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Abstract

Near-infrared fluorescence (NIRF) imaging agents are promising tools for noninvasive cancer
imaging. Here, we explored the mechanistic properties of a specific group of NIR heptamethine
carbocyanines including MHI-148 dye we identified and synthesized, and demonstrated these dyes
to achieve cancer-specific imaging and targeting via a hypoxia-mediated mechanism. We found
that cancer cells and tumor xenografts exhibited hypoxia-dependent MHI-148 dye uptake in vitro
and in vivo, which was directly mediated by hypoxia-inducible factor 1a (HIF1a). Microarray
analysis and dye uptake assay further revealed a group of hypoxia-inducible organic anion-
transporting polypeptides (OATPs) responsible for dye uptake, and the correlation between
OATPs and HIF1a was manifested in progressive clinical cancer specimens. Finally, we
demonstrated increased uptake of MHI-148 dye in situ in perfused clinical tumor samples with
activated HIF1a/OATPs signaling. Our results establish these NIRF dyes as potential tumor
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hypoxia-dependent cancer-targeting agents and provide a mechanistic rationale for continued
development of NIRF imaging agents for improved cancer detection, prognosis and therapy.
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1. Introduction

Near-infrared fluorescence (NIRF) imaging has recently emerged as a useful tool for
noninvasive cancer imaging [1]. NIRF agents show very limited autofluorescence from
intrinsic chromophores, but upon binding to biomolecules they display drastically increased
fluorescence due to rigidization of the fluorophores [2, 3]. Polymethine carbocyanine dyes,
such as pentamethine and heptamethine carbocyanines, are representative NIRF contrast
agents that have shown great potential for both experimental and clinical NIRF imaging [4].
These organic dyes feature high extinction coefficients and relatively large Stokes’ shift, and
in the presence of emission wavelengths ranging from 700-1,000 nm their fluorescence can
be readily captured from deep tissues by commercially available imaging modalities [2, 3].

Most conventional approaches for utilizing NIRF dyes in cancer imaging require chemical
conjugation of NIR fluorophores with appropriate tumor-specific ligands, including
metabolic substrates, aptamers, growth factors, and antibodies [5-7]. A number of surface
molecules have been tested as targets, including membrane receptors, extracellular matrices,
cancer cell surface-specific markers, and neovascular endothelial cell-specific markers [8,
9]. These approaches have created agents with a narrower spectrum for cancer imaging since
the NIRF moieties only detect specific types of cancer cells with well-characterized surface
properties [10]. Moreover, the specificity and affinity of targeting ligands could also be
affected by chemical conjugation [3]. Hence, there is an unmet need for developing NIRF
dyes with simpler and more straightforward use to advance noninvasive cancer imaging,
taking into account the heterogeneous nature of cancer.

We previously identified and synthesized a specific class of NIRF heptamethine
carbocyanines as dual imaging and cancer targeting agents. Two prototypic heptamethine
carbocyanine dyes including MHI-148 demonstrated promising biological activity [11, 12].
However, how these dyes achieve cancer-specific targeting properties are largely unclear.
Tumor cells, though display heterogeneity in general, still share select common features for
proliferation and survival such as responses to environmental hypoxic stimuli through
certain epigenetic alterations. In this study, utilizing genitourinary cancers as a model
system, we investigated the intrinsic features of these dyes by linking the dye uptake with
tumor hypoxia and explored the possible molecular mechanisms that may mediate the
preferential uptake of this class of NIRF dyes by cancer cells.
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2. Materials and methods

2.1. Cell culture and reagents

The human prostate cancer (PCa) cell lines PC-3, PC-3M and LNCaP, human breast cancer
cell line MDA-MB-231, and human leukemia cell line K562 were purchased from American
Type Culture Collection (ATCC, Manassas, VA). The normal prostatic epithelial PrEC cells
were purchased from Lonza (Allendale, NJ). The human PCa cell lines C4-2, ARCaPg and
ARCaPy, were established by our laboratory [13-15], and the murine prostate cancer cell
line MPC3 was kindly provided by Dr. Neil Bhowmick (Cedars-Sinai Medical Center, Los
Angeles, CA) [16]. For hypoxia treatment, cells were grown in a hypoxic chamber (1% O,
5% CO»). PC-3 cells stably overexpressing SHREp-ODD-luc were established by
lipofectamine-mediated transfection of the construct followed by 2-week G418 (500 pg/ml)
selection as described previously [17]. PC-3 cells overexpressing a constitutively active
HIF1a construct were established by retroviral infection as described previously [18].
HIF1a, OATP1B3 and non-targeting control shRNA lentiviral particles used to establish
stable knockdown cell lines were purchased from Santa Cruz (Santa Cruz, CA). The
heptamethine carbocyanine MHI-148 dye was synthesized and purified as described
previously [11]. Cobalt chloride, rifampicin, gemfibrozil and bromosulfophthalein were
purchased from Sigma-Aldrich (St. Louis, MO). DMOG was purchased from Millipore
(Billerica, MA).

