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ABSTRACT

Purpose p53 targeted to the mitochondria is the fastest and
most direct pathway for executing p53 death signaling. The
purpose of this work was to determine if mitochondrial
targeting signals (MTSs) from pro-apoptotic Bak and Bax
are capable of targeting p53 to the mitochondria and inducing
rapid apoptosis.

Methods p53 and its DNA-binding domain (DBD) were fused
to MTSs from Bak (p53-BakMTS, DBD-BakMTS) or Bax (p53-
BaxMTS, DBD-BaxMTS). Mitochondrial localization was tested
via fluorescence microscopy in 1471.1 cells, and apoptosis was
detected via 7-AAD in breast (T47D), non-small cell lung
(H1373), ovarian (SKOV-3) and cervical (Hela) cancer cells. To
determine that apoptosis is via the intrinsic apoptotic pathway,
TMRE and caspase-9 assays were conducted. Finally, the involve-
ment of p53/Bak specific pathway was tested.

Results MTSs from Bak and Bax are capable of targeting p53 to
the mitochondria, and p53-BakMTS and p53-BaxMTS cause
apoptosis through the intrinsic apoptotic pathway. Additionally,
p53-BakMTS, DBD-BakMTS, p53-BaxMTS and DBD-BaxMTS
caused apoptosis in T47D, H1373, SKOV-3 and Hela cells. The
apoptotic mechanism of p53-BakMTS and DBD-BakMTS was
Bak dependent.

Conclusion Our data demonstrates that p53-BakMTS (or
BaxMTS) and DBD-BakMTS (or BaxMTS) cause apoptosis at
the mitochondria and can be used as a potential gene therapeutic
in cancer.
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ABBREVIATIONS

7-AAD  7-Aminoactinomycin D

BakMTS ~ MTS from Bak

BaxMTS  MTS from Bax

CCO MTS from cytochrome ¢ oxidase
S C-segment

DBD DNA binding domain

E Nuclear export signal

MBD MDM?2 binding domain

MDM2  Murine double minute 2

MOMP  Mitochondrial outer membrane permeabilization
MTS Mitochondrial targeting signal

NLS Nuclear localization signal

oTC MTS from ornithine transcarbamylase

PCC Pearson's correlation coefficient

PRD Proline-rich domain

TA Transactivation domain

TD Tetramerization domain

™ Transmembrane

TMRE Tetramethylrhodamine, ethyl ester

TOM MTS from translocase of the outer
membrane (TOM20)

XL MTS from Bcl-XL

INTRODUCTION

The tumor suppressor p53 exhibits distinct functions at the
cytoplasm, the nucleus and the mitochondria (1). Under nor-
mal conditions, the E3 ligase murine double minute 2
(MDM?2) binds to the MDM?2 binding domain (MBD) of
P53 prompting polyubiquitination of terminal lysines on the
C-terminus of p53, which marks p53 for proteasomal degra-
dation (2). Upon stress induction, such as DNA damage or ER
stress, cytoplasmic p53 translocates either to the nucleus (3) or
to the mitochondria (4). Three nuclear localization signals
(NLS) in the C-terminus of p53 are responsible for p53
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nuclear localization (5). In the nucleus, p53 forms a tetramer
via its tetramerization domain (TD) (3) allowing its DNA
binding domain (DBD) to bind to DNA activating various
genes that are involved in apoptosis, DNA repair and cell
cycle arrest (1).

Although p53 does not contain a mitochondrial targeting
signal (MTS), it can still translocate to the mitochondria.
Machenko ¢t al. postulated that MDM2 triggers dimer forma-
tion and mono-ubiquitination of cytoplasmic p53 resulting in
mitochondrial import via herpesvirus-associated ubiquitin-
specific protease (6). At the mitochondrial outer membrane,
p33 directly interacts with pro-apoptotic (Bak or Bax) (7,8)
and anti-apoptotic Bcl-2 family members (Bel-XL, Bel-2, Mcl-
1, Bcl-w, and A1) (9—11) through a sequential mechanism first
binding anti-apoptotic Bcl-2 proteins followed by binding to
pro-apoptotic Bak (Fig. 1) or Bax (12). Activation of Bak
(Fig. 1) or Bax leads to homotetramer formation, which causes
cytochrome c release from the intermembrane space (13).
Binding of cytochrome ¢ to APAF-1 stimulates the assembly
of a hepameric, wheel-like structure known as the apoptosome
(13). The apoptosome activates the initiator caspase-9 which
initiates the executioner apoptotic caspase-3 and caspase-7
(Fig. 1) (14). Their proteolytic activity leads to nuclear frag-
mentation, chromatin condensation and cell shrinking, also
known as programed cell death or apoptosis (4).

In cancer cells, overexpression of Bel-2, Bel-XL and Mcl-1
correlates with more aggressive phenotypes and leads to che-
motherapy resistance (15—-17). Many agents have been identi-
fied to target the anti-apoptotic Bcl-2 family members such as
navitoclax (inhibits Bcl-2, Bel-XL, and Bcl-w) and ABT-199
(inhibits Bcl-2) (17). These therapeutics initiate apoptosis by
neutralizing anti-apoptotic proteins at the mitochondria thus
allowing the pro-apoptotic Bcl-2 family members Bak or Bax
to homo-oligomerize leading to apoptosis (18). However, the-
se inhibitors do not inactivate anti-apoptotic Mcl-1 (17).
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Overexpression of Mcl-1 is linked to reduced response to
chemotherapy and poor prognosis which limits the therapeu-
tic options for navitoclax and ABT-199 (17). Mcl-1 (and to a
certain extent Bel-XL) is the main inhibitor of Bak (9,19) while
Bax is mainly inhibited by Bcl-2 and Bel-w (20). Our approach
is to durectly activate pro- apoptotic Bak and Bax by targeting
p33 to the mitochondria using Bak’s or Bax’s own MT'Ss
(Fig. 2). Targeting p33 to the mitochondria executes the
shortest apoptotic pathway for p53. wt p53 mostly trans-
locates to the nucleus due to its NLS, forms a tetramer,
binds to DNA, produces mRNA which is then trans-
lated to proteins, and after that these proteins need to
translocate to their designated compartment. On the other
hand mitochondrially targeted p53 directly interacts with pro-
and anti- apoptotic proteins at the mitochondria resulting
directly in apoptosis.

