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Abstract

Kinase inhibitors (KIs) have had a huge impact on clinical treatment of various cancers, but they
are far from perfect medicines. In particular, their efficacies are limited to certain cancer types and,
in many cases, provide only temporary remission. This paper explores the possibility of covalently
binding a fluorophore for in vivo optical imaging to the KI dasatinib where the particular
fluorophore chosen for this study, a heptamethine cyanine (Cy) derivative, tends to accumulate in
tumors. Thus, we hypothesized that the dasatinib—fluorophore conjugate might target tumor cells
more effectively than the parent KI, give enhanced suppression of viability, and simultaneously
serve as a probe for optical imaging. As far as we are aware, the dasatinib conjugate (1) is the first
reported to contain this KI and a probe for near-IR imaging, and it is certainly the first conjugate
of a tumor-targeting near-IR dye and a Kl of any kind. Conjugate 1 suppressed the viability of
liver cancer cells (HepG2) more effectively than dasatinib at the same concentration. In scratch
assays, 1 prevented regrowth of the tumor cells. Conjugate 1 is cell permeable, and confocal
imaging indicates the fluorescence of those cells is concentrated in the mitochondria than
lysosomes. In general, this study suggests there is untapped potential for conjugates of Kls with
tumor-targeting near-IR dye and a Kl of any kind. Conjugate 1 suppressed the viability of liver
cancer cells (HepG2) more effectively than dasatinib at the same concentration. In scratch assays,
1 prevented regrowth of the tumor cells. Conjugate 1 is cell permeable, and confocal imaging
indicates the fluorescence of those cells is concentrated in the mitochondria than lysosomes. In
general, this study suggests there is untapped potential for conjugates of Kls with tumor-targeting
near-IR dyes in the development of theranostics for optical imaging and treatment of cancer.
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INTRODUCTION

Dasatinib (Sprycel) is a tyrosine kinase inhibitor (TKI) clinically used to treat Philadelphia
chromosome, chronic myeloid leukemia, and acute lymphoblastic leukemia (https://
wwwv.cancer.gov/about-cancer/treatment/drugs). According to clinicaltrials.gov, dasatinib
(alone or in combination with other chemotherapy agents) features in over 120 in clinical
trials for different types of cancers, including pancreatic, nonsmall cell lung carcinoma, and
bone metastases of breast cancer. However, dasatinib’s efficacy is diminished by cell-efflux,
1-5 and, eventually, acquired resistance via mutations in and around the tyrosine kinase
active site.

Dasatinib inhibits multiple kinases, including Bcr-Abl and members of the Src-family.
While polypharmacology®~8 is sometimes desirable, poor selectivity may lead to side
effects. Indeed, dasatinib tends to reduce counts for platelets and red and white blood cells;
these physiological effects may account for anemia, pulmonary edema, and heart function
complications that are observed in some patients receiving this drug.9:10

Two strategies to increase efficacy of Kls are possible. One of these features structural
modifications that reduce off-target interactions. The other focuses on conjugating the drug
to agents (typically antibodies, but sometimes small molecules) that bind cell-surface
receptors and enhance intracellular drug concentrations in cancer cells relative to healthy
ones, increasing therapeutic indices. Research described in this paper was initiated to
explore the second strategy. Additionally, we wanted to make a derivative of dasatinib that
would target cancer cells and be near-IR fluorescent. \We hypothesized that this fluorescence
could be used to track the conjugate in cell studies and would have potential in theranostic
applications involving optical imaging and tumor suppression /n vivo with improved
localization in cancer cells. One possibility was to conjugate a near-IR dye and a small
molecule targeting group to a KI, but more compact molecular designs are preferred. The
innovation in this study is to form conjugates with a special subset of heptamethine cyanine
(Cy7) dyes, A-C, that are known to enhance delivery of the conjugate into solid tumors and
show no systemic toxicity in mice; i.e., they are both targeting and fluorescent.11-18