2.2. Tumor xenograft studies

Male 4- to 6-week-old athymic nude mice were purchased from Taconic (Oxnard, CA),
housed in the animal research facility at Cedars-Sinai Medical Center (CSMC), and fed a
normal chow diet. For xenograft studies, 1 x 108 cells were injected subcutaneously into
nude mice. Each mouse was injected on either one or both flanks, and at least five mice were
used for each group. Tumors were dissected 4-6 weeks after inoculation and fixed in 4%
formaldehyde and embedded in paraffin for subsequent histological analysis.

2.3. Clinical specimens

Archival formalin-fixed paraffin-embedded (FFPE) PCa clinical specimens were obtained
from the Department of Pathology, Xijing Hospital, Fourth Military Medical University
(FMMU). All renal cell carcinoma (RCC) patients enrolled in the present study were from
the Department of Urology, Xijing Hospital, FMMU, and the exclusion criteria included
kidney cysts, renal pelvis carcinoma and other inflammatory diseases.

2.4. Analysis of NIRF dye uptake in cancer cells, tumor xenografts and clinical tumor

specimens

2.4.1. Cancer cell model—After exposure to different treatments, cells were incubated
with MHI-148 dye at a concentration of 5 uM at 37°C for 10 min and washed twice with
PBS to remove excess dyes. Cells were fixed in 10% formaldehyde and subjected to analysis
of NIRF dye uptake by a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA)
equipped with a 780/30 nm filter for NIRF detection, and the data was analyzed by FlowJo
software (Tree Star Inc., Ashland, OR).
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2.4.2. Tumor xenograft model—Mice bearing xenografted tumors, when tumor sizes
reached 2—-6 mm in diameter assessed by palpation, were injected intraperitoneally with
MHI-148 dye at a dose of 50 nmol/mouse. Whole-body or organ-specific optical imaging
was taken at 24 hour using an 1VIS Lumina XR imaging system (PerkinElmer, Waltham,
MA) equipped with fluorescent filter sets (excitation/emission, 783/840 nm) as described
previously [11, 12].

2.4.3. Clinical RCC specimens—RCC patients who were histopathologically confirmed
underwent complete retroperitoneal laparoscopic nephrectomy. Immediately subsequent to
the surgical removal, the kidney was administered intra-arterially with 5000 units of heparin
for anti-coagulation, and then subjected to perfusion with 300 ml saline at a rate of 20
ml/min at 4°C. Next, the kidney was perfused with MHI-148 dye (0.5 nmol/g) in 500 ml
saline at a rate of 20 ml/min at 4°C, and further infused with 500 ml Ringer’s solution to
remove excess dyes. Uptake of MHI-148 dye in the kidney was determined by NIRF
imaging as described in 2.4.2. RCC and adjacent normal tissues were further excised and cut
into small blocks followed by NIRF imaging and signal intensity quantification. All
procedures were performed either on ice or at 4°C.

2.5. Luciferase assay and bioluminescence imaging

PC-3 cells that stably carry SHREp-ODD-luc after receiving different treatments were
subjected to cell lysis, and the cell lysates were incubated with D-luciferin (Promega,
Madison, WI) for luciferase readout using a Monolight luminometer (BD Biosciences) as
described previously [17]. Bioluminescence imaging of either PC-3 cells or tumor
xenografts that carry SHREp-ODD-luc after receiving D-luciferin (3 mg/mouse via
intraperitoneal delivery) was performed using a Xenogen VIS Spectrum imaging system
(PerkinElmer).

2.6. Immunohistochemical (IHC) and double quantum dot labeling (QDL) analysis of tumor
xenograft and clinical tumor specimens

FFPE tissue specimens were stained with antibodies specific for HIF1a (1:30) (H1lalpha67,
Novus Biologicals, Littleton, CO or 54, BD Bioscience), VEGF-A (1:40) (A-20, Santa
Cruz), or OATP1B3 (1:50, Sigma-Aldrich or 1: 30, H-52, Santa Cruz) by IHC or double
QDL as described previously [19].

2.7. cDNA microarray analysis

RNA samples were prepared from control and constitutively active HIF1a overexpressing
PC-3 cells using a RNeasy Mini kit (Qiagen, Valencia, CA) and processed for cDONA
microarray analysis. Human U133plus2.0 array hybridizations were performed by the
University of California, Los Angeles (UCLA) Clinical Microarray Core following the
standard Affymetrix GeneChip Expression Analysis protocol. The acquisition of array
images was undertaken using the Affymetrix GeneChip Command Console 1.1 (AGCC).
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2.8. Biochemical analyses

Total RNA was isolated using a RNeasy Mini kit and reverse-transcribed to cDNA using M-
MLV reverse transcriptase (Promega) as described previously [17, 20]. gPCR was
conducted using SYBR Green PCR Master Mix and run with Applied Biosystems 7500 Fast
Real-Time PCR System (Applied Biosystems, Carlshad, CA). PCR conditions included an
initial denaturation step of 3 min at 950C, followed by 40 cycles of PCR consisting of 30 s
at 950C, 30 s at 600C, and 30 s at 720C. The PCR data were analyzed by 2AACT method
[21]. Details on primers for gPCR are provided in Supplemental Table 2.