The MTSs of Bak or Bax are located on the
C-terminal hydrophobic regions of these proteins. The
C-terminus contains the transmembrane domain (TM)
and the C-segment (CS) (21,22). The amino acid
sequences of the MTSs are as follows: for Bax,
GTPTWQIVIIFVAGVLTASLTIWKKMG and for Bak,
GNGPILNVLVVLGVVLLGOFVVRREFKS, with the TM
domain in italics and the GS base pairs underlined. The
TM inserts both proteins into the mitochondrial outer
membrane (tail anchored proteins) with at least two of
the basic amino acids in the CS being necessary for the
insertion (Fig. 3) (22). Bax, which is in the cytoplasm,
sequesters its TM in its hydrophobic surface groove.
Once an apoptotic stimuli occurs, the TM gets external-
ized, targets Bax to the mitochondria, and inserts itself
into the mitochondrial outer membrane (Fig. 3) (21,23).
However, Bak is always present at the mitochondrial
outer membrane sequestered by Mcl-1 (and Bcl-XL)
(Figs. 1 and 3) (19).

C
3 ___P53-BakMTS

Bel-XL b
Bak

Fig. | Intrinsic mitochondrial pathway. (@) Upon apoptotic stimuli, Bak homo- oligomerization allows pore formation and cytochrome c release. (b) Mdl-| and
Bcl-XL sequester Bak and do not allow homo-oligomerization (€) p53-BakMTS binds Bak, releases Bak from both Md-1 and Bd-XL, and allows homo-
oligomerization and cytochrome c release which results in apoptosis. On the other hand, Bax is sequestered by Bcl-2 and Bcl-w. p53-BaxMTS binds to Bax,
releases Bax from Bdl-2 and Bd-w and causes apoptosis (pathway for Bax not shown).
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Fig.2 Schematic representation of experimental constructs: Wild-type p53 is divided into N-terminus, DNA binding domain (DBD) and C-terminal region. The
N-terminus consists of a transactivation domain (TA), nuclear export signal (E), MDM2 binding domain (M) and proline-rich domain (PRD). The C-terminus
contains three nuclear localization signals (NLS), nuclear export signal (E) and tetramerization domain (TD). p53-MTS wild-type p53 was fused to the
mitochondrial targeting signal (MTS) from Bak or Bax. DBD-MTS DNA-binding domain of p53 was fused to the MTS from Bak or Bax.

As mentioned before wt p53 does not contain a MTS.
Therefore, our approach is to achieve mitochondrial targeting
of p53 by fusing the MTSs from Bak or Bax to p53. Murphy
and colleagues have reported that w? p53 is required to be in a
dimeric or tetrameric form in order to activate pro-apoptotic
Bak (24). In addition, the DBD has been reported to interact
with pro-apoptotic Bak (25) and inhibit anti-apoptotic Bel-XL
(10) and Bcl-2 (11). Here, we show our finding that the DBD in
solation with a MTS from Bak or Bax is sufficient to induce
apoptosis in different cancer cells.

MATERIALS AND METHODS
Cell Lines and Transient Transfections

1471.1 murine adenocarcinoma cells (a kind gift of G. Hager,
NCI, NIH), T47D human ductal breast epithelial tumor cells

Fig. 3 Bak and Bax insertion into
the mitochondria. (a) The Bax
protein is mainly found in the
cytoplasm of healthy cells. Upon
apoptotic stimuli, it translocates to
the mitochondrial outer
membrane. The MTS of the Bax
protein, consisting of the
transmembrane domain (TM) and
the C-segment (CS), becomes
exposed for integration into the
mitochondrial outer membrane. (b)
Unlike Bax, Bak is always present at
the mitochondrial outer membrane
via its TM and CS.

Mitochondrial

outer membrane

(ATCC, Manassas, VA), H1373 human non-small cell lung
carcinoma cells (a kind gift from Dr. Andrea Bild, University of
Utah), SKOV-3 human ovarian adenocarcinoma cells (a kind
gift from Dr. Margit Janat-Amsbury, University of Utah) and
HeLa human epithelial cervical adenocarcinoma cells (ATCC)
were grown as monolayers in DMEM (1471.1, SKOV-3) or
RPMI (T47D, H1373, HeL.a) (Invitrogen, Carlsbad, CA) sup-
plemented with 10% FBS (Invitrogen), 1% penicillin-
streptomycin (Invitrogen), 1% glutamine (Invitrogen) and
0.1% gentamycin (Invitrogen) and maintained in a 5% CO,
incubator at 37°C.. T47D media was additionally supplement-
ed with 4 mg/Linsulin (Sigma, St. Louis, MO). For microscopy
7.5% 10" cells for 1471.1 cells were seeded in a 2 well live cell
chamber. For apoptosis assays 3.0 10” cells for T47D, 1.0x
10° cells for Hela, 2.0x10° for H1373 and SKOV-3 were
seeded in 6-well plates (Greiner Bio-One, Monroe, NC). To
account for varying cell growth rates, different amounts of cells
were plated in live cell chambers and 6-well plates. Following
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the manufacturer’s recommendations 24 h after seeding,
transfections were performed using 1 pmol of DNA per
well (unless otherwise indicated) and Lipofectamine 2000
(Invitrogen).

Plasmid Construction
PEGFP-p53-BakMTS (p53-BakMTS)

An oligonucleotide encoding the MTS from Bak (5-GATC
CGGCAATGGTCCCATCCTGAACGTGCTGGTGG
TTCTGGGTGTGGTTCTGTTGGGCCAGTTTGTG
GTACGAAGATTCTTCAAATCATGAG-3") was
annealed to its reverse complementary strand and fused to
the C-terminus of EGFP-p53 (26) using the BamHI restriction
sites (New England Biolabs, NEB, Ipswich, MA).

