@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

MOLECULAR MEDICINE REPORTS 11: 821-828, 2015

Near-infrared fluorescence imaging of prostate cancer
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Abstract. Near-infrared fluorescence (NIRF) imaging is an
attractive novel modality for the detection of cancer. A previous
study defined two organic polymethine cyanine dyes as ideal
NIRF probes, IR-783 and its derivative MHI-148, which have
excellent optical characteristics, superior biocompatibility
and cancer targeting abilities. To investigate the feasibility
of NIRF dye-mediated prostate cancer imaging, dye uptake
and subcellular co-localization were investigated in PC-3,
DU-145 and LNCaP human prostate cancer cells and RWPE-1
normal prostate epithelial cells. Different organic anion trans-
porting peptide (OATP) inhibitors were utilized to explore the
potential role of the OATP subtype, including the nonspecific
OATP inhibitor bromosulfophthalein, the OATP1 inhibitor
17pB-estradiol, the selective OATP1BI inhibitor rifampicin and
the selective OATP1B3 inhibitor cholecystokinin octapeptide.
NIRF dyes were also used for the simulated detection of circu-
lating tumor cells and the rapid detection of prostate cancer in
human prostate cancer tissues and prostate cancer xenografts
in mouse models. The results revealed that the cancer-specific
uptake of these organic dyes in prostate cancer cells occurred
primarily via OATP1B3. A strong NIRF signal was detected
in prostate cancer tissues, but not in normal tissues that were
stained with IR-783. Prostate cancer cells were recognized
with particular NIR fluorescence in isolated mononuclear
cell mixtures. The results of the present study demonstrated
that NIRF dye-mediated imaging is a feasible and practicable

Correspondence to: Dr Jianlin Yuan, Department of Urology,
Xijing Hospital, Fourth Military Medical University, 127 Changle
West Road, Xi'an, Shaanxi 710032, P.R. China

E-mail: yuanjianlin317@126.com

“Contributed equally
Key words: near-infrared fluorescence dye, fluorescence imaging,

prostate cancer, circulating tumor cells, organic anion transporting
peptides

method for prostate cancer detection, although further investi-
gative studies are required before clinical translation.

Introduction

Prostate cancer (CaP) ranks first among the top ten most
common types of cancer in males, and second highest as a
cause of cancer-related mortalities. It was estimated that in
the United States in 2014 there would be ~233,000 newly
diagnosed patients with CaP and ~29,480 CaP-related mortali-
ties (1). Although the majority of patients with localized
low-risk CaP survive for a long time without any interven-
tion, the remainder experience advanced disease with a high
incidence of deterioration, recurrence and metastasis, all of
which are associated with a poor prognosis and a higher risk of
mortality (2). Currently, conventional imaging technologies are
not sufficiently sensitive to detect small lesions or metastases
in the early stage of the disease, providing little information
for the identification of aggressive and indolent disease (3).
Therefore, it is of great importance to develop cancer-specific
molecular imaging techniques to improve CaP management.

Near-infrared fluorescence (NIRF) imaging is an attrac-
tive novel modality for cancer detection and the acquisition of
real-time pathophysiological information. This imaging tech-
nique requires NIRF probes with an emission wavelength in
the near-infrared region, similar to the contrast agents applied
prior to positron emission tomography. There are a number
of important requisites for these probes, including excellent
optical characteristics, suitable biocompatibility and a cancer
targeting ability (4). Two organic polymethine cyanine dyes
have previously been described as ideal NIRF probes, IR-783
and its derivative MHI-148. These dyes accumulate selectively
at tumor sites but not in normal tissues, possibly due to the
differential expression of organic anion transporting peptides
(OATPs) in cancer cells (5). OATPs are 12-transmembrane
glycoproteins originating from the SLCO gene superfamily (6)
that are expressed in several epithelial tissues throughout the
body. In addition, OATP overexpression affects cancer devel-
opment, including OATP1B3 in prostate cancer (7,8).

