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Abstract:

 G-quadruplex-based drug delivery carriers (GDDCs) were designed to capture and release a telomerase inhibitor in response to a target mRNA. Hybridization between a loop on the GDDC structure and the mRNA should cause the G-quadruplex structure of the GDDC to unfold and release the bound inhibitor, anionic copper(II) phthalocyanine (CuAPC). As a proof of concept, GDDCs were designed with a 10-30-mer loop, which can hybridize with a target sequence in epidermal growth factor receptor (EGFR) mRNA. Structural analysis using circular dichroism (CD) spectroscopy showed that the GDDCs form a (3 + 1) type G-quadruplex structure in 100 mM KCl and 10 mM MgCl2 in the absence of the target RNA. Visible absorbance titration experiments showed that the GDDCs bind to CuAPC with Ka values of 1.5 × 105 to 5.9 × 105 M−1 (Kd values of 6.7 to 1.7 μM) at 25 °C, depending on the loop length. Fluorescence titration further showed that the G-quadruplex structure unfolds upon binding to the target RNA with Ka values above 1.0 × 108 M−1 (Kd values below 0.01 μM) at 25 °C. These results suggest the carrier can sense and bind to the target RNA, which should result in release of the bound drug. Finally, visible absorbance titration experiments demonstrated that the GDDC release CuAPC in response to the target RNA.
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1. Introduction

Drug delivery systems (DDSs) represent an important tool for preventing drug side effects [1]. DDSs are of particular interest for cancer therapy because most conventional chemotherapeutic anticancer drugs are distributed nonspecifically in the body and affect both normal and cancer cells. DDSs can be broadly categorized into two types: those that selectively deliver the drug to target cells, and those that stimulate the target cells to affect a therapeutic response. Many DDSs belonging to the first category have been approved for clinical use or are being evaluated in clinical trials [2,3,4,5]. In contrast, research into DDSs belonging to the second category is just beginning. There are many differences between the microenvironments of normal and cancer cells, including oxygenation, pH, metabolic state, and the amounts of mRNA. As our understanding of these differences increases, the development of stimulus-responsive DDSs should accordingly increase [6,7,8,9,10,11].

DNA is promising as a drug delivery carrier for stimulus-responsive DDSs because DNA changes conformation upon recognizing target nucleic acids in its environment [12,13]. In particular, the conformational change driven by hybridization reactions with the target nucleic acid is highly specific [12,13,14,15]. Various dynamic DNA devices utilizing hybridization reactions have been proposed. For example, it was reported that the conformational change of a thrombin-binding G-quadruplex to double-stranded DNA (dsDNA) via hybridization with the complementary DNA causes release of thrombin [16,17]. In addition, Bourdoncle et al. developed a G-quadruplex-based molecular beacon with a loop that is complementary to the target DNA [18]. These results indicate that it is possible to design functional G-quadruplexes for any desired target sequence. However, there has been no report of a G-quadruplex-based drug delivery carrier (GDDC) utilizing hybridization with target sequences to control the capture and release of a drug.

The GDDC should capture its drug cargo. Many π planar compounds are ligands for human telomeric G-quadruplex and bind [19,20,21,22,23,24,25,26]. Besides, such G-quadruplex ligands inhibit the activity of telomerase, which plays a critical role in the indefinite division and growth of cancer cells by elongating telomere DNA [19,20,21,22,23,24,25,26,27,28,29]. Thus, a GDDC that can release the G-quadruplex ligand in response to environmental factors specific to cancer cells should allow cancer therapy with higher drug efficiency and fewer side effects. Here, we developed a GDDC with a long loop which is complementary to the target mRNA (Figure 1). In the absence of the target mRNA, the GDDC maintains its G-quadruplex structure and can capture copper(II) anionic phthalocyanine (CuAPC), a highly specific G-quadruplex ligand and telomerase inhibitor [13,30,31,32]. CuAPC bound to GDDC cannot inhibit telomerase. However, high transcription of the target mRNA in cancer cells results in hybridization between the target mRNA and the long loop of the GDDC, causing unfolding of the G-quadruplex structure. The target mRNA-responsive unfolding of the GDDC releases CuAPC and telomerase is inhibited. As a proof of concept, we designed four GDDCs. The four GDDCs contain a 10–30 mer length loop targeting epidermal growth factor receptor (EGFR) mRNA, which is transcribed at high levels in cancer cells [33]. CD analysis, visible absorbance titration, and fluorescence titration experiments demonstrated that each G-quadruplex folds into a (3 + 1) type G-quadruplex structure [34,35,36] and can capture and release CuAPC in response to a target oligoRNA corresponding to EGFR mRNA.

Figure 1. Principle behind DDS using a GDDC for cancer therapy. In the absence of a target mRNA in normal cells, the GDDC retains its G-quadruplex structure and thus a G-quadruplex ligand (a telomerase inhibitor) remains bound. In the presence of the target mRNA in cancer cells, the G-quadruplex structure of the GDDC unfolds, releasing the G-quadruplex ligand and inhibiting telomerase activity.
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2. Experimental


2.1. Materials and Reagents

All deoxyribooligonucleotides and ribooligonucleotides were high-performance liquid chromatography purification-grade and were purchased from Tsukuba Oligo Service Co., Ltd. (Ibaraki, Japan). A TRAPEZE telomerase detection kit was purchased from EMD Millipore Corporation (Billerica, MA, USA). HeLa cells included with the TRAPEZE telomerase detection kit were used. PCR was conducted using TaKaRa LA Taq HS polymerase provided with TaKaRa LA Taq Hot Start Version from Takara Bio Inc. (Shiga, Japan). CuAPC, 5,10,15,20-Tetra-(N-methyl-4-pyridyl)porphyrin (TMPyP4) [37], and Fe(III)-protoporphyrin IX (hemin) [38] were purchased from Sigma-Aldrich Japan K. K. (Tokyo, Japan), Dojindo Laboratories (Kumamoto, Japan), and Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), respectively, and were used without further purification.



