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The coordination of cell proliferation and programmed death
(apoptosis) is essential for normal physiology, and imbalance in
these two opposing processes is implicated in various diseases.
Objective and quantitative noninvasive imaging of apoptosis
would significantly facilitate rapid screening as well as validation
of therapeutic chemicals. Herein, we molecularly engineered an
apoptosis switch-on PET-based cyclic herpes simplex virus type 1–
thymidine kinase reporter (cTK266) containing a caspase-3 recog-
nition domain as the switch. Translation of the reporter and pro-
tein splicing in healthy mammalian cells produce an inactive cyclic
chimera. Upon apoptosis, caspase-3–specific cleavage of the circu-
lar product occurs, resulting in the restoration of the thymidine
kinase activity, which can be detected in living cells and animals by
noninvasive PET imaging. Our results showed the high sensitivity
of this reporter in dynamic and quantitative imaging of apoptosis
in living subjects. This reporter could be applied as a valuable tool
for high-throughput functional screening of proapoptotic and
antiapoptotic compounds in preclinical models in drug develop-
ment, and monitoring the destination of therapeutic cells in
clinical settings.

reporter probe | positron-emission tomography

The apoptotic pathway plays a crucial role in many biological
processes, and is involved in various diseases as well (1, 2).

Most of the chemotherapy agents cause tumor cell death primarily
by induction of apoptosis. Resistance to anticancer treatment
is widely believed to involve mutations that lead to deregulated
cellular proliferation and suppression of mechanisms that con-
trol apoptosis (3–6). Therefore, methods that can evaluate ap-
optosis as an early assessment of tumor response are urgently
required to manage patients in terms of quality of life versus
intensive chemotherapy (7, 8). Development of imaging probes
to accurately monitor the process of apoptosis in living organ-
isms has extensive implications for better understating the path-
ological changes during therapeutic interventions and screening
apoptosis-targeted drugs.
To date, a number of strategies have been attempted to

monitor the progress of apoptosis using various imaging mo-
dalities that target the myriad of changes involving membrane
composition, protein synthesis, enzyme activation, and energy
levels throughout the apoptotic program (9). Among them,
phosphatidylserine (PS) exposure and its high-affinity binder
Annexin V has been most intensively investigated for in vivo
apoptosis detection, especially with radionuclide labeling (10–
12). However, this strategy is unable to discriminate apoptotic
from necrotic cells because PS exposure also occurs in necrotic
cells (13).
Alternatively, visualization and evaluation of apoptosis can be

achieved by targeting more specific apoptotic mediators, such as
caspases, which are a family of intracellular cysteine–aspartate–
specific proteases that play central roles in the execution of cell
death (14, 15). Among the spectrum of various caspases, cas-
pase-3 has been identified as the primary executioner of cell
apoptosis (16) and is an attractive target molecule for apoptosis

imaging (17). Several synthetic activatable probes have been
developed to image caspase-3 activity directly, but most of these
probes suffer from low cell membrane penetration and relatively
high background due to the nonspecific cleavage (18, 19). Con-
sequently, fluorescence and bioluminescence reporter systems
have been developed based on a small peptide aspartylgluta-
mylvalanyl aspartic acid (DEVD), which can be recognized and
cleaved by caspase-3 (17, 20–22). Although optical imaging with
these reporter probes has been demonstrated to be useful for
in vivo monitoring of apoptosis especially in cell culture or s.c.
animal models (23–28), further applications of these approaches
are thwarted by tissue attenuation of photons and lack of fully
quantitative and tomographic capabilities. Therefore, there is an
urgent need to develop inherently more sensitive, quantitative, and
translatable reporter systems for noninvasive apoptosis imaging.
Being fully quantitative and tomographic, positron-emission

tomography (PET) is the most sensitive and specific technique for
imaging molecular pathways in vivo (29). The herpes simplex virus
type 1–thymidine kinase (HSV1-TK) is the most frequently
exploited reporter for PET imaging (30). Upon expression of the
HSV1-TK gene, the resulting enzyme can phosphorylate certain
radiolabeled purine and pyrimidine nucleoside analogs. This TK-
catalyzed phosphorylation results in trapping of the radiolabeled
entity within cells, and thereby allowing the visualization by sin-
gle-photon emission computed tomography (SPECT) or PET
(31). In this study, we genetically modified human head and neck
squamous carcinoma UM-SCC-22B (University of Michigan
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squamous cell carcinoma 22B) cells with the cyclic truncated
HSV1-TK. After treatment with a chemotherapeutic agent, doxo-
rubicin (Dox), to induce apoptosis, this apoptosis reporter probe
could effectively and quantitatively sense caspase-3 activation in
both cultured cells and tumor tissues.