IR-783 and MHI-148 have great potential in the detection
of malignancies without the requirement for additional conju-
gation with cancer-specific moieties, a method that has been
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widely used in the application of other NIRF probes (9-11). To
further expand their clinical value in prostate cancer detec-
tion, the underlying mechanism and the feasibility of NIRF
dye-mediated imaging was explored in different experimental
settings, including both in vivo and in vitro studies. The aim
of the present study was to investigate the feasibility of NIRF
dye-mediated prostate cancer imaging, using IR-783 cyanine
dyes. The dye uptake and subcellular co-localization in human
prostate cancer cells PC-3, DU-145 and LNCaP and normal
prostate epithelial cells RWPE-1 was tested.

Materials and methods

Chemical reagents. IR-783 cyanine dye was purchased from
Sigma-Aldrich (St. Louis, MO, USA). MHI-148 was synthe-
sized and purified as previously described (12). All dyes were
prepared as stock solutions (I mM) in dimethyl sulfoxide
(DMSO; Sigma-Aldrich) and stored at 4°C in the dark. The
dyes were diluted in serum free medium to an appropriate
working solution and filtered through 0.2 ym filters prior to
use.

Cell lines and cell culture. PC-3, DU-145 and LNCaP human
prostate cancer and RWPE-1 normal prostate epithelial cell
lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and grown according
to ATCC recommendations. Each of the recommended media
(RPMI-1640 for LNCaP, F-12 Ham's Kaighn's modification
medium for PC-3 and minimal essential medium for DU-145;
Invitrogen Life Technologies, Carlsbad, CA, USA) contained
10% fetal bovine serum (Gibco-BRL, Carlsbad, CA, USA)
and penicillin (100 IU/ml)/streptomycin (100 xg/ml) and the
cells were cultured in a humidified atmosphere with 5% CO,
at 37°C.

In vitro study of dye uptake in cultured cells. The cell staining
procedures were undertaken as described previously (12). In
brief, suspensions of PC-3, DU-145, LNCaP, and RWPE-1
(1x10*/well) cells were placed into four-chamber slides
(Nalgen Nunc International, Penfield, New York, USA)
and cultured for 24 h. Following the removal of the culture
medium, working solutions of IR-783 or MHI-148 dyes
(20 uM) were added. The slides were incubated at 37°C for
30 min and then washed twice with phosphate-buffered saline
(PBS). The cells were counterstained using DAPI at 37°C for
10 min, followed by a two PBS washes and a 10-min fixa-
tion with 4% paraformaldehyde (Sigma-Aldrich). The slides
were covered with glass coverslips using aqueous mounting
medium (Sigma-Aldrich) and observed under a confocal laser
microscope (OLYMPUS FV1000; Olympus, Tokyo, Japan)
with an excitation wavelength of 633 nm and an emission
wavelength of 670-810 nm (5).

Subcellular localization of the dyes in the prostate cancer
cells was detected according to a previously established
protocol (12). Briefly, commercially available probes, Mito
Tracker Orange CMTMRos and Lyso Tracker Green DND-26
(Molecular Probes, Camarillo, CA, USA), were used to track
cytoplasmic mitochondria and lysosomes. Following DAPI
staining, the slides were placed in 500 nM CMTMRos for
30 min at 37°C followed by repeated rinsing. Subsequently,
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200 nM DND-26 was added for 60 min at 37°C. Following
repeated washes and mounting, the slides were observed under
a confocal microscope (OLYMPUS FV1000; Olympus)..
The emission/excitation wavelengths for CMTMRos were
504 nm/511 nm and for DND-26 were 554 nm/576 nm. Images
captured in the same visual field in varying light conditions
were merged for co-localization analysis of the NIRF cyanine
dyes.