2.2. Preparation of Cell Lysate

A pellet of 106 Hela cells was suspended in 200 μL of cold CHAPS lysis buffer provided with the TRAPEZE telomerase detection kit. The cell lysate solution was divided into small volume aliquots and stored at −80 °C. Each aliquot was diluted in cold CHAPS lysis buffer as appropriate before use.



2.3. G-quadruplex Structural Analysis

CD experiments for 20 μM a human telomeric oligo DNA (HteloDNA) and GDDC (GDDC-L10, L15, L20 or L30) in a buffer containing 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2 were carried out using a J-820 spectropolarimeter (JASCO Co., Ltd., Hachioji, Japan) with a 0.1-cm path-length quartz cell at 25 °C. The CD spectrum was obtained by taking the average of three scans made at 0.5-nm intervals from 200 to 350 nm. Before measurement, the DNA sample was heated at 80 °C for 2 min for denaturation of the DNA structure, then gently cooled at 2 °C·min−1 to make the most stable DNA structure in the experimental condition. The most stable structure is required for quantitative analysis for thermal stability of G-quadruplex and for Cu-APC binding with DNA structures.

UV melting curves of G-quadruplexes formed by HteloDNA and each GDDC in the same buffer containing 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2 were measured at 295 nm. A spectrophotometer (UV-1700, Shimadzu Co., Ltd., Kyoto, Japan) was used with a 1.0-cm pathlength quartz cell. Before measurement, the DNA samples were heated at 90 °C for 1 min, then gently cooled to 0 °C at 0.5 °C·min−1. The DNA samples were then heated from 0 to 90 °C at 0.5 °C·min−1.



2.4. UV-Vis Spectral Analysis

CuAPC (2.5 μM), TMPyP4 (1.0 µM), or hemin (12.5 µM) were mixed with various concentrations of G-quadruplex (HteloDNA, GDDC-L10, L15, L20 or L30) and a target oligo RNA corresponding to EGFR mRNA (rEGFR), and UV-Vis spectra were recorded at 25 °C. A Shimadzu UV-1700 spectrophotometer with a 1.0-cm path length quartz cell was used. The measurements for 1.0 µM TMPyP4 and 2.5 µM CuAPC were carried out in a buffered solution comprising 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2. The measurements for 12.5 µM hemin were carried out in a buffer comprising 50 mM MES-LiOH (pH 7.0), 100 mM KCl, 10 mM MgCl2, and 2 mM NaOH. Each sample was heated to 80 °C for 2 min and gently cooled to 20 °C at a rate of 2 °C·min−1 before measurements.



2.5. Determination of the Association Constant

The fractional degree (ν) of saturation of each ligand-binding site on DNA can be expressed by the following equation based on a model assuming one binding site [39]:
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(1)




where Kd is the dissociation constant, [DNA] is the concentration of DNA, and [ligand] is the concentration of the ligand. Equation (1) can be transformed into Equation (2). The association constant (Ka) for each DNA and its ligand was determined with Equation (2):
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(2)




where θ is the absorbance value, Ka is the apparent association constant of DNA/ligand binding, a is a scale factor, and b is the initial θ value.


2.6. Two-Step TRAP Assay

Telomerase activity was measured by the telomere repeat amplification protocol (TRAP) assay according to the protocol provided with the TRAPEZE telomerase detection kit (EMD Millipore). The two-step telomere repeat amplification protocol (tsTRAP) assay, an improved TRAP assay, is useful for reducing ligand effects on PCR amplification [40]. In the tsTRAP assay, the telomerase reaction mixture containing G-quadruplex-ligand is diluted and used as a template for the PCR step described below. Thus, diluted G-quadruplex-ligand did not affect PCR efficiency. Each 10-µL telomerase reaction mixture contained telomerase, 1 × TRAP reaction buffer, 1 × dNTP mix, and 0.2 µL TS primer, and either contained 2 µL of a defined concentration of G-quadruplex-ligand or lacked G-quadruplex-ligand. In the first step, each reaction was incubated at 30 °C for 60 min, then heated at 90 °C for 10 min. In the second step, telomerase reaction products were amplified in a 10-µL PCR reaction mixture containing 50-fold diluted telomerase mixture, 0.2 µL TS primer, 0.2 µL TRAP primer mix, 1 × dNTP mix, 1 × LA Taq polymerase buffer, and LA Taq polymerase (Takara Bio). PCR was carried out over 30 cycles of denaturation at 94 °C for 30 s, annealing at 59 °C for 30 s, and extension at 72 °C for 30 s. The TRAP assay products were resolved by non-denaturing electrophoresis at 400 V through a 10% nondenaturing polyacrylamide gel in Tris-borate-EDTA buffer (pH 8.5). The gels were stained with GelStar nucleic acid gel stain manufactured by Cambrex Corporation (East Rutherford, NJ, USA) and imaged using FLS-5100 film manufactured by Fuji Film Co., Ltd. (Tokyo, Japan). For the negative control reactions, lysis buffer was added instead of telomerase. For the positive control reactions, telomerase extract was added to a reaction solution that lacked any G-quadruplex-ligand. Relative activity (A) was calculated using the following equation:
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where X is the signal intensity of the region of the gel lane corresponding to the TRAP product ladder bands and C is the signal intensity of the region of the gel lane corresponding to the internal control product. Subscripts “p” and “0” indicate the positive and negative controls, respectively.


2.7. Fluorescence Intensity Analysis

GDDCs with FITC and Dabcyl at the 5' and the 3' ends, respectively, with various concentrations of rEGFR were heated at 80 °C for 2 min and gently cooled at 2 °C·min−1 to 20 °C in a buffer containing 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2. Fluorescence intensity at 520 nm was measured at 25 °C using a fluorescence spectral scanning reader (Varioskan flash; Thermo Fisher Scientific Inc., Waltham, MA, USA) with excitation at 482 nm.