PEGFP-BakMTS (E-BakMTS)

The annealed oligonucleotide encoding the MTS from Bak
was fused to the C-terminus of EGFP-C1 vector (Clontech,
Mountain View, CA) (26) using the BamHI (NEB) restriction
sites.

pEGFP-DBD-BakMTS (DBD-BakMTS)

The DNA encoding the DBD was amplified via PCR from
previously subcloned pEGFP-p53 (26) using 5- CCGGGC
CCGCGGTCCGGAACCTACCAGGGCAGCTACG-3'
and 5- CCGGGCCCGCGGGGTACCTTTCTTGCGG
AGATTCTCTTCCT and cloned between EGFP and Bak
MTS into the multiple cloning site of E-BakMT'S using BspEI
(NEB) and Kpnl (NEB) sites.

PEGFP-p53 KI20A, R248A, R273A, R280A, E285A, E287A-Bak
(p53mé6-BakMTS) and pEGFP-DBD KI20A, R248A, R273A,
R280A, E285A, E287A-Bak (DBDm6-BakMTS)

K120A, R248A, R273A, R280A, E285A, and E287A
mutations were introduced in p53-BakMTS and DBD-
BakMTS using the QuickChange II XL Site-Directed
Mutagenesis Kit (Agilent, Santa Clara, CA). The
primers listed below and their reverse complements
were used to introduce the KI120A mutation 5-CATT
CTGGGACAGCCGCGTCTGTGACTTGCAC-3'; the
R248A mutation 5'- CAGTTCCTGCATGGGCGGCA
TGAACGCGAGGCCCATCCT-3'; the R273A muta-
tion 5'-GGGACGGAACAGCTTTGAGGTGGCTGTT
TGTGCCTGTCCT-3'; the R280A mutation 5-TTTG
TGCCTGTCCTGGGGCAGACCGGCGCACA-3"; and
the E285A, E287A mutations 5-ACCGGCGCACAGCG
GAAGCGAATCTCCGC-3" (underlined sequence indicate
mutation sites).

@ Springer

PEGFP-p53K120E-BakMTS (p53K120E-BakMTS)
and pEGFP-DBDK | 20E-BakMTS (DBDK | 20E-BakMTS)

The K120E mutation was introduced into p53-BakMT'S and
DBD-BakMTS via QuickChange II XI. Site-Directed
Mutagenesis Kit (Agilent) using 5'- GCATTCTGGGACAG
CCGAGTCTGTGACTTGCACGTA-3" and its reverse
complement.

PEGFP-p53-BaxMTS (p53-BaxMTS)

An oligonucleotide encoding the MTS from Bax 5-GATC
CTCCTACTTTGGGACGCCCACGTGGCAGACCG
TGACCATCTTTGTGG CGGGAGTGCTCACCGCCT
CACTCACCATCTGGAAGAAGATGGGCTGAG-3" was
annealed to its reverse complementary strand and fused to the
C-terminus of EGFP-p53 (26) using the BamHI (NEB) restric-
tion sites.

pPEGFP-BaxMTS (E-BaxMTS)

The annealed oligonucleotide encoding the MTS from Bax
was fused to the C-terminus of EGFP-C1 vector (Clontech)
(26) using the BamHI (NEB) restriction sites.

pEGFP-DBD-BaxMTS (DBD-BaxMTS)

The DNA encoding the DBD was amplified as mentioned
above and cloned between EGFP and BaxMTS into the
multiple cloning site of E-Bax using BspEI (NEB) and Kpnl
(NEB) sites.

Mitochondrial Staining and Microscopy

Prior to microscopy, media in live cell chambers was replaced
with media containing 10% charcoal stripped fetal bovine
serum (CS-FBS, Invitrogen). To stain the mitochondria, cells
were incubated with 150 nM of MitoTracker Red FM
(Invitrogen) for 15 min at 37°C and protected from light prior
to imaging. All images of 1471.1 and T47D live cells were
acquired as previously (26,27) with an Olympus IX71F fluo-
rescence microscope (Scientific Instrument Company,
Aurora, CO) with high quality (HQ) narrow band GFP filter
(ex, HQ480/20 nm; em, HQ510/20 nm) and HQ; TRITC
filter (ex, HQ545/30; em, HQ620/60) from Chroma
Technology (Brattleboro, VT) with a 40X PlanApo oil im-
mersion objective (NA 1.00) on an F-View Monochrome
CCD camera.

Image Analysis

Images were analyzed by using JACoP plugin in Image]
software (28). PCC values were generated using Pearson’s
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correlation coefficient (PCC) with post Costes’ automatic
threshold algorithm. PCC depends on both the pixel intensity
and overlap of signals. A PCC of +1 represents complete
colocalization of EGFP constructs with mitochondria; a
PCC of —1 represents anti-correlation, and PCC of 0 corre-
lates to random distribution (29). Bolte and Cordeli¢res de-
fined PCC values equal to 0.6 or above to be colocalized (30).
For images analysis, experiments were performed three times
(n=3) with 10 cells analyzed per n and per construct.

7- AAD Assay

Transfected T47D, H1373, SKOV-3 and Hel.a cells were
pelleted and resuspended in 500 pL. PBS (Invitrogen) contain-
ing 1 uM 7-aminoactinomycin D (7-AAD) (Invitrogen) for
30 min prior to analysis (26,27). T47D and H1373 cells were
analyzed 48 h after transfection, while SKOV-3 and Hela
cells were analyzed 24 h after transfection (time points opti-
mized empirically). Only EGFP positive cells were assayed
using the FACS Canto-II (BD- BioSciences, University of
Utah Core Facility) with FACS Diva software as previously
(26,27). EGFP and 7-AAD were excited at 488 nm, and
detected at 507 nm and 660 nm, respectively. Independent
transfections of each construct were assayed three times (2= 3).
The highest value (EGFP positive cells stained with 7-AAD)
was set at 100%, and the lowest at 0% (relative 7-AAD) as
previously (31).