For immunoblotting, cells were extracted with RIPA buffer in the presence of a protease and
phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL), and immunoblotting were
performed as described previously [22, 23] using primary antibodies as follows: HIF1a
(1:500) (54, BD Bioscience), OATP1B3 (1:500) (Sigma-Aldrich, or H-52, Santa Cruz), or -
Actin (1:2000) (AC-15, Sigma-Aldrich).

2.9. Chromatin immunoprecipitation (ChIP) analysis and gPCR

ChlIP assay was used to determine the in vivo association of HIF1a protein with OATP1B3
promoter in PC-3 cells treated with either vehicle or cobalt chloride (200 uM, 16 h,
dissolved in PBS) by a SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling, Danvers,
MA). Briefly, chromatin that was cross-linked with nuclear proteins, enzymatically digested
with micrococcal nuclease and sonicated was immunoprecipitated with anti-HIF1a
antibody. After being pelleted with agarose beads and purified, immunoprecipitated
chromatin was subsequently subjected to gPCR with a pair of primers specifically targeting
the OATP1B3 promoter region that encompasses a HRE. 1gG included in the kit was used as
a negative control for IP. A control primer set for OATP1B3 exonl was used as a negative
control for PCR. Primer sequences for the OATP1B3 promoter were forward 5’-
AAAACAATTAGCCGGGCGTTG-3’ and reverse 5’-
CTTATCCAGAAATCTGGTATGC-3’, and for OATP1B3 exonl were forward 5’-
ATGTTCTTGGCAGCCCTGTC-3’ and reverse 5°-
CAATTTCAAAGCTTCCATCAATTA-3’. Two percent of chromatin prior to IP was saved
as input, and data were presented as the percent of input from three independent experiments

2.10. Statistical analysis

Data were presented as the mean = SEM from at least three independent experiments and
analyzed with an unpaired Student’s t test. A p value less than 0.05 was considered as
statistically significant.

2.11. Study approval

All animal studies received prior approval by the IACUC of CSMC and were conducted in
compliance with its recommendations. All human studies were reviewed and approved by
the IRB of CSMC and FMMU, and written informed consent was provided for human
samples.
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Results

3.1. MHI-148, a NIRF dye, targets tumor hypoxia in vivo

We sought to determine the association of tumor hypoxia with NIRF imaging of cancer cells
and tumor xenografts given that hypoxia is a common condition found in a wide range of
cancer cells or solid tumors [24]. At the cellular level, cancer cells within the tumors or as
circulating tumor cells in contrast to normal cells can survive hypoxic conditions and show
increased expression of hypoxia-inducible factors (HIFs), such as HIF1a [25]. To assess
intratumoral hypoxia, we used a HIF1a-dependent reporter construct, SHREp-ODD-luc
[26], in which 5 copies of the hypoxia-response element (HRE) enhance the expression of a
luciferase (luc) protein fused with the oxygen-dependent degradation (ODD) domain under
hypoxia (Fig. 1B, top panel), to monitor the hypoxic status and HIF1a activity in a real-time
manner in cancer cells and tumor xenografts. Under normoxic conditions, the ODD domain
of HIF1a is modified by 4-prolyl hydroxylases (PHDs) and von Hippel-Lindau tumor
suppressor (VHL), which require oxygen and subsequently result in the rapid degradation of
HIFla protein. In contrast, HIF1a is stabilized under hypoxia that destroys PHD activity
due to the lack of oxygen [27]. Therefore, the expression of SHREp-ODD-luc, by
modulating the oxygen-sensitive ODD-luc fusion protein levels, produces a marginal leak of
luminescence under normoxia but increases markedly under hypoxia, reflecting dynamic
and real-time HIF1a activity correlating to the levels of hypoxia.

To validate this construct in the present system, we stably overexpressed SHREp-ODD-luc
in human prostate cancer (PCa) PC-3 cells, which showed a time-dependent increase of
luminescence signals in parallel with stabilized HIF1a protein under hypoxia (Fig. 1B,
middle and bottom panels). These observations were further recapitulated under treatment
with either cobalt chloride or dimethyloxalyglycine (DMOG), both acting as HIF1a
stabilizers by inhibiting PHD activity (Fig. S1). Notably, there was barely detectable
luminescence in cells either under normoxia or without the treatment (Fig. 1B and S1),
suggesting the specificity of this construct for hypoxia or HIF1q activation. To determine
the potential hypoxic effects on the tumor uptake of MHI-148 dye (chemical structure
shown in Fig. 1A) in vivo, we established a subcutaneous tumor xenograft mouse model
using SHREp-ODD-luc-overexpressing PC-3 cells and subjected mice to dual
bioluminescence and fluorescence imaging. As shown in Fig. 1C (left panel),
bioluminescence signals were concurrently accumulated centrally with NIRF signals of
MHI-148 in tumor xenografts. Slim tumor slices (1-1.5 mm), dissected from tumor tissues
immediately after whole-body optical imaging, were analyzed ex vivo, and superimposed
bioluminescence and NIRF images were also observed (Fig. 1C, right panel). The co-
registration of bioluminescence and NIRF signals in tumor xenografts suggested a
correlation between tumor hypoxia and the uptake of NIRF dyes by tumors.