The following text outlines some salient literature on dyes A—C. First, these water-soluble
fluorophores absorb at around 780 nm with high extinction coefficients, and fluoresce at
around 800 nm with acceptable quantum yields; i.e., they have excellent characteristics for
optical imaging /7 vivo.1922 Cellular and /n vivo studies indicate A localizes in many
different types of cancer lines and in solid tumors (e.g., prostate,23 gastric,2* kidney2°) but
not in normal cells and tissue.26-30 Preferential uptake of A in cancer cells is putatively
mediated by Organic Anion Transporting Polypeptides (OATPs).31:32 Specifically, hypoxia
(common in solid tumors) triggers activation of HIF1a, which promotes OATP expression,
24,33 and these receptors influx organic anions and some neutral materials that are important
to cell metabolism (e.g., bile salts, steroids, bilirubin, and thyroid hormones). To balance this
ion influx, OATPs efflux intracellular bicarbonate,
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glutathione, and glutathione-adducts. Consequently, OATPs may promote influx of suitable
small molecule organics into cancer cells, including some drug structures and the cyanine
dyes A, B, and C shown above, without pumping them out.

Our group is interested in the design of small molecules that bind cell surface receptors and
increase the concentration of the drug in cancerous cells, relative to healthy ones.34-37 We
saw the potential of conjugates formed by tethering cyanine dyes like A or C to kinase
inhibitors (KIs) such as dasatinib. Such conjugates might be preferentially delivered into
cancerous over healthy cells via the OATPs, and their desirable near-IR fluorescence
properties would facilitate intracellular imaging so uptake of the conjugate could be tracked.
Conversely, it was not clear that conjugate 1 would retain their inhibition activity against
SRC kinases, but we estimated the probability that they would retain their activity as high
enough to justify syntheses and a series of cell studies. In the event the data collected on
these conjugates are interesting, those studies are reported here.

RESULTS AND DISCUSSION

Design, Synthesis, and Characteristics of Conjugate 1.

There are crystal structures of dasatinib D complexed with the cellular sarcoma kinase
(cSrc),38 Abelson kinase (Abl),39 and Lck/Yes novel kinase (Lyn).40 In these structures, the
hydroxyl group of the KI projects into solvent, while the heterocyclic scaffold binds the
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kinase active site (Figure 1). On the basis of this observation we hypothesized that kinase
inhibitors could be added to that hydroxyl group without major perturbations to their
efficacy. Consequently, we designed conjugate 1 which conjugates dasatinib to cyanine A
via the solvent-exposed hydroxyl group. We hypothesized 1 might be selectively imported
into cancer cells via the OATPs, and transport the kinase inhibitor fragment with it. Once
inside the cell, 1, being larger and more polar than dasatinib alone, might be less vulnerable
to efflux via mechanisms featuring P-glycoprotein and alike.1®

Conjugate 1 was prepared by coupling dasatinib with the parent cyanine dye ina 1:1
stoichiometry as described in the Supporting Information. In water with 0.1% Kolliphor EL
(to prevent aggregation), 1 was observed to have a maximal absorbance at 796 nm, and
emission at 815 nm (Figure S1). The fluorescence quantum yield of 1 (8%) and extinction
coefficient of 205 480 M~1 cm™1 are typical of near-IR Cy7 dyes, hence conjugate 1 has
brightness (® X emax) Similar to that of parent dye A.

Cell Studies.

Cell studies were performed on HepG2 human hepatocellular carcinoma (HCC) cell line, for
the following reasons. First, even though dasatinib is not approved for treatment of HCC, it
is a logical therapeutic to test since signaling via the Src kinases*! is heavily implicated in
this disease.*12 Indeed, dasatinib has featured in cellular,2 preclinical, and clinical trials
for HCC (NCT00459108, NCT00835679, NCT00382668). Second, while noninvasive
optical imaging of the liver is impractical because it is a deeply imbedded organ, surgical
intervention is often practiced for advanced liver cancer, hence development of a theranostic
that selectively stains cancerous tissue in a diseased liver could potentially assist excision
with negative margins while simultaneously suppressing tumor growth and metastases.