Reporter Gene Assay

3.5 pg of p33-BakMTS, E-BakMTS, p53-BaxMTS,
E-BaxMTS, wt p53 or EGFP were co-transfected with
3.5 ng of p53-Luc Cis-Reporter (Agilent Technologies)
encoding the firefly luciferase gene and 0.35 ng of pRL-
SV40 plasmid encoding Renilla luciferase (Promega,
Madison, WI) to normalize for transfection efficiency in
T47D cells using the Dual-Glo Luciferase assay system as
previously (26,31). Luminescence was detected 24 h post
transfection using PlateLumino (Stratec Biomedical Systems,
Birkenfeld, Germany). Independent transfections of each con-
structs were assayed three times (n=3). The highest value was
set at 100% and lowest value (untreated cells) was set as 0%
(relative luminescence) as before (26,31).

TMRE Assay

As previously (27), 36 h after transfection T47D cells were
incubated with 100 nM tetramethylrhodamine, ethyl ester
(TMRE) (Invitrogen) for 30 min at 37°C, pelleted and resus-
pended in 300 pL annexin-V binding buffer (1 X) (Invitrogen).
The FACS Canto-II with FACS Diva software was used to
analyze only EGFP positive cells (excited at 488 nm with
emission 530/35) stained with TMRE (excited at 561 nm laser

with the emission 585/15). Loss in TMRE intensity represents
mitochondrial depolarization, which correlates with an in-
crease in mitochondrial outer membrane permeabilization
(MOMP). Independent transfections of each construct were
assayed three times (n=3). The highest MOMP value was set
as 100% and the lowest as 0% (relative MOMP) as before (27).

Caspase-9 Assay

As previously described (27), 48 h after transfection, T47D
cells were tested with SR FLICA Caspase-9 Assay Kit
(Immunochemistry Technologies, Bloomington, MN). Cells
were incubated with SR FLICA Caspase-9 reagent for
60 min, pelleted and resuspended in 300 pL. 1X wash buffer
(Immunochemistry Technologies). The FACS Canto-II with
FACS Diva software was used to analyzed only EGFP positive
cells stained with caspase-9, both were excited with the
488 nm (emission filter 530/35) and the 561 nm laser (emis-
sion filter 585/15), respectively. Independent transfections of
each construct were assayed three times (#=3). The highest
value (EGFP positive cells stained with caspase-9) was set as
100% and the lowest as 0% (relative caspase-9) as before (27).

Statistical Analysis

All experiments were done in triplicate (2= 3). One-way anal-
ysis of variance (ANOVA) with Bonferroni’s post test was used
to determine statistical significance as indicated in figure leg-
end. To determine the degree of colocalization odds ratio with
Pearson’s Chi-square was applied comparing each PCC value
with PCC of 0.6. A p value of <0.6 was considered significant
(26,27).

RESULTS

Colocalization of Designed Constructs
with the Mitochondria

Since all designed constructs are tagged to EGFP, their mito-
chondrial localization was determined using fluorescence mi-
croscopy in murine adenocarcinoma cells (1471.1). Figure 4a
illustrates representative pictures of 1471.1 cells transfected
with p53-BakMTS, E-BakMTS, p53-BaxMTS, E-BaxMTS
and EGFP. The mitochondrial compartment was stained by
MitoTracker red. 1471.1 cells were chosen for the microscopy
study because their large size allows for clear distinction be-
tween nucleus, cytoplasm and mitochondria. Similar results
have been observed for T47D cells (data not shown).
Colocalization of EGFP tagged constructs with the mito-
chondrial compartment was illustrated by graphing the gen-
erated PCC values for each construct as shown in Fig. 4b.
PCC values of 0.6 or greater represent colocalization of EGFP
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EGFP

Fig. 4 Mitochondrial localization. a
(@) Representative images of
[471.1 cells transfected with
p53-BakMTS, E-BakMTS,
p53-BaxMTS, E-BaxMTS and EGFP
Left column shows EGFP tagged
constructs, middle column
mitochondria stained with
MitoTracker red and right column
depicts colocalization color map.
Warm colors (red) are considered
highly colocalized versus cold colors
(blue) which represent
anti-correlation (see colorbars).
White scale bars are all 10 um (b)
PCC values were graphed for each
construct. PCC value equal to 0.6
and above is considered to be
colocalized. Statistical analysis was
performed using odds ratio with

p53-BakMTS
E-BakMTS
p53-BaxMTS
E-BaxMTS

EGFP

Mito Tracker Color Map

-II J Il 0.75+0.02

0.78+0.04
0.76% 0.05
0.82+0.10

0.29+0.10

Colorbar

Pearson's Chi-square. The adjusted
odds ratio for PCC value of

0.6 was compared with each
sample (**p <0.01).

Degree of Colocalization O

tagged constructs with mitochondria (26—28). p53-BakMTS,
E-BakMTS, p53-BaxMTS and E-BaxMTS have a signifi-
cantly higher PCC value than 0.6. The negative control
EGFP shows random distribution (PCC=0.29) (Fig. 4h).
Since wt p53 1s a transcription factor containing three nuclear
localization signals (NLSs) (5), the main fraction of wt p53
localizes to the nucleus as we (31) and others (5) have shown
before. However, MTSs derived from the pro-apoptotic Bak
or Bax protein are capable of overcoming the three NLSs.
These Bak and Bax MTSs are capable of targeting EGFP
fused to p53 to the mitochondria (Fig. 4).

p53-BakMTS and p53-BaxMTS Induce Late Stage
Apoptosis

The ability of p53-BakMTS and p53-BaxMTS to induce
apoptosis was tested via 7-AAD assay in T47D breast cancer
cells. The 7-AAD dye intercalates into double-stranded DNA
of apoptotic/necrotic cells which have a disrupted cell mem-
brane. However, it is not capable of penetrating the intact cell
membrane of living cells (32). p53-BakMTS, p53-BaxMTS
and wt pd3 (Fg.
significant apoptotic effect compared to their corresponding
negative controls E-BakMTS, E-BaxMT'S and EGIP respec-
tively (Fig. 5; compare 2nd, 4th, and 6th bars).