3.2. NIRF dye uptake by cancer cells and tumor xenografts is enhanced by hypoxia

To determine if hypoxia is responsible for the preferential uptake of NIRF dyes by cancer
cells, we examined a wide spectrum of human and murine carcinomas including prostate
carcinoma (PC-3, PC-3M, LNCaP, C4-2, ARCaPg, ARCaPy, and MPC3), breast carcinoma
(MDA-MB-231), colorectal carcinoma (CT26) and leukemia (K562) cell lines under
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hypoxic conditions. After exposure to hypoxia, these cells were incubated with MHI-148
dye followed by flow cytometric analysis to quantify the NIRF intensity. As shown in Fig.
2A, hypoxia increased the accumulation of MHI-148 dye in all cancer cell lines by 30% to
more than 2 fold relative to their incubation under normoxic conditions. In contrast, the
normal prostatic epithelial PrEC cells, serving as a negative control, did not show significant
changes in dye uptake under hypoxia, which is consistent with our previous observations
that normal cells retain little of these NIRF dyes [11]. We further showed that cobalt
chloride treatment, a chemical mimicker of hypoxia, induced the uptake of MHI-148 dye in
select cancer cells lines (PC-3, ARCaPg and MDA-MB-231) in a time-dependent manner
(Fig. 2B).

To determine whether HIF1a protein directly mediates NIRF dye uptake by cancer cells, we
stably introduced a constitutively active HIF1a expression construct (CA-HIF1a), which
lacks the ODD domain and hence escapes degradation under normoxia, into cancer cells
(PC-3, PC-3M and MDA-MB-231) by retroviral infection. Successful enforced expression
of HIF1a, confirmed by immunoblotting, enhanced the ability of cancer cells to take up
MHI-148 dye by more than 50% under normoxic conditions (Fig. 2C). Conversely, stable
targeted silence of HIF1a gene expression via lentiviral sShRNAs in select cancer cell lines
(PC-3, PC-3M, C4-2, ARCaPg and MDA-MB-231) blunted the hypoxia-induced increase of
dye uptake to lower levels comparable to those observed under normoxic conditions (Fig.
2D).

Next, we studied the hypoxic effects on the uptake of NIRF dyes in tumor-bearing mice.
PC-3 cells that stably overexpressed either CA-HIFa construct or an empty vector were used
to establish subcutaneous tumor xenografts in nude mice. Each mouse carried both control
and HIF1la-overexpressing tumors with one on each flank for a simultaneous comparison of
the extent of dye uptake between the tumors. We observed that tumor HIF1a protein
expression correlated progressively with tumor growth, concurring with the observations
from other groups [28]. To ensure that tumor size did not interfere with the assessment of
tumor uptake of NIRF dyes, tumor NIRF intensity was normalized to tumor weight at the
end of the study. HIF1a overexpression enhanced the uptake of MHI-148 dye by PC-3
tumor xenograft relative to control tumor, leading to a 60% increase of NIRF signals after
normalization to tumor weight (Fig. 3A and 3B, left panel). On the other hand, stable
knockdown of HIF1a via lentiviral ShRNAs (shHIF1a) reduced the ability of PC-3 tumors
to take up and retain MHI-148 dye by 56% subsequent to normalization of NIRF signals to
tumor weight, compared with control tumor that expressed a scrambled ShRNA (shCon)
(Fig. 3A and 3B, right panel). The accumulation of MHI-148 dye was found specific to
tumors but not normal organs including the liver, lung, spleen, kidney, heart, prostate and
testis by both in vivo and ex vivo NIRF imaging modalities, reinforcing the tumor-specific
targeting ability of NIRF dyes (Fig. 3A). Tumor HIF1a expression was confirmed by
immunohistochemical (IHC) analysis by probing protein expression of HIF1a and its target
genes, such as vascular endothelial growth factor A (VEGF-A) [24] (Fig. 3C). These data
collectively suggest that hypoxia, through its key mediator HIF1a, mediates the uptake of
NIRF dyes by cancer cells.