Prostate cancer cells were pre-incubated with different
OATP inhibitors to determine the underlying mechanisms
attributed to their specific uptake and accumulation of cyanine
dyes. Nonspecific OATP inhibitor bromosulfophthalein (BSP,
250 umol/l), OATPI inhibitor rifampicin (20 gmol/l), selective
OATPI1BI inhibitor 17@-estradiol (EST, 20 ymol/l), and selec-
tive OATP1B3 inhibitor cholecystokinin octapeptide (CCK-8,
20 pmol/l) were added to the prostate cancer cells for 5 min,
which was followed by the previously mentioned staining
procedures (13-15). The uptake and accumulation of the dyes
with or without inhibitors was observed under a confocal
microscope (OLYMPUS FV1000; Olympus). For comparative
studies, flow cytometry was applied to determine the fluores-
cence intensity of each group. The prostate cancer cells (1x10%)
were cultured in 6-well plates for 24 h, followed by staining
with the NIRF dyes as previously described. Following a final
PBS wash, the fluorescence of each tube was measured using
a flow cytometer (FACS Aria; BD Biosciences), with excita-
tion/emission wavelengths of 633 nm/780 nm for NIRF dye
detection. The relative fluorescence intensity in each group
was calculated as a percentage of the fluorescence intensity
of the group without inhibitor application.

Detection of prostate cancer cells in human blood samples.
An experimental model was established to evaluate the feasi-
bility of NIRF dye-mediated imaging of prostate cancer cells
in human blood. Heparinized human blood samples were
obtained from healthy volunteers following the approval of
the Institutional Ethics Committee. Informed consent was
obtained from all individuals. The single-cell suspension
of prostate cancer cells was pre-labeled with DAPI, mixed
into human blood (10-10*/ml) and NIRF dye (20 gmol/l)
was added. The mixture was gently vortexed several times
and the mononuclear and cancer cells were isolated via the
gradient centrifugation method using Ficoll-Paque™ solu-
tion (GE Healthcare, Little Chalfont, United Kingdom) as
previously described (16). The cells were then labeled with
NIRF dyes as previously discussed (12). Subsequently, the
mixture of normal and cancer cells was fixed and observed
under a confocal microscope to identify the prostate cancer
cells via the colored staining. The total number of prostate
cancer cells in the blood was counted by flow cytometry.

NIRF imaging of human prostate cancer tissues. Samples of
human prostate cancer tissue and the adjacent noncancerous
tissues were obtained with informed consent from five patients
at Xijing Hospital to test the possibility of direct and selec-
tive NIRF dye staining in ex vivo settings. Retrieved tissues
were stained with cyanine dyes for NIRF imaging using
the IVIS Lumina IT imaging station (Caliper Life Sciences,
Hopkinton, MA, USA). The nonspecific IR-800 dye (Sigma)
was used as a control. For confocal microscopy, the tissues
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were embedded in optimum cutting temperature medium
(Sakura Finetek, Torrance, CA, USA). Frozen 10 ym sections
were cut and stained with DAPI and the mounted sections
were analyzed with a confocal microscope to observe the
NIRF signals. For hematoxylin and eosin (H&E) staining,
tissues were fixed in 4% paraformaldehyde and embedded in
paraffin. Following H&E staining, the tissue sections (5 gm)
cut from the paraffin blocks were examined and imaged by
an expert pathologist (17) using an Olympus DP-72 digital
camera (Olympus). Furthermore, following anesthesia
with 2% isoflurane in 100% oxygen at a delivery rate of
1.5 I/min (18), slices of freshly harvested tumor specimens
(I mm x 2 mm x 2 mm) were implanted subcutaneously to the
dorsolateral part of 4-6 weeks old athymic nude mice (n=3),
which were obtained from the experimental animal center of
the Fourth Military Medical University (Shaanxi, China) and
had free access to food and water under a normal light/dark
cycle. All animal experiments were conducted in accordance
with the Animal Care and Use Committee Guidelines of the
Fourth Military Medical University. The implanted mice
were left for 24 h and then NIRF dyes were injected intra-
peritoneally at a dose of 0.375 mg/kg. During the following
five days, mice bearing prostate cancer implants underwent
NIRF imaging using the IVIS Lumina II imaging station.