3. Results and Discussion


3.1. Design of GDDC

EGFR mRNA is an important target mRNA for GDDCs used for cancer therapy because EGFR mRNA is highly transcribed in cancer cells [33]. Four GDDCs (GDDC-L10, L15, L20 and L30) were designed to target a specific sequence in EGFR mRNA (rEGFR), as shown in Figure 2. The GDDC sequences are based on a human telomeric DNA sequence (HteloDNA), 5'-GGGTTAGGGTTAGGGTTAGGG-3', because this oligo DNA forms a stable G-quadruplex structure in the presence of potassium ion [13,30,31,32]. The four GDDCs contain a 10-30-mer length loop in place of the second 5'-TTA-3' in HteloDNA; these loops are complementary to the target sequence in EGFR mRNA. Importantly, the target sequence contains 5'-AACCC-3' at the 5' end. It was expected that these five bases would hybridize with the third 5'-GGG-3' and the adjacent 5'-TT-3' of the GDDCs, leading to efficient unfolding of the GDDCs, since the 5'-GGG-3' region is involved in the formation of the G-quadruplex.

Figure 2. Sequences of HteloDNA and the GDDCs with various loop sequences complementary to rEGFR. The long loop region is underlined. Dashed lines represent the complementary relationship between GDDC and rEGFR.
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To confirm that the GDDCs and HteloDNA form the G-quadruplex structure, CD spectra of the annealed GDDCs and HteloDNA were measured in a buffer containing 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2 at 25 °C (Figure 3A). All the GDDCs and HteloDNA showed a CD spectrum with positive peaks at 260 and 295 nm and a negative peak at 240 nm, although there were subtle differences among peak intensities. The profiles indicate that all the GDDCs formed a (3 + 1) G-quadruplex structures comparable to HteloDNA and that the long loops did not significantly impact structure [34,35,36]. We further studied thermal stability of the G-quadruplexes. UV melting curves of the GDDCs and HteloDNA at 295 nm were analysed under the same conditions [40]. The melting temperature (Tm) of HteloDNA was estimated to be 72.0 °C based on dA/dT plots derived from the hypochromic UV melting profile (Figure 3B). The Tm values of GDDC-L10, L15, L20 and L30 were 67.6, 65.5, 65.2 and 64.2 °C, respectively. Although these results indicate that progressively longer loops destabilized the G-quadruplex structure, it was confirmed that the G-quadruplex structures formed by the GDDCs were sufficiently stable for drug delivery around 37 °C.

Figure 3. (A) CD spectra of HteloDNA and each GDDC at 25 °C in a buffer comprising 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2. Before measurement, the DNA sample was heated at 80 °C for 2 min, then gently cooled at 2 °C·min−1; (B) dA/dT plots derived from UV melting curves of G-quadruplexes formed by HteloDNA and each GDDC in the same buffer as above were measured at 295 nm. Before measurement, the DNA samples were heated at 90 °C for 1 min, then gently cooled to 0 °C at 0.5 °C·min−1. The DNA samples were then heated from 0 to 90 °C at 0.5 °C·min−1.
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3.2. Selection of G-Quadruplex Ligand for GDDC

G-quadruplex ligand for the GDDC should show high specificity for the G-quadruplex structure over double-stranded DNA (dsDNA) because the ligand should be released from the unfolded GDDC containing dsDNA. In addition, the G-quadruplex ligand should efficiently inhibit telomerase to provide a high anticancer effect. Three representative G-quadruplex ligands (CuAPC, TMPyP4, and hemin; Figure 4), were screened to identify the most suitable ligand for the GDDC.

Figure 4. Chemical structures of CuAPC, TMPyP4, and hemin.
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The specificity of the ligands for the HteloDNA G-quadruplex was measured from absorbance spectra of the ligands with annealed HteloDNA in 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2 buffer at 25 °C. The CuAPC spectrum showed a new peak around 690 nm that increased in intensity as the HteloDNA concentration increased (Figure 5A), indicating that CuAPC bound to the HteloDNA G-quadruplex, as reported previously [13,30,31,32]. The stoichiometry of the binding was studied by titration experiment with higher concentrations of CuAPC and HteloDNA (100 μM Cu-APC and 0–500 μM Htelo-DNA). A stoichiometric point around 100 μM Htelo-DNA was observed (Figure S1), suggesting a 1:1 binding of Cu-APC and Htelo-DNA. This result indicates that it is valid to use Equations (1) and (2) based on the single interaction (1:1 binding) model. The association constant (Ka) was estimated to be (2.2 ± 0.2) × 105 M−1 (Kd = 4.5 μM) at 25 °C (Figure 5B). In contrast, samples of CuAPC with the oligo dsDNA, 5'-AGAAGAGAAAGA-3'/5'-TCTTTCTCTTCT-3', showed a small increase in absorbance at 690 nm and the Ka value was (3.7 ± 0.4) × 103 M−1 (Kd = 270.3 μM) at 25 °C (Figure 5B). These results demonstrate that CuAPC bound to the G-quadruplex with a two-order higher affinity than to the oligo dsDNA (Figure 5C). Similarly, the Ka value of TMPyP4 for the G-quadruplex was (1.2 ± 0.1) × 106 M−1 (Kd = 0.8 μM) at 25 °C, which was 6-fold greater than that for the dsDNA, (1.8 ± 0.6) × 105 M−1 (Kd = 5.6 μM) at 25 °C (Figure S2A and Figure 5C). The Ka value of hemin for the G-quadruplex was (5.5 ± 3.1) × 104 M−1 (Kd = 18.2 μM) at 25 °C, but the change in the absorbance spectra of hemin with 0–250 μM dsDNA was too small to allow estimation of the Ka value (Figure S2B), indicating that hemin bound to the G-quadruplex with at least 14-fold greater affinity than to the oligo dsDNA (Figure 5C). Thus, CuAPC and hemin were more suitable for the GDDC than TMPyP4 because of their higher specificity for the G-quadruplex.