KinaseSeeker assays were used to determine ICsq values of 1 with Src and Lyn. Thisisa
competition binding assay in which change in luminescence signal is measured by
displacement of active site displacement probe by inhibitor. Observed ICsq values, for 1
were 184 nM (Src) and 556 nM (Lyn), whereas the corresponding values for D were 12 nM
(Src) and 18 nM (Lyn). Thus, conjugation of dasatinib with A perturbed the affinity of the
kinase inhibitor part for the parent kinases, but significant binding was still observed (Figure
S1b and c).

Figure 2a shows cytotoxicity data for HepG2 cells treated with 1, D, A, and a mixture of {A
+ D} where the concentrations of 1, D, A, A-fragment, and D-fragment were equal
throughout. Conjugate 1 (blue line; 1C5q 5.38 £ 0.36 1M) decreased cell viability by almost
an order of magnitude relative to the parent kinase inhibitor D (red line; 1Cgq 34.0 £ 4.95
4M), the cyanine dye A (green line; ICsq 18.9 + 1.35 uM), and relative to a mixture of A and
D unconjugated at the same concentrations (purple line; ICsg 14.9 + 0.9 pM). A cell
proliferation assay was performed to determine effect of 5 M 1, D, A, and A + D on HepG2
cells. Compound 1 inhibited cell growth more than D, A, or A + D Figure S1d). Treatment
with 1 caused the cells to change shape in the short term, and most died after 48 h, whereas
those treated with the dasatinib D alone were largely unperturbed (Figure 2b). Figure 2c
shows average speed of scratch closure from wound healing experiments to simulate cell

Bioconjug Chem. Author manuscript; available in PMC 2020 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Usama et al.

Page 5

migration; DMSO (control) and A had comparable effects on the average speed of
migration, but the rate of recovery was less in the experiments featuring 1 and D.

Dasatinib is designed to curb the proliferation of cancer cells, rather than be cytotoxic in the
way that early cancer drugs are. In fact, the free dye A showed slightly more cytotoxicity
than dasatinib (Figure 2a). Thus, beside the attributes of a near-IR labeled kinase inhibitors
outlined above, for HepG2 cells there may be some toxicity of the dye itself that synergizes
with the effects of the dasatinib component.

Confocal images of HepG2 cells treated with 1 indicated that the conjugate internalized
more in mitochondria than lysosomes (Figure 3). The parent dye A also localizes in
mitochondria, 232526 hence this data indicates 1 is imported by the same mechanism, or that
the link is broken in cells to liberate the free dye. Localization in mitochondria is
characteristic of lipophilic, positively charged, organic materials, like A. Moreover, import
through OATPs receptors is often associated more with localization in the mitochondria than
endocytosis.30

A series of experiments were undertaken to determine the mechanism of uptake of 1 into
HepG2 cells. Figure 4a shows the fluorescence of cells incubated with 1 for 30 min, washed,
then visualized under a 775/46 nm filter (710/40 nm excitation); this experiment provides a
calibration point for subsequent ones in the same figure, in which uptake through the OATPs
is blocked, or their expression is enhanced. Significantly less fluorescence uptake was
observed when the experiments were repeated under exactly the same conditions except that
a pan-OATP inhibitor (bromosulfophthalein, BSP)*3 was included in the medium (Figure
4b). Conversely, the near-IR fluorescence of the cells was significantly /ncreased if DMOG
(dimethyloxalylglycine),4445 an inducer of hypoxia, was added to the medium instead.
OATP uptake is energy dependent (ATP mediated), hence it shuts down after incubation at
low temperatures.#® Thus, in the light of the data above, it is unsurprising that uptake of the
near-1R fluorescence was suppressed when the cells were incubated at 0 °C (Figure S3).
Figure 4d shows quantitation of this data via flow cytometry. However, these experiments
are only indicative, they do not prove OATP uptake is operative; elucidation of the
mechanism(s) of uptake is an ongoing area of investigation in our laboratory.