Evaluating NIRF imaging in mice models of prostate cancer.
Human prostate cancer cells (1x10°) were implanted either
subcutaneously, intraosseously or orthotopically into athymic
nude mice (n=3, respectively) following the procedures previ-
ously reported (19). Once the tumors reached ~5-10 mm in
diameter as assessed by macroscopic observation, palpation
or X-ray, cyanine dyes were injected intraperitoneally at a
dose of 0.375 mg/kg. Tumor-loaded mice were anesthetized
24 h post-NIRF dye injection. The whole body NIRF imaging
of the mice was undertaken using an IVIS Lumina Il imaging
station. Following the imaging, mice underwent painless
euthanasia by isoflurane overdose. The tissue distribution of
the dyes within the mice was assessed. Frozen tissue sections
together with paraffin-embedded tissue sections were
obtained for immediate confocal imaging and H&E staining
as described above.

Data processing and statistics. Numerical data are expressed
as the means =+ the standard error of the mean (SEM). The
statistical significance of data was determined by Student's
t test. SPSS 16.0 software (SPSS Inc., Chicago, IL, USA)
was used for statistical analysis. P<0.05 was considered to
indicate a statistically significant difference.

Results

Cultured prostate cancer cells selectively uptake and accu-
mulate NIRF dyes. PC-3, DU-145, LNCaP human prostate
cancer cells and RWPE-1 normal human prostate epithelial
cells were selected for in vitro studies to evaluate the NIRF
dye uptake and retention by prostate cancer cells. Three
images were captured of the same visual field of the prepared
slides using confocal microscopy, including transparent,
DAPI and NIRF imaging patterns (Fig. 1). Selective uptake
and accumulation of NIRF dyes was observed in all prostate
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cancer cells. However, there was only a weak NIRF signal
detected in RWPE-1 cells. These results confirm the find-
ings of a previous study that these dyes have a unique cancer
targeting ability (5).

Previous studies have demonstrated the preferential
retention of NIRF dyes in the lysosomes and mitochondria
of the ARCaPM cell line, a highly metastatic subclone of
ARCaP cell line derived from the ascitic fluid of a patient
with prostate cancer (12). The present study investigated
subcellular co-localization of NIRF dyes in three commonly
used prostate cancer cell lines, PC-3, DU-145 and LNCaP.
Merged images revealed a large overlap of cytoplasmic
staining among the NIRF dyes in the lysosomes and mito-
chondria, indicating that a substantial portion of these dyes
accumulate in the lysosomes and mitochondria of a number
of prostate cancer cells (Fig. 2).

Previous studies have demonstrated that the inhibition of
OATPs greatly affects the uptake of NIRF dyes, however, the
explicit mechanism remains elusive (11,20). Elevated expres-
sion levels of OATPIB3 have been observed in prostate
cancer, therefore, the current study employed four types of
OATP inhibitor to test whether this subfamily of OATPs was
involved in NIRF uptake in prostate cancer cells (6,21,22).
There were remarkable disparities in the uptake and accu-
mulation of these dyes when different inhibitors were applied
(Fig. 3). Nonspecific OATP inhibitor BSP induced the
greatest impact on the NIRF signal, as revealed by the reduc-
tion in fluorescence intensity (26.4%=+5.7%), compared with
that of the control. The OATP1 inhibitor rifampicin (RIF)
strongly diminished the fluorescence intensity (36.5+6.4%)
compared with that in the control. Similarly, the selective
OATPI1B3 inhibitor CCK-8 significantly reduced the NIRF
signal (39.2%=+4.8%) compared with that of the control,
although to a lesser extent than BSP or RIF. However, the
selective OATP1BI inhibitor EST had a minimal effect on
the intensity of the fluorescence signal compared with that
of the control group (Fig. 3). These results indicate that the
selective uptake of NIRF dyes relies primarily on the trans-
porting functions of OATP1B3.

NIRF dye mediates the detection of circulating tumor cells in
human blood samples. Prostate cancer cells have the potential
to migrate to distant organs via the circulatory system (23-25).
Fluorescent probes with excitation/emission wavelengths
in the visible region have been tested for the feasibility and
reliability of detecting circulating tumor cells (CTC) in
preclinical studies (16). An experimental model mimicking
the detection procedure has previously been established to
verify whether these NIRF dyes may be exploited for CTC
detection (5). In the current study, blood samples were spiked
with different numbers of prostate cancer cells (10-10%/ml). It
was revealed that prostate cancer cells could be recognized
with particular NIR fluorescence in isolated mononuclear cell
mixtures, even at concentrations as low as 10 cells/ml in the
blood (Fig. 4). Additionally, the results of the flow cytometric
analysis support the viability of NIRF dye application in the
detection of CTC in prostate cancer.