Figure 5. (A) Visible absorbance spectra of 2.5 µM CuAPC with 0–250 µM of HteloDNA at 25 °C. The sample was first heated at 80 °C for 2 min, then gently cooled at 2 °C·min−1; (B) Absorbance of 2.5 µM CuAPC at 690 nm with 0-250 µM of HteloDNA and dsDNA (5'-AGAAGAGAAAGA-3'/5'-TCTTTCTCTTCT-3'); (C) Ka value of each ligand for HteloDNA and dsDNA. All measurements were carried out in a buffer containing 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2 at 25 °C.
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Next, the telomerase inhibitory effect of the three ligands was studied using a two-step TRAP (tsTRAP) assay [41]. The telomerase reaction was conducted with HeLa cell lysate and each ligand, and then the 50-fold diluted product was amplified by PCR. The samples were diluted to limit the influence of each ligand on PCR. Higher concentrations of CuAPC reduced the amount of the TRAP assay product (Figure 6A). Telomerase can bind to the human telomeric DNA, 5'-(TTAGGG)n-3', via hybridization using its complementary RNA component with the human telomeric DNA, and add the same repetitive telomeric DNA sequence [42,43]. However, the G-quadruplex folded by the human telomeric DNA can not hybridize with the RNA component, which causes telomerase inhibition [42,43]. CuAPC can bind to the human telomeric G-quadruplex as demonstrated in the binding experiment with HteloDNA. Therefore, it is reasonable to assume that CuAPC can inhibit telomerase activity by binding to and stabilize the human telomeric G-quadruplex in telomerase reaction products [13,30,31,32]. The IC50 value (the concentration of ligand at 50% relative activity, see Experimental) was estimated to be 1.4 μM (Figure 6B), which is identical to the value previously reported [13,30,31,32]. Inhibition by hemin and TMPyP4 was also confirmed [13,30,31,32], with the IC50 values estimated to be 38 μM and 2.3 μM, respectively (Figures S3, S4 and Figure 6C). These results indicate that CuAPC and TMPyP4 were superior telomerase inhibitors to hemin. The high specificity of CuAPC to the G-quadruplex and its high telomerase inhibitory effect indicate that of the three ligands tested, CuAPC is best suited for use in a GDDC.

Figure 6. (A) Electrophoresis results from the two-step TRAP assay with 0–10 µM CuAPC. I.C. indicates the internal control for PCR amplification; (B) Relative activity of telomerase with 0–10 µM CuAPC. The relative activity value of 1 corresponds to the positive control (i.e., without CuAPC); (C) Comparison of the IC50 value of each ligand for telomerase inhibition.



[image: Sensors 15 09388 g006 1024]









3.3. Affinity of CuAPC to GDDCs

Based on the ligand binding experiments to the HteloDNA G-quadruplex and the telomerase inhibition experiments, CuAPC was selected as the drug for the GDDC. We further investigated the affinity of CuAPC for GDDCs by measuring the absorbance spectra of CuAPC with the annealed GDDCs. The same increase in the absorbance of CuAPC around 690 nm was observed upon the addition of GDDC-L10 as was observed with HteloDNA (Figures S5A and S5E). The Ka value was estimated to be (1.5 ± 0.2) × 105 M−1 (Kd = 6.7 μM) at 25 °C (Figure 7), which is almost the same as that for HteloDNA. The new peak around 690 nm was also observed with other GDDCs (Figure S5B–E) and the Ka values for GDDC-L15, GDDC-L20, and GDDC-L30 were (3.9 ± 0.7) × 105 M−1 (Kd = 2.6 μM), (2.4 ± 0.4) × 105 M−1 (Kd = 4.2 μM), and (5.9 ± 1.3) × 105 M−1 (Kd = 1.7 μM) at 25 °C, respectively (Figure 7). These results indicate that GDDC-L30 shows the highest affinity for CuAPC and is the most appropriate carrier for CuAPC among the four GDDCs tested. In addition, these results imply that longer loops tend to cause higher affinity with CuAPC except GDDC-L20, although longer loops destabilize the G-quadruplex structure (Figure 3B). Given that previous structural studies demonstrated that many G-quadruplex ligands bind to G-quadruplexes by end-stacking, longer loops of GDDC-L15 and GDDC-L30 may not stack on the G-quartet but may interact with CuAPC end-stacking on the G-quartet. The sandwich-like interaction of CuAPC between the longer loops and the G-quartet may enhance the affinity of GDDCs to CuAPC [44,45,46,47,48,49].

Figure 7. Ka values of CuAPC for GDDC with various loop lengths (10 to 30 bases). All measurements were carried out in 50 mM MES-LiOH (pH 7.0), 100 mM KCl, 10 mM MgCl2 buffer at 25 °C.
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3.4. Unfolding of GDDCs by rEGFR

The GDDC must undergo a structural transition in response to the target mRNA in order to be useful as a DDS. The unfolding of the GDDC G-quadruplexes by the target sequence in EGFR mRNA was studied by modifying the GDDCs with a fluorescent probe (FITC) and a quencher probe (Dabcyl) at the 5' end and the 3' end, respectively (Figure 8A) [50]. Double-labeled GDDCs folded into the G-quadruplex structure position the FITC and Dabcyl probes close enough for fluorescence quenching, whereas their distance in the unfolded G-quadruplex should be large enough to allow significant FITC fluorescence. As expected, the fluorescence intensity of GDDC-L10 at 520 nm increased with increasing rEGFR concentration, mimicking an increase in the concentration of EGFR mRNA (Figure 8B). This result indicates that the G-quadruplex structure formed by GDDC-L10 unfolded due to hybridization between the 10-mer length loop and rEGFR. The unfolding of GDDC-L15, L20, and L30 in response to rEGFR was similarly demonstrated (Figure 8B). The Ka values for GDDC-L10 and L15 were estimated to be (1.0 ± 0.5) × 108 M−1 (Kd = 0.01 μM) and (1.8 ± 0.7) × 108 M−1 (Kd = 0.006 μM) at 25 °C, respectively (Figure 8C). However, the Ka values for GDDC-L20 and L30 could not be calculated because of their very high affinity for rEGFR. These results were as predicated because GDDC-L20 and L30 can form a longer duplex with rEGFR than GDDC-L10 and L15. Therefore, the G-quadruplex structure of GDDC-L30 should unfold at lower concentrations of EGFR mRNA than GDDC-L10, L15, and L20. The concentration of each mRNA in cells is extremely low (pM level). Thus, GDDC-L30, which is expected to bind to the mRNA of EGFR with the highest affinity among GDDCs, should be best suited as the drug delivery carrier stimulated by the mRNA.