The apoptotic response induced by p53-BakMTS and
p53-BaxMTS is similar to wt p53 (Fig. 5; compare 1st, 3rd,

5; compare 1st, 3rd, and 5th bars) show a
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and 5th bars). Additionally, MTS negative controls, E-
BakMTS and E-BaxMTS, show minimal activity similar to
the nontoxic EGFP negative control (Fig 5; compare 2nd, 4th,
and 6th bars), which indicates no inherent mitochondrial
toxicity for these M'T'Ss by themselves.

T47D
100 —
T
o 80-
P
. 60
(]
>
S 404
o
T 20
0 .
5 o
o S
&P el &8

Fig. 5 7-AAD assay in T47D cells, 48 h after transfection. Statistical analysis
was performed using one-way ANOVA with Bonferroni’s post test;
#¥H <0.01, #*p <0.001. Error bars represent standard deviations from at
least three independent experiments (n = 3).
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p53-BakMTS and p53-BaxMTS Do Not Trigger
Apoptosis Through the Nuclear Pathway
But Through the Mitochondrial Apoptotic Pathway

To validate that the apoptotic activity of p53-BakMT'S and
p33-BaxMTS is not due to transcriptional activity at the
nucleus, a p53 reporter dual luciferase assay was conducted
in T47D cells. The cis reporter system relies on a synthetic
promoter which consists of repeats of the transcription recog-
nition consensus for p53 (TGCCTGGACTTGCCTGG),,
(33). Nuclear activity was represented as relative lumines-
cence. Endogenous p53 is a nuclear protein and exhibits
most of its tumor suppressor functions as a transcription
factor. As expected, wt pd3 shows high transcriptional
activity (Fig. 6a; 5th bar). p53-BakMTS, E-BakMTS,
p33-BaxMTS, E-BaxMTS (Fig. 6a; compare lst, 2nd,
3rd, and 4th bars) show no nuclear activity similar to
that of the negative control EGFP (Fig. 6a; 6th bar).
This suggests that the induction of apoptosis of the
mitochondrial constructs p53-BakMTS and p53-BaxMTS
seen in Fig. 5 (5th bar) 1s not due to transcriptionally
active p53.

Fig. 6 (a) Nuclear transcriptional
activity: p53 reporter gene assay: all
MTS constructs were tested for
their ability to activate p53-Luc 100+

Cis-Reporter in T47D cells, Wt pS3 &
was used as a positive control and & 80+
EGFP was considered a negative b4
control. (b) Mitochondrial £ 604
apoptosis: TMRE assay: all g
constructs were assayed in T47D j 40+
cells. Mitochondrial depolarization =
correlates with an increase in S 20+
©

MOMP (measured as loss of TMRE

a Nuclear Transcriptional Activity b
Luciferase-Assay

To explore if p53-BakMTS and p53-BaxMTS initiate
apoptosis through the intrinsic apoptotic pathway, two major
hallmarks for the mitochondrial apoptotic pathway (27,34),
mitochondrial outer membrane permeabilization (MOMP)
and caspase-9 induction, were measured.

The TMRE assay 1s a direct measurement of MOMP.
Homo-oligomerization of Bak or Bax triggers MOMP (7,8)
which results in a decrease in mitochondrial membrane po-
tential (35). Cationic dyes such as TMRE accumulate in the
mitochondria of healthy cells due to the higher negative
charge seen in the mitochondria compared to cytoplasm
(27). MOMP results in a loss of TMRE from mitochondria
and can be measured via flow cytometry (27). Apoptotic cells
are identified by a loss of TMRE fluorescence intensity
and are represented as oMOMP induction on the y-axis
(Fig. 6b).

The ability of caspase-9 to cleave the peptide sequence
leucine-glutamic acid-histidine-aspartic acid determines
caspase-9 activity in apoptotic cells (36). When the mitochon-
drial outer membrane ruptures, cytochrome c is released from
the intermembrane space (13). Cytochrome ¢ and Apaf-1
form the apoptosome and activate caspase-9 as shown in

Mitochondrial Apoptosis
TMRE Assay
ke l ke I

Relative MOMP

[N

fluorescence). (c) Mitochondrial 0-
apoptosis: Caspase-9 activation was
analyzed in T47D cells. Al statistical
analyses for (a), (b), and (c) were
performed by using one-way Q
ANOVA with Bonferroni's post test;
#»<0.05, ¥p<0.01,

##¥p < 0.001. Error bars represent
standard deviations from at least
three independent experiments
(n=3). For (b) and (c) negative
controls E-BakMTS and E-BaxMTS
were compared to EGFP using one-
way ANOVA with Bonferroni's post
test; #p <0.05, ##p <0.01,
###p<0.001. p53-BakMTS and
p53-BaxMTS were not significantly
higher than wt p53.

Relative Caspase-9

(]
o

c Mitochondrial Apoptosis
Caspase-9 Assay
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Fig. 1 (13). Caspase-9 activation was measured via the
caspase-9 assay.

p53-BakMTS, p53-BaxMTS and wt p53 (Fig. 6b and c;
compare lst, 3rd, and 5th bars) show a significant effect on
MOMP and caspase-9 activation compared to their corre-
sponding controls E-BakMTS, E-BaxMTS and EGFP
(Fig. 6b and ¢; compare 2nd, 4rd, and 6th bars). The negative
controls E-BakMTS and E-BaxMTS show higher MOMP
and caspase-9 activation compared to non-toxic EGFP
(Fig. 6b and ¢; compare 2nd, 4rd, and 6th bars).

DBD-BakMTS and DBD-BaxMTS Induce Late Stage
Apoptosis in a Similar Manner as p53-BakMTS
and p53-BaxMTS

Pietsch et al. showed that p53 must form a dimer or a tetramer
to activate Bak oligomerization (24). Additionally, the DBD
has been reported to interact with pro-apoptotic Bak (25) and
inhibit anti-apoptotic Bcl-XL (10) and Bcl-2 (11). We wanted
to test if fusing DBD to MT'S from Bak or Bax is sufficient to
trigger apoptosis.

