was analyzed by the
detection of cell death using DNA flow cytometry. The columns are the means of three
tndependent experiments, and the error bars are the corresponding upper 95% confidence

intervals.

Figure 5. Down-regulation of TAKI1 Activity Is Critical for E1A-Mediated FOXO3a
Stabilization and Chemosensitization

(A) Lysates of MDA-MB-231/vector and MDA-MB-231/E1A cells left untreated or treated with
TNFa (20 ng/ml) were subjected to Western blotting to analyze the phosphorylation of IKK and
TAKI. (B) Lysates of 231/vector and 231/E1A cells transfected with or without HA-TAK 1 were
subjected to Western blotting to analyze the expression of FOXO3a and phosphorylated IKK
protein. (C) Lysates of 231/vector and 231/E1A cells transfected with or without HA-TAK]1
were subjected to immunoprecipitation/immunoblotting (IP/IB) (anti-FOX03a/anti-FOXO3a-
pS644 and anti-BTrCP) analysis. (D) 231/E1A and 231/vector cells were transfected with HA-
TAKI1 or control vector and then analyzed by DNA flow cytometry. Each type of transfected cell
was treated with 20 nM paclitaxel for 24 h. The columns are the means of three independent
experiments, and the error bars are the corresponding upper 95% confidence intervals. *p<<0.05
versus bar 1 values, by two-tailed Student’s ¢ test. E1A-dependent chemosensitization was

overturned to a significant degree by transfection with HA-TAKI, as indicated by the # symbol.
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Figure 6. E1A-Induced PP2A Expression Is Required for Regulation of IKK Signaling,
FOXO03a Phosphorylation, and Chemosensitization

(A) Western blot analyses of the phosphorylation of TAK1 and IKK and the interaction between
FOXO3a and $TrCP in MDA-MB-231/vector and MDA-MB-231/E1A cells left untreated or
treated with TNFa (20 ng/ml) and 10 nM okadaic acid (OA). Equal amounts of cell lysates were
resolved by SDS-PAGE, transferred to PVDF membranes, and probed with specific anti-
phosphorylated TAK1 and IKK antibodies and anti-TAK1 and IKK antibodies. The results are -
representative of at least three independent experiments. The cell lysates were also subjected to
immunoprecipitation/immunoblotting IP/IB (anti-FOXO3a/anti-BTrCP) analysis. (B) 231/E1A
and 231/vector cells were left untreated or treated with OA (10 nM) combined with 20 nM
paclitaxel (Taxol) for 24 h and then analyzed for chemosensitization by DNA flow cytometry.
The columns are the means of three independent experiments, and the error bars are the
corresponding upper 95% confidence intervals. *p<<0.05 versus the values of bar 1, by two-
tailed Student’s f test. E1A-dependent chemosensitization was overturned to a significant degree
by treatment with OA, as indicated by the # symbol. (C) Lysates of 231/vector and 231/E1A
cells left untreated or treated with 20 ng/ml of TNFa were subjected to IP/IB (anti-TAK1/anti-
IKK and anti-PP2A/C) analysis. (D) E1A-induced PP2A/C expression was required for E1A-
mediated signaling. Lysates of 231/vector and 231/E1A cells transfected with siPP2A/C or
control siRNA were subjected to IP/IB (anti-TAK1/anti-IKK and anti-PP2A/C) analysis and
Western blotting (PP2A/C and PP2A/A). (E) Lysates of 231/vector and 231/E1A cells
transfected with siPP2A/C or control siRNA were subjected to IP/IB (anti-FOXO3a/anti-

FOXO3a-pS644 and anti-BTrCP) analysis.
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Figure 7. A model of molecular mechanisms involved in E1A-mediated chemosensitization.
A model in which E1A stabilizes FOXO3a by inducing the expression of PP2A/C, which inhibits
the activation of IKKB through binding and inactivation of TAK1, therefore inhibiting TKKp-
mediated FOXO3a phosphorylation at Ser644 and preventing BTrCP-induced FOXO3a

degradation, and thus inducing chemosensitization.
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Figure 4
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Figure 5
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