Figure 8. (A) Strategy to study the unfolding of GDDCs by Regfr; (B) Normalized fluorescence intensity (F.I.) of each GDDC (20 nM) at 520 nm with 0–10 µM rEGFR. (B) Ka values of rEGFR for HteloDNA and each GDDC. All measurements were carried out in a buffer containing 50 mM MES-LiOH (pH 7.0), 100 mM KCl, and 10 mM MgCl2 at 25 °C. Ka values of GDDC-L20 and GDDC-L30 were too high to evaluate accurately.
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3.5. Release of CuAPC from GDDC-L30 in Response to rEGFR

The results showed that CuAPC is an appropriate drug for GDDCs because of its high specificity to the G-quadruplex and high telomerase inhibitory effect, and that GDDC-L30 is an appropriate carrier because of its high affinity for CuAPC and rEGFR. The release of CuAPC from GDDC-L30 in response to rEGFR was determined by measuring the absorbance spectra of CuAPC in the presence of increasing concentrations of rEGFR (Figure 9A). CuAPC annealed with GDDC-L30 in the absence of rEGFR provided a large peak around 690 nm (Figure 9B). As described above, this large peak demonstrates binding of CuAPC to GDDC-L30. The intensity of the peak decreased as the concentration of rEGFR increased (Figure 9B), indicating that CuAPC was released from GDDC-L30 into free solution in response to rEGFR. Furthermore, the results obtained with GDDCs modified with FITC and Dabcyl suggest that the 30-mer length loop of GDDC-L30 hybridizes with rEGFR, causing unfolding of the G-quadruplex and release of CuAPC from GDDC-L30. Taken together, our results suggest that the proposed DDS using GDDC can release the anticancer drug CuAPC in response to EGFR which is overexpressed in cancer cells specifically.

Figure 9. (A) Strategy to study the release of CuAPC from GDDC-L30 in response to rEGFR; (B) Visible absorbance spectra of 2.5 µM CuAPC/2.5 µM GDDC-L30 complex with 0–10 µM rEGFR. The sample was heated at 80 °C for 2 min, the gently cooled at 2 °C·min−1 before measurement.
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4. Conclusions

We studied the properties of four GDDCs differing in loop length (10–30 mer) as drug delivery carriers, and screened three G-quadruplex ligands (CuAPC, TMPyP4, and hemin) as suitable drugs. Each GDDC candidate formed a sufficiently stable (3 + 1) G-quadruplex structure for DDS. More importantly, each GDDC candidate bound CuAPC, a specific G-quadruplex ligand with telomerase inhibitory effect. The G-quadruplex structure unfolded by binding with rEGFR. Furthermore, we demonstrated that GDDC-L30 could release CuAPC in response to rEGFR. These results indicate that this GDDC should be useful for anticancer therapy with few side-effects. The mRNA of EGFR exists in a single cell at pM level [51]. Since the Kd value of GDDC-L30 to rEGFR is also pM level, the mRNA of EGFR is expected to unfold GDDC-L30 in cells. However, the concentration of CuAPC released from the unfolded GDDC-L30 is not enough for telomerase inhibition, because its IC50 value for the telomerase inhibition is 1.4 μM. Thus, the G-quadruplex ligand with higher telomerase inhibitory effect is required for practical application of GDDC. Although further improvements of ligand inhibitory function are out of scope of this study, there are other specific G-quadruplex ligands with high telomerase inhibitory effect such as telomestatin, phthalocyanine derivatives [19,21,22]. These G-quadruplex ligands may be useful for improvements of GDDC in vivo.






Acknowledgments

We thank Chieko Hijiriyama for measuring the CD spectra and UV melting curves of HteloDNA and the GDDCs, and conducting the binding assays between rEGFR and the GDDCs. This work was supported by Grants-in-Aid for Scientific Research, Scientific Research on Innovative Areas “Nanomedicine Molecular Science” (No. 2306), and “Strategic Research Foundation at Private Universities” from the Ministry of Education, Culture, Sports, Science and Technology, Japan, and Kurata Grants from the Kurata Memorial Hitachi Science and Technology Foundation.




Supplementary Files

Supplementary File 1



Author Contributions

H. Yaku designed and performed the experiments, analyzed the data, and wrote the paper; T. Murashima designed the experiments; D. Miyoshi designed the experiments, analyzed the data, and wrote the paper; N. Sugimoto designed the experiments and wrote the paper.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Danhier, F.; Feron, O.; Preat, V. To exploit the tumor microenvironment: Passive and active tumor targeting of nanocarriers for anti-cancer drug delivery. J. Control. Release 2010, 148, 135–146. [Google Scholar] [CrossRef] [PubMed]

	2. 
Hofheinz, R.D.; Gnad-Vogt, S.U.; Beyer, U.; Hochhaus, A. Liposomal encapsulated anti-cancer drugs. Anti-Cancer Drugs 2005, 16, 691–707. [Google Scholar] [CrossRef] [PubMed]

	3. 
Gradishar, W.J.; Tjulandin, S.; Davidson, N.; Shaw, H.; Desai, N.; Bhar, P.; Hawkins, M.; O’Shaughnessy, J. Phase iii trial of nanoparticle albumin-bound paclitaxel compared with polyethylated castor oil-based paclitaxel in women with breast cancer. J. Clin. Oncol. 2005, 23, 7794–7803. [Google Scholar] [CrossRef] [PubMed]