Results
Design of the Cyclic HSV1-TK Reporter Probe. As shown in Fig. 1A,
the cyclic PET reporter was developed by fusing two fragments
of DnaE intein to neighboring ends of HSV1-TK. The substrate
sequence DEVD was used for caspase-3 recognition, flanked
by the N and C termini of TK. After translation into a single
polypeptide, the two fragments of TK were ligated by protein
splicing, producing a closed circular polypeptide. We started with
a truncated version of HSV1-TK by deletion of the first 45 amino
acids from the N terminus, which showed reduced cytotoxicity in
vivo compared with the full-length HSV1-TK (32). Truncation of
this flexible region also helps to keep the tension of the protein
structure after cyclization. A PEST sequence, a peptide sequence
that is rich in proline (P), glutamic acid (E), serine (S), and
threonine (T) (33), was included to guarantee the degradation of
the uncyclized polypeptide. Upon caspase-3 activation, DEVD
sequence will be cleaved, and termini of cyclic HSV1-TK (cTK)
are released to restore the TK activity. With the corresponding
radiolabeled substrates, PET imaging could be performed to
measure the caspase-3 activity.
To create the cTK reporter probe, the key step is to identify

the specific sites where the primary polypeptide of TK can be
disrupted into two fragments and then ligated to form the cyclic
probe. The crystal structure of TK (34, 35) indicates that the
constituent subunits of TK display the general αβ folding pattern,
each of which consists of 13 α-helices and seven β-sheets (Fig. 1B).
Based on the structural information of TK, we identified three
potential split sites that are within the disordered loop regions but
not within periodic secondary structure regions (Fig. S1). Among
them, one split site (between Asp76 and Asp77) is within the active
site of TK, and the other two split sites (between Ala266 and
Val267, and Ser276 and Asn277) are outside of its active sites. Ac-
cordingly, three engineered variants of cTK reporters, designated

as cTK76, cTK266, and cTK276, were constructed with linkage of
the N and C termini of TK by the DEVD substrate sequence
(Fig. 1C).

Detection of TK Enzyme Activity upon Apoptosis. To assess whether
the enzyme activity of the three cTK reporters were restored in
apoptotic cells, we transiently transfected UM-SCC-22B cells
with cTK76, cTK266, and cTK276. A representative wide spec-
trum anticancer drug (36, 37), Dox, was chosen as the apoptosis-
inducing agent. Western blots of apoptosis signaling pathway
study in UM-SCC-22B cells (Fig. S2A) showed Dox dose-
dependent apoptosis induction to caspase-3 activity, a key
factor in mediating cTK fuction in our study. After treatment
with Dox (1 μg/mL) for 24 h, all cTK cells showed increased
9-(4-18F-fluoro-3-[hydroxymethyl]butyl)guanine (18F-FHBG) uptake,
and the cTK266 was chosen for further study because it had the
highest fold increase (Fig. 2).
Next, we genetically engineered the cTK266 reporter into

firefly luciferase expressing UM-SCC-22B cells, generating a sta-
ble cell line with dual reporters. The cells, designated as cTK266-
22B-Fluc, retained the similar morphology and growth kinetics to
their parental cells. With increased dose of Dox, the 18F-FHBG
uptake in treated cells was also increased. With 10 μg/mL Dox,
the treated cells showed the highest FHBG uptake (32.8-fold)
compared with the control cells (Fig. 3A). It is highly likely that
the increased FHBG uptake is related to apoptosis, as increased
green fluorescence signal on the cell membrane after staining
with FITC–Annexin V and flow cytometry were also observed in
cells with the same treatment (Fig. S2).
Indeed, the cTK266-22B-Fluc cells treated with increasing