Biomaterials. Author manuscript; available in PMC 2015 September 01.
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3.3. Regulation of OATPs by hypoxia and HIFla in PCa

To elucidate the effectors downstream of the hypoxia/HIF1a-mediated signals and
responsible for the preferential uptake of NIRF dyes by cancer cells, we conducted cDNA
microarray analysis with control and HIF1a-overexpressing PC-3 cells. Preliminary results,
confirmed later by gPCR, identified a family of organic anion-transporting polypeptide
(OATP) genes induced by constitutive activation of HIF1a protein (Fig. 4A). OATPs
represent a superfamily of solute carrier transporters. Currently there are 11 known human
OATPs classified into 6 families and subfamilies on the basis of their amino acid sequence
homologies. OATPs facilitate the transport of a large number of substrates, including
organic acids, drugs and hormones, into cells in a highly substrate- and pathophysiologic-
dependent manner [29]. Hypoxia induction of OATPs was further demonstrated in 4 human
PCa cell lines (LNCaP, PC-3, DU-145 and ARCaPg), which all showed an increasing trend
of mRNA expression for most OATPs under hypoxia (Fig. S2A, left panel). VEGF-A and
glucose transporter 1 (Glutl), known for HIF1a target genes [24], were used as a positive
control for validating hypoxic effects. Considering the reported association of dysregulated
expression of OATPs with cancer progression [29, 30], we conducted a survey of the
expression of all OATPs in 10 human PCa cell lines. Most of OATPs demonstrated higher
mRNA expression in PCa cells relative to normal prostatic epithelial PrEC cells (Fig. S2A,
right panel).

Recent evidence has indicated the aberrant expression and genetic variants of select OATPs,
such as OATP1B3 [31], in different types of human cancer [30], which led us to speculate a
potential regulatory link between OATPs and hypoxia signals in human cancer progression.
To test this idea, we examined the protein expression of HIF1a and OATP1B3 as a
representative in PCa clinical specimens with either low or high Gleason grades. We
observed that the expression of both HIF1a and OATP1B3 proteins were well correlated
with prostate tumor Gleason grades (Fig. 4B), which was further confirmed by double
quantum dot labeling (QDL) analysis, enabling quantification of staining intensity of each
protein at the single cellular level. As shown in Fig. 4C, the increased co-expression of
HIF1a and OATP1B3 was progressively associated with higher Gleason grades (left and
middle panels), and HIF1a protein expression further showed significant correlation with
OATP1B3 expression in high-grade cancer patient samples (right panel). These data in
aggregate establish a molecular correlation between HIF1a and OATP1B3 in clinical cancer
settings.

To examine further the relationship between HIF1a and OATP1B3, we analyzed OATP1B3
protein and mRNA expression in PCa cells and tumor xenografts subsequent to the change
of hypoxic or HIF1a protein expression levels. In response to hypoxic stimuli, both
OATP1B3 protein and mRNA expression were induced in PC-3 and ARCaPg cells (Fig. 4D
and 4E), which was recapitulated in cancer cells and tumor xenografts by enforced HIF1a
protein expression (Fig. S2B, S2C and S2D, left panel). Conversely, stable knockdown of
HIF1la protein expression reduced OATP1B3 protein and mRNA expression (Fig. S2B, S2C
and S2D, right panel). To investigate whether HIF1a directly regulates OATP1B3 gene, we
attempted to identify a functional HRE in the OATP1B3 promoter. Sequence analysis of a 2-
kb DNA segment located upstream of the transcription initiation site of OATP1B3 gene
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revealed a region (-926/-923) that exhibits strong sequence identity to a canonical HRE [32]
(Fig. 4F). By conducting chromatin immunoprecipitation assay coupled with gPCR analysis,
we were able to detect the physical interaction of HIF1a protein with the OATP1B3
promoter region that harbors a HRE in cobalt chloride-treated cells, whereas this association
was absent in control cells (Fig. 4G). These results provide evidence that hypoxia mediates
OATP1B3 gene activation by facilitating the cis-trans interactions between a specific HRE
in the OATP1B3 promoter and HIF1a protein.

3.4. OATP1B3 mediated NIRF dye uptake by cancer cells and tumor xenografts

To investigate whether OATP1B3 directly mediates the uptake of NIRF dyes in cancer cells,
we used PC-3 and ARCaPg cells, which were stably infected with either OATP1B3-targeting
shRNAs (shOATP1B3) or a scrambled shRNA (shCon). Stable knockdown of OATP1B3
protein expression resulted in a 30% decrease in MHI-148 dye uptake by cancer cells under
normoxia (Fig. 5A), indicating that OATP1B3 can mediate the transport of NIRF dyes into
cancer cells in a hypoxia-independent manner. Moreover, pharmacological interference with
OATP1B3 activity in cancer cells by pre-treatment with different inhibitors compromised
the hypoxia-induced uptake of MHI-148 dye by up to 65% and 31% in PC-3 and ARCaPg
cells, respectively (Fig. 5B). To determine the OATP1B3 effect on NIRF dye uptake by
xenograft tumors, nude mice were inoculated subcutaneously with PC-3 or ARCaPg cells
(shCon vs. shOATP1B3). We observed parallel growth of control and OATP1B3-
knockdown tumors, suggesting that OATP1B3 did not affect cell proliferation even though
its expression correlated with clinical cancer progression. Importantly, knockdown of
OATP1B3 protein expression, confirmed by IHC analysis (Fig. 5C), significantly reduced
MHI-148 dye intensity after normalization to tumor weight in both PC-3 and ARCaPg tumor
xenografts, by 40% and 15% respectively (Fig. 5D and 5E). These results suggest that
OATP1B3 directly mediates NIRF dye uptake and retention in tumors, which can be
independent of hypoxia signaling.