	4. 
Desai, N.; Trieu, V.; Yao, Z.W.; Louie, L.; Ci, S.; Yang, A.; Tao, C.L.; De, T.; Beals, B.; Dykes, D.; et al. Increased antitumor activity, intratumor paclitaxel concentrations, and endothelial cell transport of cremophor-free, albumin-bound paclitaxel, ABI-007, compared with cremophor-based paclitaxel. Clin. Cancer Res. 2006, 12, 1317–1324. [Google Scholar] [CrossRef] [PubMed]

	5. 
Miele, E.; Spinelli, G.P.; Tomao, F.; Tomao, S. Albumin-bound formulation of paclitaxel (Abraxane® ABI-007) in the treatment of breast cancer. Int. J. Nanomed. 2009, 4, 99–105. [Google Scholar] [CrossRef]

	6. 
van Sluis, R.; Bhujwalla, Z.M.; Raghunand, N.; Ballesteros, P.; Alvarez, J.; Cerdan, S.; Galons, J.P.; Gillies, R.J. In vivo imaging of extracellular pH using 1H MRSI. Magnet. Reson. Med. 1999, 41, 743–750. [Google Scholar] [CrossRef]

	7. 
Cardone, R.A.; Casavola, V.; Reshkin, S.J. The role of disturbed ph dynamics and the Na+/H+ exchanger in metastasis. Nat. Rev. Cancer 2005, 5, 786–795. [Google Scholar] [CrossRef] [PubMed]

	8. 
Brahimi-Horn, M.C.; Pouyssegur, J. Oxygen, a source of life and stress. FEBS Lett. 2007, 581, 3582–3591. [Google Scholar] [CrossRef] [PubMed]

	9. 
Fang, J.S.; Gillies, R.D.; Gatenby, R.A. Adaptation to hypoxia and acidosis in carcinogenesis and tumor progression. Semin. Cancer Biol. 2008, 18, 330–337. [Google Scholar] [CrossRef] [PubMed]

	10. 
Feron, O. Pyruvate into lactate and back: From the warburg effect to symbiotic energy fuel exchange in cancer cells. Radiother. Oncol. 2009, 92, 329–333. [Google Scholar] [CrossRef] [PubMed]

	11. 
Chen, C.E.; Pu, F.; Huang, Z.Z.; Liu, Z.; Ren, J.S.; Qu, X.G. Stimuli-responsive controlled-release system using quadruplex dna-capped silica nanocontainers. Nucleic Acids Res. 2011, 39, 1638–1644. [Google Scholar] [CrossRef] [PubMed]

	12. 
Krishnan, Y.; Simmel, F.C. Nucleic acid based molecular devices. Angew. Chem., Int. Ed. 2011, 50, 3124–3156. [Google Scholar] [CrossRef]

	13. 
Yaku, H.; Murashima, T.; Miyoshi, D.; Sugimoto, N. Specific binding of anionic porphyrin and phthalocyanine to the g-quadruplex with a variety of in vitro and in vivo applications. Molecules 2012, 17, 10586–10613. [Google Scholar] [CrossRef] [PubMed]

	14. 
Beissenhirtz, M.K.; Willner, I. Dna-based machines. Org. Biomol. Chem. 2006, 4, 3392–3401. [Google Scholar] [CrossRef] [PubMed]

	15. 
Bath, J.; Turberfield, A.J. DNA nanomachines. Nat. Nanotechnol. 2007, 2, 275–284. [Google Scholar] [CrossRef] [PubMed]

	16. 
Dittmer, W.U.; Reuter, A.; Simmel, F.C. A DNA-based machine that can cyclically bind and release thrombin. Angew. Chem. Int. Ed. 2004, 43, 3550–3553. [Google Scholar] [CrossRef]

	17. 
Wei, B.; Cheng, I.; Luo, K.Q.; Mi, Y.L. Capture and release of protein by a reversible dna-induced sol-gel transition system. Angew. Chem. Int. Ed. 2008, 47, 331–333. [Google Scholar] [CrossRef]

	18. 
Bourdoncle, A.; Torres, A.E.; Gosse, C.; Lacroix, L.; Vekhoff, P.; Le Saux, T.; Jullien, L.; Mergny, J.L. Quadruplex-based molecular beacons as tunable dna probes. J. Am. Chem. Soc. 2006, 128, 11094–11105. [Google Scholar] [CrossRef] [PubMed]

	19. 
Ou, T.M.; Lu, Y.J.; Tan, J.H.; Huang, Z.S.; Wong, K.Y.; Gu, L.Q. G-quadruplexes: Targets in anticancer drug design. ChemMedChem 2008, 3, 690–713. [Google Scholar] [CrossRef] [PubMed]

	20. 
Neidle, S.; Parkinson, G.N. Quadruplex DNA crystal structures and drug design. Biochimie 2008, 90, 1184–1196. [Google Scholar] [CrossRef] [PubMed]

	21. 
De Cian, A.; Lacroix, L.; Douarre, C.; Temime-Smaali, N.; Trentesaux, C.; Riou, J.F.; Mergny, J.L. Targeting telomeres and telomerase. Biochimie 2008, 90, 131–155. [Google Scholar] [CrossRef] [PubMed]

	22. 
Georgiades, S.N.; Abd Karim, N.H.; Suntharalingam, K.; Vilar, R. Interaction of metal complexes with g-quadruplex DNA. Angew. Chem. Int. Ed. 2010, 49, 4020–4034. [Google Scholar] [CrossRef]

	23. 
Yaku, H.; Fujimoto, T.; Murashima, T.; Miyoshi, D.; Sugimoto, N. Phthalocyanines: A new class of g-quadruplex-ligands with many potential applications. Chem. Commun. 2012, 48, 6203–6216. [Google Scholar] [CrossRef]

	24. 
Balasubramanian, S.; Neidle, S. G-quadruplex nucleic acids as therapeutic targets. Curr. Opin. Chem. Biol. 2009, 13, 345–353. [Google Scholar] [CrossRef] [PubMed]