Finally, induction of intracellular Src phosphorylation was probed in a blotting assay. HepG2
cells were incubated with 1, D, A for 24 h before lysis. Total cell lysates were calibrated and
subjected to SDS-PAGE followed by blotting with mAbs. 1 was shown to inhibit
phosphorylation of Src family kinases in a dose-dependent way, though not as effectively as
D. Dye A does not inhibit Src phosphorylation (Figure 5).

CONCLUSIONS

To date there are eight papers that feature conjugates of A with cytotoxic materials which
preserve the meso-chloride functionality. These include two different experimental
monoamine oxidase inhibitors,11-14 an experimental faresnyl transferase inhibitor,1> a
mustard agent!® and gemicitabine.1”-18 However, there are no reports of conjugation of A or
relevant analogs to kinase inhibitors. The therapeutic window for kinase inhibitors is
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arguably wider that for conventional cytotoxic drugs. Consequently, the merits of active
targeting are perhaps less obvious for kinase inhibitors than for generally cytotoxic
materials. However, we believe the prospect of cyanine—drug conjugates binding to albumin,
permeating into the tumor, then being retained there as an albumin complex is an exciting
possibility with respect to potential therapeutic applications.

Kinase inhibitors have problems associated with efflux from cells*’~30 and acquired
resistance.®! Consequently, they may be less susceptible to these undesirable characteristics
because they become covalently bound to kinases are now highly topical 52755 We see a
complementary potential here since conjugate 1 is actively imported into cells and the
fluorescence is retained in cells for at least 24 h. These data indicate that 1 either dasatinib
must be cleaved from 1 to be active, or 1 can inhibit phosphorylation by SRC kinases, but
less effectively than dasatinib itself. We think the data in Figure 5 indicating 1 has a greater
effect on cell viability may be attributable to the conjugate being retained in cells for longer
than the parent inhibitor, perhaps circumventing efflux mechanisms that expel dasatinib
form the cells. It is also possible that the inhibitor is more effective because the fluorophore
directs it to the mitochondria. An alternative explanation, that the conjugate has a greater
effect on other kinases, seems much less likely.

Conjugate 1 is based on near-IR dyes in the series A—C; these dyes are known to localize in
many different solid tumors (e.g., prostate,23 gastric,24 kidney2®). Consequently, research
described in this paper highlights opportunities for testing conjugates of other kinase
inhibitors with tumor-targeting cyanine dyes in models for other types of cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a. Structure of dasatinib D and the KI-Cy 1. Crystal structures of D bound to three of its
target kinases, b, to Abl (PDB: 2GQG); ¢, to cSrc (3G5D); and d, to Lyn (2ZVA). All three

structures show that the hydroxy group of D is solvent exposed.
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Figure 2.
a. Viabilities of HepG2 cells induced by 1, D, A, and {A + D} after incubating with the test

compounds for 48 h in the dark, before an AlamarBlue test for cell viability. b. Morphology
of HepG2 cells at 10x/0.4 treated with 5 4M of A and 1. c. Influence of DMSO (blank), A,
1, D at 1 &M on a wound healing assay featuring HepG2 cells.
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Figure 3.
Confocal imaging of HepG2 cells treated with 1 and MitoTracker Green, Pearson’s

coefficient 0.72 (left column) or 1 and LysoTracker Green, Pearson’s coefficient 0.56 (right).
Nuclei stained with NucBlue are included in the merged images in the bottom row. The
images were taken at 60%/1.20 water immersed objective.
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Figure 4.
Uptake of 1 under: a, normal conditions; b, in the presence of the pan-OATP inhibitor BSP

(250 pM); c, under hypoxia conditions induced by 1 mM DMOG,; d, quantification via flow
cytometry, and scale bar 275 um, throughout.
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Figure 5.
Western blot analysis of HepG2 cell lysates treated with 1, D, and A. Total protein calibrated

by BCA protein assay.
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