3.5. Assessment of NIRF dye uptake and HIF1a/OATP signaling axis in clinical renal cell
carcinoma (RCC) samples

A critical issue that arises from the experimental studies is whether the HIF1a/OATPs
signaling axis participates in the clinical tumor imaging by NIRF dyes. To address this issue,
we applied MHI-148 dye to detect clear cell RCC (CCRCC) in three complete nephrectomy
specimens confirmed by imaging (CT and 2D/3D phase-contrast MRI) and histopathological
(H&E stain) methods (Fig. S3 and Table S1). CCRCC, accounting for approximately 75%
of all RCCs, is frequently characterized by the inactivation of the VHL tumor suppressor
gene, which subsequently contributes to the stabilization of HIF1a and induction of hypoxia
signaling [33]. In the present study, RCC patients underwent the surgical removal of the
entire kidney, which was perfused immediately with MHI-148 dye in saline and
subsequently subjected to ex vivo NIRF imaging. NIRF was detected specifically in the
tumor regions referring to the diagnostic images in sharp contrast to the normal counterpart
(Fig. 6A). With a further quantification analysis of small blocks of RCC versus normal
tissues from three nephrectomy samples by normalizing NIRF intensity to tissue weight, we
found up to 6-fold increase of MHI-148 dye uptake in tumor relative to normal tissues (Fig.
6B and 6C). To confirm the co-activation of HIF1a and OATPs in clinical RCC samples, we
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conducted IHC analysis and demonstrated intense widespread nuclear HIF1a and
cytoplasmic OATP1B3 expression in RCC samples but absent in adjacent normal tissues
(Fig. 6D). These clinical observations reinforce the regulatory roles of HIF1a/OATPs
signaling axis in mediating tumor uptake of NIRF dyes.

4. Discussion

In this study, we demonstrated the use of a specific group of NIRF heptamethine
carbocyanines, identified originally to enable tumor-specific imaging and targeting, for
assessing tumor hypoxia (Fig. 1). We also provided mechanistic insights into the preferential
uptake of these NIRF dyes by cancer cells using genitourinary cancers as a representative
model system. The mechanisms primarily involve the activation of hypoxia signaling
through a key transcription factor, HIF1a, which is frequently observed in a variety of types
of cancers and often associated with a poor prognosis and rapid disease progression
expressing aggressive phenotypes [24]. Currently, few biomarkers to reliably detect and
predict tumor hypoxia are available for clinical use, and therefore extending the application
of these NIRF dyes for assessing tumor hypoxia and predicting hypoxia-regulated disease
prognosis in cancer patients merits further exploration.

In a subsequent analysis of our imaging results, we compared in parallel MHI-148 with
indocyanine green (ICG), the only NIRF agent approved by the Food and Drug
Administration in the United States for clinical application. ICG functions in vivo primarily
through binding to plasma proteins and enables tumor diagnosis by NIRF lymphatic imaging
[34, 35], but there is little evidence showing its direct association with tumor hypoxia.
Regarding the tumor-to-background ratio of NIRF signals at 24 hours for tumor detection in
mice, ICG has a ratio of 1.4-1.7 [36], whereas MHI-148 shows a median of 9.1, which can
be further exacerbated by 2 fold in the presence of HIF1a protein overexpression,
suggesting that tumor hypoxia is an important mechanism for facilitating tumor detection by
NIRF imaging. In addition, another mechanism that may contribute to the preferential
accumulation of contrast agents in tumors is the disorganized tumor vasculature that can
coincidentally result from tumor hypoxia [37, 38], which is able to activate the expression of
VEGF to further increase vascular disorganization [24]. This scenario supports our
mechanistic findings and also provides a rationale for elucidating the advantages of our dyes
over other NIRF agents for cancer imaging.

We find that a group of OATP genes induced by hypoxia participate in mediating the uptake
of NIRF dyes in cancer cells, which can be either dependent or independent from hypoxia
signaling. OATPs function in the uptake of amphipathic compounds, including drugs,
hormones, and other xenobiotics that cannot freely diffuse through cellular membranes, and
can be either tissue-specific or expressed ubiquitously [29]. Recent studies have implicated
altered OATP expressions and variants in many different types of cancers [30], including
OATP1B3 that can serve as a testosterone transporter in PCa [39]. Our study showed the
correlation of OATP1B3 expression with HIF1a expression as well as PCa progression,
providing a rationale for its role in mediating the uptake of NIRF dyes by cancer cells (Fig.
4 and Fig. 5). An important finding of our study is that HIF1a directly upregulates OATPs,
which is supported by the co-expression of these two proteins in clinical prostate and renal

Biomaterials. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wu et al.