	25. 
Neidle, S. The structures of quadruplex nucleic acids and their drug complexes. Curr. Opin. Struc. Biol. 2009, 19, 239–250. [Google Scholar] [CrossRef]

	26. 
Franceschin, M. G-quadruplex DNA structures and organic chemistry: More than one connection. Eur. J. Org. Chem. 2009, 2225–2238. [Google Scholar] [CrossRef]

	27. 
Greider, C.W.; Blackburn, E.H. Identification of a specific telomere terminal transferase-activity in tetrahymena extracts. Cell 1985, 43, 405–413. [Google Scholar] [CrossRef] [PubMed]

	28. 
Morin, G.B. The human telomere terminal transferase enzyme is a ribonucleoprotein that synthesizes ttaggg repeats. Cell 1989, 59, 521–529. [Google Scholar] [CrossRef] [PubMed]

	29. 
Kim, N.W.; Piatyszek, M.A.; Prowse, K.R.; Harley, C.B.; West, M.D.; Ho, P.L.C.; Coviello, G.M.; Wright, W.E.; Weinrich, S.L.; Shay, J.W. Specific association of human telomerase activity with immortal cells and cancer. Science 1994, 266, 2011–2015. [Google Scholar] [CrossRef] [PubMed]

	30. 
Yaku, H.; Murashima, T.; Miyoshi, D.; Sugimoto, N. Anionic phthalocyanines targeting g-quadruplexes and inhibiting telomerase activity in the presence of excessive dna duplexes. Chem. Commun. 2010, 46, 5740–5742. [Google Scholar] [CrossRef]

	31. 
Yaku, H.; Murashima, T.; Tateishi-Karimata, H.; Nakano, S.; Miyoshi, D.; Sugimoto, N. Study on effects of molecular crowding on g-quadruplex-ligand binding and ligand-mediated telomerase inhibition. Methods 2013, 64, 19–27. [Google Scholar] [CrossRef] [PubMed]

	32. 
Yaku, H.; Murashima, T.; Miyoshi, D.; Sugimoto, N. In vitro assays predictive of telomerase inhibitory effect of g-quadruplex ligands in cell nuclei. J. Phys. Chem. B 2014, 118, 2605–2614. [Google Scholar] [CrossRef] [PubMed]

	33. 
Grandis, J.R.; Tweardy, D.J. Elevated levels of transforming growth-factor-alpha and epidermal growth-factor receptor messenger-rna are early markers of carcinogenesis in head and neck-cancer. Cancer Res. 1993, 53, 3579–3584. [Google Scholar] [PubMed]

	34. 
Xu, Y.; Noguchi, Y.; Sugiyama, H. The new models of the human telomere d aggg(ttaggg)(3) in K+ solution. Bioorg. Med. Chem. 2006, 14, 5584–5591. [Google Scholar] [CrossRef] [PubMed]

	35. 
Ambrus, A.; Chen, D.; Dai, J.X.; Bialis, T.; Jones, R.A.; Yang, D.Z. Human telomeric sequence forms a hybrid-type intramolecular g-quadruplex structure with mixed parallel/antiparallel strands in potassium solution. Nucleic Acids Res. 2006, 34, 2723–2735. [Google Scholar] [CrossRef] [PubMed]

	36. 
Luu, K.N.; Phan, A.T.; Kuryavyi, V.; Lacroix, L.; Patel, D.J. Structure of the human telomere in K+ solution: An intramolecular (3+1) g-quadruplex scaffold. J. Am. Chem. Soc. 2006, 128, 9963–9970. [Google Scholar] [CrossRef] [PubMed]

	37. 
Wheelhouse, R.T.; Sun, D.K.; Han, H.Y.; Han, F.X.G.; Hurley, L.H. Cationic porphyrins as telomerase inhibitors: The interaction of tetra-(N-methyl-4-pyridyl)porphine with quadruplex DNA. J. Am. Chem. Soc. 1998, 120, 3261–3262. [Google Scholar] [CrossRef]

	38. 
Travascio, P.; Bennet, A.J.; Wang, D.Y.; Sen, D. A ribozyme and a catalytic DNA with peroxidase activity: Active sites versus cofactor-binding sites. Chem. Biol. 1999, 6, 779–787. [Google Scholar] [CrossRef] [PubMed]

	39. 
Yamauchi, T.; Miyoshi, D.; Kubodera, T.; Nishimura, A.; Nakai, S.; Sugimoto, N. Roles of Mg2+ in TPP-dependent riboswitch. FEBS Lett. 2005, 579, 2583–2588. [Google Scholar] [CrossRef] [PubMed]

	40. 
Mergny, J.L.; Phan, A.T.; Lacroix, L. Following g-quartet formation by UV-spectroscopy. FEBS Lett. 1998, 435, 74–78. [Google Scholar] [CrossRef] [PubMed]

	41. 
Yu, H.Q.; Zhang, D.H.; Gu, X.B.; Miyoshi, D.; Sugimoto, N. Regulation of telomerase activity by the thermodynamic stability of a dna center dot rna hybrid. Angew. Chem. Int. Ed. 2008, 47, 9034–9038. [Google Scholar] [CrossRef]

	42. 
Autexier, C.; Lue, N.F. The structure and function of telomerase reverse transcriptase. Ann. Rev. Biochem. 2006, 75, 493–517. [Google Scholar] [CrossRef] [PubMed]

	43. 
Theimer, C.A.; Feigon, J. Structure and function of telomerase RNA. Curr. Opin. Struct. Biol. 2006, 16, 307–318. [Google Scholar] [CrossRef] [PubMed]

	44. 
Phan, A.T.; Kuryavyi, V.; Gaw, H.Y.; Patel, D.J. Small-molecule interaction with a five-guanine-tract g-quadruplex structure from the human myc promoter. Nat. Chem. Biol. 2005, 1, 167–173. [Google Scholar] [CrossRef]