Similar levels of 7-AAD positive staining (apoptosis)
were detected between cells transfected with DBD-
BakMTS compared to p33-BakMTS (Fig. 7a), and cells
transfected with DBD-BaxMTS and p53-BaxMTS
(Fig. 7b). Additionally, all of these constructs had signif-
icantly higher apoptosis compared to cells transfected
with MTS negative controls (E-BakMTS, E-BaxMTS)
(Fig. 7a and b). DBD fused to Bak or Bax MTS induces
a similar apoptotic response as full length p53 fused to these
MTSs (Fig. 7a and b).

The Activity of Our Re-engineered Mitochondrially
Targeted p53 Constructs in Different Cancer Cell Types

To confirm that the apoptotic potential of our designed con-
structs causes apoptosis in other cell lines besides T47D breast

Fig. 7 7-AAD assay in T47D cells: a
Apoptotic potential of

100 - *kdk
DBD-BakMTS and DBD-BaxMTS

T47D BakMTS

were tested. Statistical analysis was
performed by using one-way

e |

ANOVA with Bonferroni's post test;
*#p<0.01, **p<0.001

compared to negative controls.
Error bars represent standard

deviations from at least three

Relative 7-AAD

independent experiments (n=3).

cancer cells (which express mutant p53 with a L194F point
mutation in the DBD of p53) (37), a 7-AAD assay was con-
ducted in non-small cell lung cancer cells (H1373), ovarian
cancer cells (SKOV-3) and cervical carcinoma cells (HeLa).
H1373 (38) and SKOV-3 cells are p53 null (39) while HelLa
cells have endogenous wt p53 (40).

In H1373 cells, both p53-BakMTS and DBD-BakMTS
apoptotic activities were statistically higher from their negative
control E-BakMTS (Fig. 8a; compare 1st, 2nd, and 3rd bars).
As expected, wt p53 showed significantly higher apoptosis
compared to EGFP (Fig. 8a and b; compare 4st, and st bars).
However, only DBD-BaxMTS activity was significantly
higher than E-BaxMTS (Fig. 8b; compare 2nd and 3rd bars)
and there was no significant difference between p53-BaxMTS
and E-BaxMTS (Fig. 8b; compare st and 3rd bars).
Additionally, DBD-BakMTS and DBD-BaxMT'S had signif-
icantly higher activities compared to their positive controls
p53-BakMTS and p53-BaxMTS (Fig. 8a and b; compare st
and 2nd bars).

In SKOV-3 cells, p53-BakMT'S and DBD-BakM'T'S activ-
ities were significantly higher than their negative control E-
BakMTS (Fig. 8c; compare lst, 2nd, and 3rd bars). p53-
BaxMTS and DBD-BaxMTS activities were only significant
when compared to EGFP but no to E-BaxMTS (Fig. 8d;
compare lst, 2nd, 3rd, and 5th bars). The activity of wi p53
was similar to nontoxic EGFP in SKOV-3 cells (Fig. 8¢ and d;
compare 4th and 5th bars).

In HeLa cells, p53-BakMTS, DBD-BakMTS (Iig. 8e;
compare Ist and 2nd bars), p53-BaxMTS, DBD-
BaxMTS (Fig. 8f; compare lst, and 2nd bars) and w?
pd3 (Fig. 8e and f; 4th bars) apoptotic activities were
significant from their corresponding negative controls E-
BakMTS (Fig. 8e; 3rd bar), E-BaxMTS (Fig. 8f; 3rd
bar) and EGFP (Fig. 8e, and f; 5th bar) respectively.
DBD-BakMTS showed a trend of higher apoptotic ac-
tivity in HeLa cells compared to p53-BakMTS (Fig. 8e;
compare st and 2nd bars). In addition, DBD-BaxMT'S was
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Fig. 8 7-AAD assay was
conducted in (a) and (b) H 1373,
(€) and (d) SKOV-3, (e) and (f)
Hela cells. Statistical analysis was
performed by using one-way
ANOVA with Bonferroni's post
test;*p <0.05, *p <0.01,

##¥p <0.001. Error bars represent
standard deviations from at least
three independent experiments
(h=3).

a _
1004

Relative 7-AAD

H1373 Bak MTS

H1373 BaxMTS

Relative 7-AAD

Relative 7-AAD

Relative 7-AAD

100+

Relative 7-AAD

significantly higher than p53-BaxMTS (Fig. 8f; compare 1st
and 2nd bars).

p53 1s known to induce a conformational change in Bax
that triggers its oligomerization and mitochondrial perme-
abilization through a hit-and-run type mechanism (7).
However, this p53 interaction with Bax is transient, and the
specific interacting residues are not known (7,8,12). On the
other hand, it is known that p33 interacts with the Bak protein

— - = .
E: —
E 60+ -
H i
e
T
& R P <
Q q§¥ & Q;?

via amino acids K120, R248, R273, R280, E285 and E287 in
p53 (25). Therefore these residues will be mutated to deter-
mine if this is a Bak specific interaction. Since p53-BakMTS
and DBD-BakMTS showed consistently higher apoptotic ac-
tivities than their MTS control in all tested cell lines (Figs. 7a
and 8a, ¢ and e; compare Ist, 2nd, and 3rd bars), we
proceeded to examine the apoptotic mechanism of the Bak
MTS constructs.
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Exploring the Interaction Between p53-BakMTS,
DBD-BakMTS and Pro-apoptotic Bak Protein

It has been reported that p53 interacts with pro-apoptotic Bak
protein via amino acids K120, R248, R273, R280, E285 and
E287, all of which are found in the DBD of p53 (25). To verify
that the apoptotic potential of p53-BakMTS and DBD-
BakMTS is through the p53/Bak specific pathway, all sites
of p53 (K120A, R248A, R273A, R280A, E285A, E287A) (25)
that contact the pro-apoptotic Bak protein were mutated to
alanine. The constructs with these six mutations were named
p33m6-BakMTS and DBDm6-BakMTS.