NIRF imaging of human prostate cancer tissues using cyanine
dyes.NIRF imaging was performed on human prostate cancer
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IR-783 Merge

Figure 1. Selective dye uptake in DU-145, LNCaP, PC-3 prostate cancer cells. Only a weak near infrared fluorescence (red) was observed in RWPE-1 normal
human prostate epithelial cells (magnification, x200). The nuclei were stained with DAPI (blue).

.

.
Figure 2. Preferential accumulation of near infrared dye in DU-145 prostate cancer cells. (A) DAPI (blue), (B) IR-783, (C) Lyso Tracker Green DND-26,
(D) Mito Tracker Orange CMTMROS, (E) The superimposition of images A, B and D; (F) The superimposition of image A, B and C (magnification, x400).

tissues, with the aim of determining if IR-783-mediated
NIRF imaging remains effective at detecting prostate cancer
cells in surgical samples. Samples of human prostate cancer
tissues and the adjacent normal tissues were stained using
IR-783 or IR-800. A strong NIRF signal was detected in the
prostate cancer tissues but not in the normal tissues of the
IR-783 group (Fig. 5). This result was confirmed by confocal
microscopy and H&E staining. However, no difference
was found in the IR-800 group, possibly owing to its lower
stability and binding specificity to cancer cells. In addition,
slices (I mm x 2mm x 2mm) of prostate cancer tissue that

were implanted subcutaneously into mice were detected
by IR783, demonstrating the potential of IR-783-mediated
NIRF imaging for clinical application.

NIRF imaging of prostate cancer xenografts in mice models
using cyanine dyes. Subcutaneous, intraosseous and ortho-
topical models of prostate cancer using athymic nude mice were
established to validate the possible in vivo applications of NIRF
imaging for the detection and observation of prostate cancer
cells. NIRF dyes were administered and, 24 h later, high signal
to background ratios were observed between the xenografts and
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Figure 3. PC-3 prostate cancer cells were treated with different organic anion transporting peptide (OATP) inhibitors followed by staining with DAPI (blue) or
IR-783 (red). (A, F) Control group with no treatment, (B, G) nonspecific OATP inhibitor bromosulfophthalein (BSP) group, (C, H) OATP1 inhibitor rifampicin
(RIF) group, (D, I) selective OATP1B3 inhibitor cholecystokinin octapeptide (CCK-8) group, (E, J) selective OATP1BI inhibitor 17(3-estradiol (EST) group
(magnification, x200). (K) Fluorescence intensity in each group evaluated by flow cytometry.
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Figure 4. Near-infrared fluorescence (NIRF) dye-mediated imaging of prostate cancer cells in human blood. (A) The prostate cancer cells were detected by
near infrared fluorescence (red) in human blood spiked with 10 cells (magnification, x400). (B) The number of prostate cancer cells was counted by flow
cytometry. (C) Results of flow cytometry revealed an apparent population of DAPI+/IR-783+ cells in human blood spiked with prostate cancer cells (104/ml).
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Figure 5. Near-infrared fluorescence (NIRF) imaging of prostate cancer tissues using IR-783. IR-800 failed to image tumors. Prostate cancer was confirmed

by hematoxylin and eosin staining (magnification, x200).

Figure 6. Near-infrared fluorescence (NIRF) imaging of prostate cancer xenografts in a subcutaneous mice model using IR-783. (A) Representative in vivo
near infrared fluorescence images of subcutaneous prostate cancer (from left to right: NIRF image, bright light image and superimposition). Two clear tumors
were identified. (B) Frozen sections of the retrieved xenografts were stained with DAPI and observed under a confocal microscope (magnification, x200).
(C) Bio-distribution of IR-783 in the organs of nude mice bearing prostate cancer. The top row of images show the following from upper left to lower right:
tumor, tumor, heart, liver, pancreas, spleen, lung, kidney, kidney, bladder. Bottom row: the whole intestine. (D) Tumors were confirmed by hematoxylin and

eosin staining (magnification, x200).

the mouse models (Fig. 6). Bio-distribution analysis indicated
that the metabolism of the NIRF dye was primarily through the
excretions of bile, urine and feces. Furthermore, the NIRF signal
from the prostate cancer cells remained detectable for >1 week.
In sections of the xenografts retrieved from the sacrificed mice,
the presence of prostate cancer cells and cancer specific uptake
of NIRF dyes was confirmed.