doses of Dox showed apparent double bands in Western blot
using a TK-specific antibody (Fig. 3B). The upper band corre-
sponds to the cyclic form of TK, as it is dominant in untreated
cells and tends to decrease in a dose-dependent manner. The
lower band corresponds to the linear TK counterpart, which is
increased along with increased doses of Dox, resulting from the
cleavage of DEVD by the activated caspase-3 protease. The
caspase-3 activation was confirmed using the caspase-3 substrate,
Ac-DEVD-pNA, with a dramatic increase in absorbance at 450 nm
in Dox-treated cells (Fig. 3C). The Fluc signal, on the other hand,
decreased with increasing Dox concentrations (Fig. S3), due to the
cytotoxicity from Dox. After normalizing the FHBG uptake with
Fluc signal, a much higher increase in FHBG uptake (71.2-fold) in
the treated cells was observed (Fig. 3D).

In Vitro Real-Time Sensing of Apoptosis. To confirm that the line-
arization of cyclic TK was due to caspase-3 activation, first we
used a chemical caspase inhibitor (IDN6556) in combination
with Dox to detect FHBG uptake. The result showed that FHBG

Fig. 1. The cTK reporter probe for apoptosis imaging. (A) Schematic overview
of the principle for monitoring apoptosis. The N and C termini of HSV1-TK are
linked with DEVD, a substrate peptide of caspase-3. Upon caspase-3 activation
during apoptosis, the DEVD sequence is cleaved and the cyclized TK restores
its activity. (B) The crystal structure of truncated HSV1-TK with 1–45 aa
deletion. The subunits of TK display a general αβ folding pattern, each of
which consists of 13 α-helices (in red) and seven β-sheets (in yellow). The
numbers represent the split sites. (C) Schematic structure of the variants of
cTK constructs. Each construct is made by cloning into a pcDNA3.1 (+)
plasmid backbone, under the control of a CMV promoter.

Fig. 2. The 18F-FHBG cell uptake assay for the cTK variants. (A) The 18F-FHBG
uptake of three cTK variants (cTK76, cTK266, and cTK276) transiently trans-
fected UM-SCC-22B cells, with untransfected cells as the control (mock). The
cells were stimulated with Dox (1 μg/mL) for 24 h to induce apoptosis. (B) Fold
change of FHBG uptake in treated cells compared with untreated cells. Results
were representative data collected from independent duplicate experiments.
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uptake in apoptotic cells was significantly (P < 0.01) reduced in
the presence of caspase inhibitor (Fig. 4A). By introducing
siRNA against caspase-3 (si–caspase-3) in cells (Fig. 4B), the
FHBG uptake was inhibited in a dose-dependent manner (Fig.
4C). To further ensure that the observed increase of FHBG up-
take was indeed mediated by caspase-3 activation, MCF-7 breast
carcinoma cells, deficient of functional caspase-3 (38), were tran-
siently cotransfected with cTK266 and caspase-3 plasmids (Fig.
4D). The FHBG uptake increased significantly (P < 0.01) upon
Dox stimulation (Fig. 4E). Western blot studies of cotransfected
MCF7 cells indicated that the caspase-3 activity in apoptotic
MCF7 cells were in a Dox dose-dependent manner (Fig. 4F).
Collectively, our results confirm that the restoration of TK activity
is caspase-3 specific.
To check the efficacy of this biosensor for real-time apoptosis

monitoring, we further investigated the time course of Dox-
induced caspase-3 activation. After being treated with 5 μg/mL
of Dox for 3 h, the Fluc signal decreased continuously over time
(Fig. S4). In contrast, the FHBG uptake initially increased with
time and peaked at 48 h after Dox treatment, then decreased
(Fig. 4G). After normalizing the FHBG uptake with Fluc signal,
a continuous increase in FHBG uptake was observed over time,
and the maximum fold increase was as high as 148.6 at the 72 h
time point (Fig. 4H).