Page 11

cancer samples (Fig. 4 and Fig. 6). Under hypoxic conditions, active nuclear HIF1a protein
interacts with a HRE in the OATP1B3 promoter, resulting in the increased transcription of
OATP1B3 (Fig. 4). HIF1a is destabilized under normoxia due to the rapid degradation
initiated by the PHD/VHL pathway [27], which is likely a mechanism responsible for the
relatively low levels of OATPs in normal tissues (Supplemental Fig. 2). Hence, inactivation
of HIF1a/OATPs signaling in normal cells and tissues blunts their sensitivity to recruit
NIRF dyes; conversely, NIRF dyes acquire the ability to target hypoxic cancer cells.
Although we used PCa as the major model system in the present study, these mechanistic
findings could be extended to other types of cancers by determining the potential concerted
effects exerted by HIF1a along with other OATPs on the uptake of NIRF dyes in future
studies. In addition, the mechanisms by which NIRF dyes are specifically taken up by
cancer cells may extend beyond the present study, and further investigation is warranted to
explore other properties of NIRF dyes for targeting cancer cells, such as their long-lasting
retention and preferential organelle-specific cellular localization in cancer cells.

It has been shown that NIRF heptamethine carbocyanines enter cells and form complexes
with nucleic acids [40, 41] or proteins [42, 43] through non-covalent interactions, which
might be potentially modulated by hypoxia either in the tumor cells or the
microenvironment. Further investigation would advance our understanding of this process.
To delineate the functional groups associated with dye uptake by cancer cells, the structure-
activity properties of these dyes were closely examined. The bridging atoms between the
two aromatic heterocycles serve as a part of rigid cyclic ring which allows conformational
stability and enhanced excitations/emission properties. The nitrogen atom in heterocyclic
rings is amenable for modification to a variety of functional groups including negatively-
charged carboxylic acid, sulfonic acid as well as uncharged alcohol, amine and ester, which
can be used for manipulating physical properties of NIRF dyes such as water solubility and
conjugation with other molecular entities [44, 45]. We found that the charged dyes were
well retained in cancer cells with intact imaging capability by observing fluorescence
signals, while the uncharged dyes were shown to be inactive with poor retention in cells.
Further chemical modifications of the functionally charged moieties via covalent
conjugation with either ligands for radiolabeling or drugs showed minimal effects on their
cancer-specific propensity [46, 47] and anti-cancer activity [45, 48] in tumor xenografts in
mice. Moreover, structural modifications of the two heteroaromatic rings or the central meso
position of the cyclohexyl ring seemed to retain the activity of NIRF dyes as well. In
addition to the direct chemical modifications, the mechanistic insights provided in the
present study may also shed light on the dye activity. Specifically, the potential effect of
hypoxia on the net charge of dye molecules by regulating either intracellular or extracellular
pH conditions may need to be taken into account for future improvements in the design of
NIRF imaging dyes [49, 50]. Following these observations, we anticipate that chemical
modifications of this attractive class of NIRF imaging agents will produce a wide variety of
cancer imaging and targeting agents in the near future.

5. Conclusions

In this study, we elucidated the molecular mechanisms underlying the uptake of a specific
class of NIRF dyes by cancer cells through hypoxia and activation of a HIFLa/OATPs
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signaling axis, which provides a mechanistic rationale for targeting tumor hypoxia and

cancer cells with these NIRF dyes. These findings also have great significance for the future
development and application of NIRF agents in the clinic for better cancer detection,
prognosis and therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
MHI-148, a NIRF dye, assessed tumor hypoxia. (A) Chemical structure of NIR

heptamethine carbocyanine MHI-148 dye. (B) Generation and validation of human PCa
PC-3 cells that stably expressed the SHRE-pODD-Luc construct (top). Stable cells were
treated with hypoxia (1% O,) for different times as indicated and then subjected to either
luminescence imaging (middle) or immunoblotting of HIF1a protein expression (bottom).
(C) Invivo and ex vivo images of PC-3 tumor xenografts that expressed SHRE-pODD-Luc
construct by both bioluminescence (top) and NIRF (bottom) imaging, which showed
superimposed signal distribution. Scale bars represent x10° and x10° for in vivo
bioluminescence and NIRF, respectively; x10* and x10° for ex vivo bioluminescence and
NIRF, respectively, in the unit of radiant efficiency.
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Fig. 2.

Hypoxia and HIF1a mediated the uptake of MHI-148 dye by cancer cells. (A)
Determination of MHI-148 dye uptake in multiple cancer cell lines under either normoxic or
hypoxic (1% Oo, 4 hr) conditions (N=3, mean £ SEM). Normal human prostatic epithelial
PreC cells were used as a negative control. Dye uptake by cells under normoxia was set as
100%. (B) Determination of MHI-148 dye uptake in select cancer cell lines under CoCl,
(200 uM) treatment for different time periods as indicated (N=3, mean + SEM). The CoCl,
effect in PC-3 cells as a representative was examined by immunoblotting HIF1a protein
expression. (C, D) Determination of MHI-148 dye uptake in cancer cells either
overexpressing constitutively active HIF1a (C) or with stable knockdown of HIF1a (D)
(N=3, mean + SEM). The efficacy of overexpression or knockdown of HIF1a in PC-3 cells
as a representative was examined by immunoblotting HIF1a protein expression. *p<0.05,
**p<0.01.
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Fig. 3.