	45. 
Chung, W.J.; Heddi, B.; Tera, M.; Iida, K.; Nagasawa, K.; Phan, A.T. Solution structure of an intramolecular (3 + 1) human telomeric G-quadruplex bound to a telomestatin derivative. J. Am. Chem. Soc. 2013, 135, 13495–13501. [Google Scholar] [CrossRef] [PubMed]

	46. 
Collie, G.W.; Sparapani, S.; Parkinson, G.N.; Neidle, S. Structural basis of telomeric RNA quadruplex—Acridine ligand recognition. J. Am. Chem. Soc. 2011, 133, 2721–2728. [Google Scholar] [CrossRef] [PubMed]

	47. 
Bazzicalupi, C.; Ferraroni, M.; Bilia, A.R.; Scheggi, F.; Gratteri, P. The crystal structure of human telomeric DNA complexed with berberine: An interesting case of stacked ligand to G-tetrad ratio higher than 1:1. Nucleic Acids Res. 2013, 41, 632–638. [Google Scholar] [CrossRef] [PubMed]

	48. 
Collie, G.W.; Promontorio, R.; Hampel, S.M.; Micco, M.; Neidle, S.; Parkinson, G.N. Structural basis for telomeric G-quadruplex targeting by naphthalene diimide ligands. J. Am. Chem. Soc. 2012, 134, 2723–2731. [Google Scholar] [CrossRef] [PubMed]

	49. 
Nicoludis, J.M.; Miller, S.T.; Jeffrey, P.D.; Barrett, S.P.; Rablen, P.R.; Lawton, T.J.; Yatsunyk, L.A. Optimized end-stacking provides specificity of N-methyl mesoporphyrin IX for human telomeric G-quadruplex DNA. J. Am. Chem. Soc. 2012, 134, 20446–20456. [Google Scholar] [CrossRef] [PubMed]

	50. 
Mergny, J.L.; Maurizot, J.C. Fluorescence resonance energy transfer as a probe for G-quartet formation by a telomeric repeat. Chembiochem 2001, 2, 124–132. [Google Scholar] [CrossRef] [PubMed]

	51. 
Ho-Pun-Cheung, A.; Bazin, H.; Gaborit, N.; Larbouret, C.; Garnero, P.; Assenat, E.; Castan, F.; Bascoul-Mollevi, C.; Ramos, J.; Ychou, M.; et al. Quantification of HER expression and dimerization in patients’ tumor samples using time-resolved Förster resonance energy transfer. PLoS ONE 2012, 7, e37065. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
0.35 T T T T T
0.30 250 1
©025Ff
o
c HteloDNA
g0 o)
2015
<
0.10
0.05
0 0
500 550 600 650 700 750 800 50 100 150 200 250
Wavelength / nm DNA/ uM
C
CuAPC TMPyP4 Hemin
1.
L 20 o 12 - 075
= s s
?2 o «é 038 ?2 050
s S 0.4 £ 0.25 Not
x x x estimated
% feloDNA dsDNA ® FteloDNA dsDNA ® HteloDNA dsDNA






nav.xhtml


  sensors-15-09388


  
    		
      sensors-15-09388
    


  




  





media/file1.png
HteloDNA : 5’ -GGGTTAGGG
GDDC-L10: 5’ -GGGTTAGGG
GDDC-L15 : 5 -GGGTTAGGG
GDDC-L20 : 57 -GGGTTAGGG
GDDC-L30: 5

rEGFR

'TGCCCTCG|
CTGTATTTGCCCTCG]
CAAAGCTGTATTTGCCCTCG|

GGGTT GGG-3"
3






media/file2.png
6 105/ deg cm? dmol’

*®
S

[
S

>
o

g
o

B
T T U.Uoo T 1 T T
— HteloDNA — HteloDNA : T,.= 72.0 °C
—GDDC-L10 ] 0.045 —GDDC-L10: T,=67.6°C
DDC-L15 = GDDC-L15: T,= 65.5 °C

— GDDC-L: 0.035}F —GDDC-L20: T,=652°C
— GDDC- L30 E = GDDC-L30 : T,,= 64.2 °C

[

©

=

<

©

50 300
Wavelength / nm

0 60 70 80
Temperature / °C





media/file7.png
A
@
FRETC % + rEGFR 9

% GDDC candidates
Dabcyl
F.1.520 = Low F.1.520 = High
B C
1.2 3.0
25}
§ 1.0
= < 20}
T 08 =
o —GDDC-L10 S,
2 06 —GDDC-L15 <15
= GDDC-L20 @
e — GDDC-L30 <ot
£ 04
50
0.2 05r ot Not
2p 0 ated  estimated
0 " M N M GDDC-L10 GDDC-L15 GDDC-L20 GDDC-L30
0.2 1.0

04 06 08
rEGFR / uM





media/file5.png
CuAPC / uM 1.4
001031 3 10 12
2
P s 1.0
o — N ©°
3| EEE S 08
Al 1—1= Q
HR=1=1=1= 5 06
S o)
é P W d o 04
(= W
N 02 ® T
1
00 2 4 6 10
—_——— e CUAPC / uM
C
40
30
=
S
S 20
s}
o
10

CuAPC TMPyP4 Hemin





media/file3.png
~





media/file0.png
Telomerase
L - inhibition

Long loop Target mMRNA
N
) 5
G-quadruplex ligand
5
3
G-quadruplex based drug
delivery carrier (GDDC) No target MRNA





media/file8.png
CUAPC 5 L
rEGFR
N 9
3" GpDC-L30
Abs.690 = Large Abs.690 = Small
B
0.20 r r T T r
0
o U°I rEGFR (uMm) |
[$)
c
(]
2 010} -
? 10
Q0
<
0.05 1
0 'l 1 'l 'l
500 550 600 650 700 750 800

Wavelenath / nm





media/file6.png
K, 105/ M-

8.0

60T

40F

20F

GDDC-L10 GDDC-L15 GDDC-L20 GDDC-L30