In Vivo Micro-PET Imaging of Apoptosis. To apply the apoptosis
biosensor developed here for apoptosis monitoring in vivo, we
developed a tumor model with cTK266-22B-Fluc cells and
treated the tumor-bearing mice with either Dox or PBS. PET
imaging was performed after i.v. administration of 18F-FHBG
(11.1 MBq per mouse, n = 6 per group). Treatment with Dox

induced a remarkable 18F-FHBG accumulation inside the tumor
(Fig. 5A). Quantification of PET images revealed a significant
increase of signal level in Dox-treated tumors compared with
PBS-treated control tumors (Fig. 5B).
In contrast, the bioluminescence imaging (BLI) signal from the

treated tumors decreased as much as 3.72-fold compared with
that from the control tumors, indicating that Dox inhibited the
tumor growth (Fig. 5 C and D). The Dox-treated group also
showed a slight reduction in tumor volume in comparison with the
control group (Fig. S5A). With BLI signal for standardization,
PET signal in treated tumors increased by 13.3-fold compared
with that in the control tumors (Fig. S5B). A set of tumors from
each group were then removed for TUNEL staining. Sporadic

Fig. 3. In vitro characterization of cTK266 reporter. (A) The 18F-FHBG up-
take assay of cTK266-22B-Fluc cells treated with different doses of Dox for
24 h (n = 4). (B) Western blot analysis using HSV1-TK and β-actin antibodies
for cTK266-22B-Fluc cell lysates. The cells were treated with 1, 2, and 5 μg/mL
of Dox for 24 h. (C) The activity of caspase-3 determined by a caspase col-
orimetric assay kit (n = 3). (D) Ratiometric analysis of the relative FHBG up-
take. The FHBG uptake was normalized with the bioluminescence signal
from control and treated cells. Results were representative data collected
from independent triplicate experiments.

Fig. 4. Real-time monitoring of apoptosis induced by Dox in vitro. (A) The
18F-FHBG uptake by cTK266-22B-Fluc cells stimulated by Dox (0.5 μg/mL, 24 h)
in the presence of IDN6556 (20 μM). Data were normalized to control cells in
culture medium. IDN, IDN6556; **P < 0.01 (n = 4). (B) Western blot analysis of
cTK266-22B-Fluc transfected with different doses of anti–caspase-3 siRNA or
scramble siRNA. (C) 18F-FHBG uptake in cells treated with caspase-3–specific
siRNA. After transfection of cTK266-22B-Fluc cells with different concen-
trations of siRNA against caspase-3 or scramble siRNA for 24 h, the cells were
then treated with 2 μg/mL of Dox for 24 h. *P < 0.05, **P < 0.01 (n = 4). (D)
Western blot analysis of MCF-7 cell caspase-3 expression level after being
transiently transfected with caspase-3 plasmid or GFP control plasmid. (E)
Caspase-3–dependent 18F-FHBG uptake in MCF-7 cells. The cells were tran-
siently transfected with cTK266 only or with both cTK266 and pCaspase-3.
Twenty-four hours later, the cells were treated with 5 μg/mL of Dox for an-
other 24 h and then evaluated by 18F-FHBG uptake assay. The data were
normalized to the same total protein amount of cell lysate. **P < 0.01 (n = 3).
(F) Western bolt analysis of apoptotic MCF-7 cell for caspase-3 and polyADP
ribose polymerase (PARP) cleavage. (G) The 18F-FHBG uptake assay for the
treated cells at different time points. The cells were seeded in a 24-well plate
and treated with Dox (5 μg/mL) for 3 h. Then the plate was washed and refilled
with fresh medium (n = 4). (H) Ratiometric analysis of relative FHBG uptake,
which was normalized with the BLI signal at different time points. Results were
representative data collected from independent duplicate experiments.
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apoptotic cells were indentified within the treated tumors, whereas
no apoptotic cells were found in the control tumors (Fig. S6). To
ensure the apoptosis cascade in the tumor did not lead to severe
loss of cell membrane integrity, we conducted in vitro FHBG
uptake assay, followed by mass spectroscopy analysis of phos-
phorylated FHBG (FHBG-P) to free FHBG ratio (Fig. S7). The
reuslt showed almost no FHBG-P leakage upon apoptosis in-
duction by Dox.