Discussion

Rapid progress has been made in the development of lumi-
nescent nanoparticles, and a number of them have been
evaluated as potential contrast agents or delivery vehicles for
molecular imaging, owing to their abilities of fast screening
and early detection of cancer, which provide invaluable
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guidance in cancer therapy. However, conventional dyes are
susceptible to photobleaching and rarely achieve a sufficient
target-to-background ratio for clinical use, particularly due
to the pharmacokinetics and potential toxicity associated
with their concentration, surface coating, and chemical
composition. NIRF dyes have received increasing attention
in recent years for diagnostic imaging using near infrared
light radiation, which penetrates up to 10 cm deep in certain
tissues (20,26,27). The majority of NIRF dyes lack a specific
targeting property, limiting their biomedical applications (28).
In probe design using these dyes, a crucial targeting element
has to be considered. Frequently used targeting moieties
include antibodies, peptides, proteins, aptamers, and small
receptor ligands (29,30). IR-783 and MHI-148 are two novel
heptamethine indocyanine dyes that have been identified that
preferentially accumulate in cancer tissues, hence displaying
great advantages over the more commonly used fluorescent
dyes with bioimaging applications (12). These NIRF dyes
display dual imaging and targeting abilities in addition to a
very low cytotoxicity.

The underlying mechanism of NIRF dye uptake remains
elusive, although the contribution of sodium independent
OATPs in dye uptake has previously been determined (31).
In the present study, the roles of OATPs in prostate cancer
detection were assessed through in vivo and in vitro experi-
ments and the contribution of OATP subtype OATP1B3 was
evaluated. OATP1B3 has previously been identified as an
aberrantly expressed transporter in prostate cancer and has
additionally been implicated in the progression of prostate
cancer (8,22). The results of the current study indicate that
OATP1B3 may be the predominant transporter involved in
the dye uptake. These results are in good agreement with
previous descriptions concerning the role of OATPIB3 in
prostate cancer (14,32).

Cell imaging techniques for cancer diagnosis are simple,
cost-effective, and relatively sensitive techniques that rely on the
use of reporter genes and fluorescent dyes (33). The threshold
sensitivity of photoacoustic flow cytometry is estimated to
be as high as one cancer cell in a background of 107 normal
blood cells (34). However, a fluorescence-based approach is
only suitable for short-term labeling applications, while NIRF
dyes allow for long-term tracking strategies with a satisfactory
accuracy for diagnosis (5). In the current study, the labeling effi-
ciency of NIRF dyes in all three types of prostate cancer cells
was found to be satisfactory. Utilizing the tumor cell-specific
behavior of these two dyes allowed for the detection of an accu-
rate quantification of live CTCs in prostate cancer patients (23).
Additionally, their preferential accumulation within prostate
cancer xenografts allowed for noninvasive monitoring of uptake
kinetics, tumor growth and therapeutic outcome.

NIRF imaging is a sensitive method of tagging a target of
interest and is reliable for the noninvasive imaging of the micro-
scopic and macroscopic levels, however, detailed anatomical
information cannot be obtained. Multifunctional NIRF probes,
which combine NIRF dyes with imaging modalities that provide
anatomical information, including MRI, CT, PET, SPECT and
photoacoustic imaging (PAI), are the next aim of the relatively
novel rising field of cancer-targeting NIRF imaging tech-
nology (35-37). Whilst multifunctional NIRF probes are still
far away from clinical application, it is anticipated that NIRF
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imaging technology will be unquestionably an integral part of
biomedical research in the near future.
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