Mutating all six of these residues in p53-BakMTS to
eliminate binding to pro-apoptotic Bak protein resulted
in a complete loss of p53-BakMT'S activity (Fig. 9a; 4th bar).
pd3m6-BakMTS and DBDm6-BakMT'S activities are not
significantly different from their negative control E-BakMTS
suggesting Bak dependent apoptosis (Fig. 9a; compare 3rd,
4th, and 5th bars).

As mentioned above p53 interacts with Bak via its DBD
(residues K120, R248, R273, R280, E285, E287). However,
P93 also interacts with anti-apoptotic Bcl-XL through the
following residues G117, S121, C176, H178, N239, M243,
R248, G279, and R280 (10). Therefore, R248 and R280
localized in the DBD of p33 can interact with Bak and Bcl-
XL. To exclude any Bcl-XL specific interaction of our designed
constructs, only K120 was mutated in the p53-BakMTS and
DBD-BakMTS plasmid to glutamic acid. The K120 residue
only interacts with Bak not with Bcl-XL (10,25).

Mutating the positively charged lysine 120 to negatively
charged glutamic acid (K120E) in p53-BakMT'S and DBD-
BakMTS resulted in complete loss of apoptotic activity
(Fig. 9b; 4th and 5th bars). pd>3K120E-BakMTS and
DBDKI120E-BakMTS activities are not statistically significant
from the negative control E-BakMTS (Fig. 9b; compare 3rd,
4th, and 5th bars), suggesting a p53/Bak dependent apoptotic
mechanism.

Fig. 9 Decrease in apoptotic

potential caused by (a) KI120A, a

R248A, R273A, R280A, E285A, 100- -
E287A (m6) mutations and (b) *hk -
K120E mutation was measured via o 804 " o '
7-AAD assay in T47D cells. f’t -
Statistical analysis was performed by ~ 604

using one-way ANOVA with o =
Bonferroni's post test; **p <0.01, = 40 -
##kp < 0.001 compared to g '
E-BakMTS. Error bars represent 20+ "
standard deviations from at least

three independent experiments 0-

(n=3).
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DISCUSSION

We and others have shown that targeting p33 to the mito-
chondria 1s sufficient to trigger a rapid apoptotic response
(4,26,27,41). Previously, our focus was to target p33 to differ-
ent mitochondrial compartments concluding that targeting it
to the outer surface of the mitochondrial membrane is the
only compartment that leads to p53-dependent apoptosis (26),
rather than non-specific mitochondrial toxicity. So far, only
anti-apoptotic binding partners (such as Bcl-XL and Bcl-2) on
the outer membrane have been addressed for p53 specific
targeting. These constructs sequester anti-apoptotic Bcl-2
family members and therefore wndirectly activate Bak and Bax
(26). Here, our approach is to target p33 directly to Bak and
Bax proteins. To our knowledge, this is the first attempt to
target p53 to these pro-apoptotic proteins.

Fusing p53 to the MTSs derived from the pro-apoptotic
Bak (p53-BakMTS) or Bax (p53-BaxMT'S) proteins resulted
in localization of these constructs to the mitochondria (Fig. 4)
and induction of apoptosis (Figs. 5, 6b and ¢ and 7). The
tumor suppressor p53 is a nuclear protein containing three
NLSs (5). When targeting p53 to the mitochondria, the chosen
MTS must counteract these NLSs. Previously, our lab has
targeted p53 with the MTSs from ornithine transcarbamylase
(OTC), cytochrome ¢ oxidase (CCO), translocase of the outer
membrane (TOM) and Bcl-XL (XL) (26). We have shown
that strong MTSs from TOM and XL are capable of over-
coming the NLSs in the p53 protein while the weak MTS
from CCO and the medium strength MTS from OTC are
not strong enough to ensure entire mitochondrial targeting
(26). Here, we show that M'T'Ss from Bak and Bax are capable
of counteracting the three NLSs in wt p53 and can be consid-
ered to be strong MT'Ss (Fig. 4). Additionally, EGFP fused to
MTSs from Bak (E-BakMTS) or Bax (E-BaxMTS) showed
minimal inherent toxicity which suggests that apoptotic activ-
ity of p53-BakMTS and p53-BaxMTS are p53 dependent
and not due to MTS toxicity (Fig. 5).

b T47D: K120E mutation
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Since we confirmed mitochondrial localization and apo-
ptotic potential of p53-BakMTS and p53-BaxMTS, we
wanted to examine if the apoptotic response occurs mainly
through the mitochondrial pathway or through residual nu-
clear activity. As expected, wt p53 showed high nuclear
activity, while p53-BakMTS and p53-BaxMTS showed
no transcriptional activity, suggesting that the apoptotic func-
tion of p53-BakMTS and p53-BaxMTS is transcriptionally
independent (Fig. 6a).

Further, we demonstrated that the apoptotic activity of

p33-BakMTS and p53-BaxMTS is through the intrinsic apo-
ptotic pathway. Mitochondrial outer membrane perme-
abilization (MOMP) and caspase-9 activation can only be
mitiated via the intrinsic apoptotic pathway (13). In fact,
p33-BakMTS and p53-BaxMTS triggered permeabilization
of the mitochondrial outer membrane and induced caspase-9
activation confirming the involvement of the intrinsic apopto-
tic pathway (Fig. 6b and ¢).

Negative controls E-BakMTS and E-BaxMTS showed
some MOMP and caspase-9 activation which was higher than
EGFP but still significantly lower than p53-BakMT'S and p53-
BaxMTS (Fig. 6b and c). However, this is not reflected in the
more final apoptosis assay 7-AAD (Fig. 5) (32). It has been
reported that cells can recover from mitochondrial outer
membrane permeabilization (MOMP) which is measured by
TMRE; cells can also recover from caspase-9 activation (13).
Therefore, sending GIFP to the mitochondria is slightly toxic
to the cells reflected by TMRE and caspase-9 assay (Fig. 6) but
does not translate into final cell death measured by 7-AAD
assay (Figs. 5 and 8).