Discussion
Noninvasive imaging and real-time evaluation of apoptosis is
crucial to drug development and early stage therapy response
monitoring (39). In this study, we presented an apoptosis re-
sponsive cTK reporter for the detection of caspase-3 activity by
PET imaging. This probe enabled quantitative and real-time
monitoring of caspase-3 activity in response to extracellular
stimuli. As a PET reporter, cTK showed low background and
high sensitivity in response to caspase-3 activation. The in vivo
results confirmed that PET is fully quantitative and tomographic,
which is particularly advantageous over optical imaging-based
approaches. Moreover, the trace amount and relatively short
half-life of the imaging substrate also facilitate repetitive scans
over a short period of intervals, which would be very helpful to
decipher the extremely dynamic nature of apoptosis.
So far, there are several caspase-3 responsive reporters avail-

able for in vivo imaging of apoptosis, most of which use a lucif-
erase protein (23–26) or a fusion protein (27, 28) separated by
the DEVD sequence. In these linear designs, the deactivation
or “silence” of the probes is usually achieved by fusing other

proteins or protein domains on each side of the reporter pro-
teins. The background signal is relatively high, as the reporter
protein may still keep its original structure. Moreover, it needs
double cleavage to fully release the “blockers.” For example,
when HSV1-TK was used in such a fusion biosensor for multi-
modal imaging of apoptosis (27), only a moderate twofold in-
crease in TK activity upon apoptosis was found for both in vitro
measurement and in vivo PET imaging after normalization to
cell viability. In this study, the deactivation of TK reporter was
through structure disruption after terminal ligation and trans-
splicing. The DEVD sequence was exposed to the surface to
facilitate caspase-3 enzyme recognition and cleavage. More im-
portantly, there is a significant difference in the FHBG uptake
between the active linear and inactive cyclic forms, although they
have the similar amino acid sequences and molecular weights.
All these features make the cTK reporter much more sensitive to
caspase-3 activation. Indeed, with the cTK266 reporter, we ob-
served a much higher signal increase (148.6-fold in vitro and
13.3-fold in vivo after normalization) during apoptosis.
To design the cTK reporter, the first and most critical step is

to identify the optimal site in the primary amino acid sequence of
TK for transsplicing. Unlike the firefly luciferase (40) or glyci-
namide ribonucleotide (GAR) transformylase (41), there is
no long cleft-like peptide loop segment in the backbone of TK
amenable to single site cleavage. Based on the crystal struc-
ture of TK (35), we investigated three potential cleavage sites
within the disordered loop regions and showed that one of the
variants (where the split site was between Ala266 and Val267)
exhibited the highest capability to restore TK enzymatic activity
after apoptosis induction (Fig. 2B). In fact, the transsplicing site we
identified is consistent with previous findings. Massoud et al. (42)
performed a partial circular permutation screen of the TK mole-
cule and found that the circularly permuted variant with the split
site between Thr265 and Ala266 was the only mutation to retain TK
enzymatic activity.
Because only the cyclic form of the TK reporter probe is re-

sponsive to caspase-3 activation, another speed-limiting step is
transsplicing. Intein-mediated cyclization of peptide has been
investigated for the analysis of the protein folding of GFP and
dihydrofolate reductase (DHFR) (43, 44). The DnaE intein,
derived from Synechocystis sp. PCC6803, was reported to give
a high yield of cyclic peptides or proteins by transsplicing (45).
Therefore, in the current cTK reporter, we fused two fragments
of DnaE intein to the neighboring ends of TK to generate cyclic TK
proteins. This cTK reporter platform is sensitive to detect apo-
ptosis. This merit may arise from the efficient caspase-3 cleavage
and the high sensitivity of PET imaging. Moreover, we observed
that even though the early stage of apoptosis can activate cTK
function on FHBG phosphorylation in cells, the late stage of apo-
ptosis presents favorable FHBG uptake due to extensive caspase-3
activity. Although with great sensitivity, the absolute uptake is much
lower than wild-type TK, indicating a more efficient transsplicing
strategy may be needed for further investigation.
Taken together, the development and comprehensive valida-

tion of our engineered reporter system allows quantitative de-
tection of apoptosis from cultured cells to in vivo tumor tissues.
The application of this particular caspase reporter system would
significantly assist in preclinical high-throughput screening of
different apoptosis-inducing agents and monitoring the thera-
peutic efficacy noninvasively and quantitatively by PET imaging.
Further application in clinical cell therapy may also be possible,
for instance, when using this reporter to track the apoptotic cells
after cell implantation.