H3poxia and HIF1a mediated the uptake of MHI-148 dye by tumor xenografts. (A)
Representative in vivo and ex vivo NIRF images of control (left flank) vs. HIF1a-
overexpressing (right flank) (left panel) and control (left flank) vs. HIFla-knockdown (right
flank) (right panel) PC-3 tumor xenografts. Scale bars represent x108 for both in vivo and ex
vivo NIRF in the unit of radiant efficiency. (B) Quantitation of tumor uptake of MHI-148
dye (N=5, mean £ SEM) presented as the ratio of dye intensity to tumor weight. *p<0.05,
**p<0.01. (C) IHC analysis of HIF1a and VEGF-A expression in PC-3 tumor xenografts
with different manipulation of HIF1a levels as indicated. Representative images are shown.
Original magnification, x400; scale bars represent 20 pum.
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Fig. 4.
Co-expression and regulation of HIF1a and OATPs in human PCa. (A) Heat map depicting

OATPs mRNA expression profiling in constitutively active HIF1a-overexpressing PC-3
cells by gPCR. (B, C) IHC (B) and double QDL (C, left panel) staining of HIF1a and
OATP1B3 expression in clinical specimens of normal prostatic epithelium, Gleason grade 3
and 5 PCa (N=15 for each). Representative images are shown. Original magnification, x400;
scale bars represent 20 pm. Cell-based average intensity counts of HIF1a and OATP1B3
stain from 1,000 each of normal, grade 3 and 5 samples were quantified using in Form

Biomaterials. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wu et al.

Page 19

software (C, middle panel). Intensity of HIF1a and OATP1B3 co-expression in 100 single
cells from a representative high-grade individual patient was analyzed for gene expression
correlation (C, right panel). (D, E) Determination of OATP1B3 protein (D) and mRNA (E)
expression in PC-3 and ARCaPg cells in response to hypoxia (1% O,) for 24 hrs and 4 hrs,
respectively. (F) Sequences of the canonical HRE (top sequence) and a potential HRE in
OATP1B3 promoter (bottom sequence). (G) Chromatin from either vehicle- or CoCl,-
treated (200 uM, 16 hr) PC-3 cells was immunoprecipitated using anti-HIF1a or IgG
antibodies followed by gPCR using 1 primer set for the HRE in OATP1B3 promoter and 1
control primer set for OATP1B3 exonl. Data represent the mean = SEM of three separate
experiments. *p<0.05, **p<0.01.
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Fig. 5.

Og\TPlBS mediated the uptake of MHI-148 dye by cancer cells and tumor xenografts. (A)
Determination of MHI-148 dye uptake in PC-3 and ARCaPg cells with stable knockdown of
OATP1B3 (N=3, mean £ SEM). (B) Determination of MHI-148 dye uptake in PC-3 (left
panel) and ARCaPg (right panel) cells pre-treated with different OATP1B3 selective
inhibitors as indicated for 1 hr followed by hypoxia treatment (1% O, 4 hr). Data was
presented as fold change of MHI-148 dye uptake with hypoxia (N=3, mean + SEM). (C)
IHC analysis of OATP1B3 expression in control and OATP1B3-knockdown PC-3 tumor
xenograft. Original magnification, x400; scale bars represent 20 um. (D) Representative in
vivo NIRF images of control (left flank)/OATP1B3-knockdown (right flank) PC-3 (left
panel) and ARCaPg (right panel) tumor xenografts. Scale bars represent x10° for in vivo
NIRF imaging of both PC-3 and ARCaPg tumor xenografts in the unit of radiant efficiency.
(E) Quantitation of MHI-148 dye uptake in tumor xenografts (N=5, mean + SEM),
presented as the ratio of dye intensity to tumor weight. *p<0.05, **p<0.01.
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Overlay

NIRF imaging of clinical RCC samples. (A, B) Representative NIRF images of excised
kidney by complete nephrectomy (A) as well as small cuts of normal (B, top) and RCC
tissues (B, bottom) from an individual patient. Scale bars represent x10° and x108 for (A)
and (B), respectively, in the unit of radiant efficiency. (C) Quantitation of MHI-148 dye
uptake in normal and tumor tissues from three RCC patients, presented as the ratio of dye
intensity to tissue weight from five cuts of tissues of each patient (mean £ SEM). (D) H&E
stain and IHC analysis of HIF1a and OATP1B3 expression in normal and RCC samples.
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Representative images are shown. Original magnification, x200 (H&E) and x400 (IHC);
scale bars represent 20 pm. *p<0.05.
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