Next, we wanted to examine if a single domain of p53
(DBD) is sufficient to trigger apoptosis or if full length p53 is
essential for cell death induction. Although the TD was re-
ported to be essential for wt p53 function to exert its apoptotic
effect via Bak oligomerization (24), we note our important
discovery, that the DBD in isolation with a M'TS from Bak or
Bax is sufficient to induce apoptosis (Fig. 7). Murphy and
colleagues reported that p53 must form a dimer or a tetramer
for initiating Bak oligomerization (24). However, our data is
consistent with our previous finding (27) and other reports
(10,11) that monomeric p53 or just the DBD is sufficient to
trigger mitochondrial dependent apoptosis. Moreover, the
DBD of p53 (specifically through residues L120, R248,
R273, R280, G285 and G287) has been shown to be the
domain responsible for binding to Bak (25). An possible ex-
planation to why DBD fused to MT'S is sufficient to trigger
apoptosis could be that since w¢ p53 does not have a MT'S,
mitochondrial import of w¢ p53 is only possible through di-
merization and monoubiquitination via MDM?2 (6). We pos-
tulate that forcing the DBD of p33 to be in close proximity to
Bak via the Bak targeting signal may trigger an interaction
with Bak via the previously reported residues in the DBD
region leading to activation of the apoptotic pathway (25). In

wtpb3 the lack of a Bak MTS does not allow the interaction to
take place. These results suggest that the Bak MTS
fused to DBD can replace MBD and TD for mitochondrial
import and is sufficient to cause Bak homo-oligomerization
and apoptosis.

To ensure that this finding is not a T47D cell specific effect,
we tested the DBD-BakMTS and DBD-BaxMTS in three
different cancer cell lines (Fig. 8). In fact, DBD-BakMTS
showed even significantly higher (Fig. 8a) or trending higher
(Figs. 7a and 8¢ and ¢) activity compared to p53-BakMTS. A
possible reason for the higher activity of DBD-BakMTS over
full length p53-BakMTS is that DBD-BakMTS is lacking the
MBD and C-terminus which are essential for the p53 degra-
dation pathway. MDM2 binds to MBD of p53 and initiates
polyubiquitination of the C-terminus causing proteasomal deg-
radation (42,43). As DBD-BakMTS lacks the MBD and C-
terminus, it may avoid polyubiquitination and subsequent
proteasomal degradation, thus making it more stable than
p53-BakMTS.

Unlike constructs fused to Bak M'TS, Bax tagged constructs
showed inconsistent apoptotic activity profiles (Figs. 7 and 8). In
SKOV-3, p53-BaxMTS and DBD-BaxMTS activities were
not significantly different from their negative control E-
BaxMTS (Fig. 8d), and in H1373 p53-BaxMTS did not show
higher activity than E-BaxMTS (Fig. 8b). A possible explana-
tion for this is that Bax is constantly shuttled between cytoplasm
and mitochondria (Fig. 3) (44,45) . Mitochondrial p53 might
lack the ability to activate cytoplasmic Bax while the fraction of
Bax which is present at the mitochondria might not be sufficient
to induce apoptosis in certain cell lines. This might offer an
explanation why p53-BaxMTS and DBD-BaxMTS show in-
consistent results (Figs. 7a and 8b, d and f). Unlike Bax, Bak is
mainly present at the mitochondria and sequestered by anti-
apoptotic Mcl-1 and to a certain extent by Bcl-XL (19).

As our ultimate goal is to find a construct capable of robust
apoptosis, we proceeded with BakMTS constructs for further
studies. The apoptotic mechanism of p53-BakMTS and
DBD-BakMTS was then investigated. p53-BakMTS causes
apoptosis through a p53/Bak specific pathway, which was
confirmed by mutating amino acids of p53 DBD (K120,
R248, R273, R280, E285, E287) that are known to interact
with the pro-apoptotic Bak protein to abolish any p53/Bak
specific interactions (25). In fact, mutating these amino acids
showed a complete loss of p53-BakMTS and DBD-BakMTS
function (Fig. 9a).

Besides pro-apoptotic Bak, p53 also interacts with ant-
apoptotic Bel-XL through its DBD (residues G117, S121,
C176, H178, N239, M243, R248, G279, and R280) (10).
pd3 interacts through amino acids R248 and R280 with Bak
and Bax. To further validate that the apoptotic mechanism is
mainly dependent on pro-apoptotic Bak protein and not Bel-
XL, the p53K120E-BakMTS and DBDKI120E-BakMTS
were created. This K120 residue is known to be significant
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and specific for the p53/Bak interaction (25). K120E muta-
tion in p53-BakMT'S and DBD-BakMT'S resulted in dramatic
loss of activity suggesting involvement of Bak/specific p53
pathway (Fig. 9b).

Our mitochondrially targeted p53 could potentially have
additive or synergistic apoptotic effects with endogenous wt
p93. wt p53 mainly translocates to the nucleus and triggers
transactivation of genes responsible for the extrinsic and intrin-
sic pathway. While mitochondrial p53 might trigger the first
wave of intrinsic apoptosis, wt pd3 might additively or synergi-
cally enhance apoptosis via activation of the extrinsic and
mtrinsic pathway. This situation would occur only if endoge-
nous wt p53 was activated under stress conditions such as
radiation or chemotherapy treatment.

CONCLUSION

In summary, our data shows that fusing p53 to MTSs from
Bak or Bax results in mitochondrial localization and activation
of an intrinsic apoptotic response. DBD-BakMT'S and p53-
BakMT'S show apoptosis in breast, non-small cell lung, ovar-
1an and cervical carcinomas in a p53/Bak dependent manner.
Our next step 1is to test p53-BakMTS and DBD-BakMTS
using adenoviral drug delivery in orthotopic breast cancer
and ovarian cancer models to validate this m vitro work.
Ultimately, correction of the p53 pathway and activation of
apoptosis may be a universal approach. Mitochondrially
targeted p53, which does not dimerize nor activate genes in
the nucleus, simply has a direct apoptotic effect. Therefore,
functional, mitochondrially targeted monomeric p53 re-
introduced into cancer cells would act as a “sledgehammer,”
effective under any circumstances regardless of genetics or the
pathway upon which the cancer develops.
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