Materials and Methods
Plasmids Construction and Reagents. To construct three variants of cTK with
three different split sites, corresponding N-terminal (TKn) and C-terminal
(TKc) fragments of the truncated HSV1-TK gene were amplified by PCR using

Fig. 5. In vivo PET imaging and BLI of apoptosis after Dox treatment. (A)
Representative coronal (Upper) and transaxial (Lower) micro-PET images of
mice bearing cTK266-22B-Fluc tumors at 2 h postinjection of 18F-FHBG
(11.1 MBq per mouse) after treatment with 10 mg/kg of Dox for 72 h (n = 6
per group). The white arrows point to tumors. (B) Quantification of the
PET signal over the tumor region, represented as a mean percentage
injected dose per gram (%ID/g). (C ) Representative BLI images of the same
groups of mice after Dox treatment.*P < 0.05. (D) Quantification of tumor
BLI signal. *P < 0.05. Results were representative data collected from in-
dependent duplicate experiments.
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the pCMV–HSV1-TK as the template. For convenient cloning, the primers for
the C-terminal fragment of DnaE (DnaEc) were introduced with a start co-
don and the restriction enzyme sites, Hind III and BamH I. The TKc was
modified to connect with the TKn by introducing a PstI site, and BamH I and
NotI sites were introduced at the 5′ and 3′ ends of the fragments, re-
spectively. The N-terminal fragment of DnaE (DnaEn) was modified by PCR
to introduce a PEST sequence and the enzyme sites, NotI and XhoI. All these
fragments were connected and subcloned into an expression vector pcDNA
3.1/Zeo (+) (Invitrogen) at the unique enzyme sites of Hind III and XhoI. All
cassettes were driven by a CMV promoter. All of the final plasmids were
sequenced to ensure fidelity in sequence (MacroGen). The cDNA of DnaE
and PEST were a gift from Takeaki Ozawa (University of Tokyo, Tokyo,
Japan). The caspase-3 expression plasmid pCaspase-3 was purchased from
Addgene. The siRNA against caspase-3 and control scramble siRNA were
purchased from Cell Signaling Inc. Goat anti–HSV1-TK antibody was obtained
from Santa Cruz Biotechnology. All other antibodies used in this study were
purchased from Cell Signaling Inc. Corresponding secondary antibodies were
obtained from Jackson ImmunoResearch Inc.

Cell Culture and Stable Cell Line Establishment. The human head and neck
squamous carcinoma UM-SCC-22B cells were cultured in DMEM supple-
mented with 10% (vol/vol) FBS, 100 U/mL penicillin, and 100 mg/mL strep-
tomycin (Invitrogen). To establish the cell lines that stably express cTK266,
the plasmid cTK266 was transfected into UM-SCC-22B cells with Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s protocol. Twenty-
four hours later, the cells were selected with 0.5 mg/mL zeocin antibiotic
(Sigma-Aldrich) every 2–3 d. Two weeks later, the single clones were picked
up in 24-well plates and allowed to grow. When reaching 80% confluence,
the cells were treated with Dox and subjected to 18F-FHBG cell uptake assay.
The highest expressing clone, named cTK266-22B, was identified and used
for further study. The cells were also transfected and selected with plasmids
expressing firefly luciferase (Fluc) with 1 mg/mL of G418 (Sigma-Aldrich) as
screening antibiotics. The final selected cells were named cTK266-22B-Fluc.
No significant difference between the transfected and the parental cells was
observed in terms of proliferation or tumorigenicity.

Western Blot Analysis. cTK266-22B-Fluc cells were treated with different con-
centrations of Dox to induce apoptosis. Twenty-four hours later, the cells
were lysed in a lysis buffer [20 mM Hepes, 20% (vol/vol) glycerol, 500 mM NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 0.1% Triton X-100] and a protease
inhibitor mixture (1:100, Invitrogen) at 4 °C for 20 min. An equal amount of
protein (300 μg) was loaded and resolved on 4–12% SDS/PAGE gels and elec-
troblotted onto a nitrocellulose membrane (0.45 μm, Invitrogen). A goat poly-
clonal anti–HSV1-TK antibody (1:100) was used as the primary antibody to
detect HSV1-TK; the immunoreactivity was evaluated using an HRP-conjugated
donkey anti-goat IgG antibody (1:2,500). The HRP activities were then visualized
by using an ECL advanced Western blotting detection kit (Thermo Scientific)
followed by exposure to ECL X-ray film (Amersham Biosciences).

Caspase-3 Activity Assay. The activity of caspase-3was determined by a caspase
colorimetric assay kit (Sigma-Aldrich) according to the manufacturer’s pro-
tocol. Briefly, the cells treated with different doses of Dox were collected,
washed with PBS, and lysed in a lysis buffer. Subsequently, the caspase-3
substrate (Ac-DEVD-pNA) was characterized with a spectrophotometer (Syn-
ergy II, BioTek) at a wavelength of 405 nm, and the pNA standard was used
for calibration of caspase-3 activity in samples.

18F-FHBG Cell Uptake Studies. After Dox treatment, uptake of 18F-FHBG was
assessed in transiently transfected 22B cells or cTK266-22B-Fluc cells. In the
case of IDN6556 pan-caspase inhibitor, 20 μM IDN6556 was used in combi-
nation with Dox for cell treatment. The cells were incubated with 5 μCi/mL of

18F-FHBG at 37 °C for 2 h, and then the cells were washed twice with PBS
(pH 7.2). Then the cells in each well were harvested with 0.1 N NaOH and the
cell-associated radioactivity was determined with a γ-counter (1480 Wizard
3, Perkin–Elmer). Triplicate samples were measured for all uptake studies.
A parallel set of plates was used to determine relative bioluminescence
signal and total protein content.

Animal Model. All animal experiments were approved by the Institutional
Animal Care and Use Committee of Clinical Center at the National Institutes
of Health. Six-week-old female athymic mice were obtained from Harlan
Laboratories and maintained on a standard diet at room temperature.
Xenografted tumor models were prepared by s.c. injection of 5 × 106 cTK266-
22B-Fluc cells suspended in 100 μL PBS into nude mice. Tumor size was
monitored with a digital caliper, and tumor volume was calculated as ab2/2,
where a represents the longest diameter and b represents the shortest di-
ameter. When tumors reached a diameter of about a = 6 mm, mice were
randomized into two groups (n = 6 per group). One group of mice received
one dose of 10 mg/kg of Dox through i.v. administration, whereas the
control group of mice received one dose of PBS only. Doses were selected to
mimic high-dose strategies used in clinical chemotherapy regimens. Animal
status was monitored closely throughout the experiment.

In Vivo BLI. Before imaging, mice were anesthetized with a 2% (vol/vol)
isoflurane–air mixture and given a single i.p. injection of 150 mg/kg
D-luciferin in normal saline. BLI was accomplished using a Xenogen Lumina II
system (Caliper Life Sciences) between 10 and 20 min postluciferin admin-
istration. During image acquisition, isoflurane anesthesia was maintained
using a nose delivery system, and animal body temperature was main-
tained using a temperature-controlled bed. Signal intensity was quanti-
fied as the sum of all detected photon counts within a region of interest
(ROI) over the tumor site. Images were analyzed with Living Image v3.1
software (Caliper Life Sciences). Bioluminescence signal was recorded as
average radiance with the unit of photons/s/cm2/sr.

Micro-PET Imaging in Living Mice. After BLI, the same group of mice (n = 6),
under isoflurane anesthesia, were injected via a tail vein with 18F-FHBG
(300 μCi per mouse). Ten-minute static scans were acquired at 1 and 2 h
after injection with a dedicated small animal Inveon PET scanner (Pre-
clinical Solution, Siemens). The images were reconstructed using a 2D
ordered-subset expectation maximization algorithm without correction
for attenuation or scattering. For each scan, ROIs were drawn over the
tumor region using the vendor’s software (ASI Pro-5.2.4.0) on decay-
corrected whole-body coronal images. The radioactivity concentrations
(accumulation) within the tumors were obtained from mean pixel values
within the multiple ROI volume and then converted to megabecquerel
per milliliter per minute using the calibration factor determined for the
Inveon PET system. These values were then divided by the administered
activity to obtain (assuming a tissue density of 1 g/mL) an image-ROI–
derived percent injected dose per gram (%ID/g).

Statistical Analysis. Quantitative data were expressed as mean ± SD. Means
were compared using Student’s unpaired test. P < 0.05 was considered
statistically significant.
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