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Abstract

Doxorubicin is a commonly used drug to treat various types of cancers. Unfortunately, after a period of administration, tumour cells

develop resistance generally under the form of an accelerated drug extrusion. Recently, cell penetrating peptides have been used for

their ability to deliver non-permeant compounds into cells. One such cell penetrating peptide, maurocalcine, has been isolated from

the venom of a Tunisian scorpion. Herein, we report on the anti-tumoral efficacy of doxorubicin covalently coupled to anin vitro 

analogue of maurocalcine. On a doxorubicin-sensitive cancer cell line, the maurocalcine-conjugated form appears slightly less

efficient than doxorubicin itself. On the contrary, on a doxorubicin-resistant cancer cell line, doxorubicin coupling allows to overcome

the drug resistance. This strategy can be generalized to other cell penetrating peptides since Tat and penetratin show similar effects.

We conclude that coupling anti-tumoral drugs to cell penetrating peptides represent a valuable strategy to overcome drug resistance.
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Introduction

During the last fifteen years, numerous peptides able to translocate across the plasma membrane within seconds to minutes and termed

cell-penetrating peptides (CPPs) have been characterized ( ). The 60 amino-acid-long homeodomain of the Drosophila transcription1 1 

factor Antennapedia was the first CPP discovered and shown to serve as a signal for the internalization of other polypeptides ( , ). Its2 3 

penetration and translocation properties were further restricted to a peptide of 16 residues, corresponding to the 43 58 third helix of this–
DNA binding domain and thereafter called penetratin (Pen) ( , ). Now, along with Pen, multiple CPPs (peptides derived from the2 4 5 

HIV1-Tat protein, synthetic 7 9 homoarginine peptides, chimera peptides such as transportan, model amphipathic peptide, etc ) are– …
intensively studied to facilitate penetration of various molecules or particles of different sizes inside cells and are considered as important

tools in drug delivery ( ).6 –8 

Maurocalcine (MCa) is a 33-mer toxin derived from the venom of the Tunisian scorpion which activates3 Scorpio maurus palmatus 

the ryanodine receptor type 1 (RyR1), an intracellular calcium channel involved in excitation-contraction coupling in skeletal muscle4 

cells ( ). Because of its ability to modulate calcium responses of intact skeletal myotubes, it was hypothesized to also behave as a CPP (9 10

). The demonstration of Mca s vector properties was made by using biotinylated MCa coupled to fluorescent streptavidin. This complex’
was shown to enter various cell types within minutes and in all cell types tested, a common feature of CPPs ( ). Numerous mutants of11 

MCa were then designed in order to unravel the most active residues for its pharmacological and penetration activities ( ). MCa folds12 

following an Inhibitor Cystine Knot arrangement with three disulfide bridges ( ). Taking into account that studies of the mode of entry13 

of the CPPs have shown that the CPPs 3D-structure is dispensable for their translocation performances ( , ), a disulfide-less mutant8 14 

called MCa was synthesized by replacing the six cysteine residues of MCa with the L- -aminobutyric acid residue, Abu. Interestingly,Abu 5 α

this MCa mutant was devoid of effect on H -ryanodine binding onto RyR1 from sarcoplasmic reticulum vesicles, whereas its penetration[3 ]
activity was mainly retained ( ).15 

Doxorubicin (Dox) is one of the most used anticancer drugs, in particular in the treatment of breast cancer patients ( , ).6 16 17 

Unfortunately, resistance to this agent is common and thereby the development of new drugs or alternative drug delivery systems to

overcome the unsuccessful outcome of patients treatment is desirable ( , ). Mechanisms of cell resistance to Dox, as well as those18 19 

behind enhanced Dox uptake and retention are intensively studied on various cancer cell lines ( , , ). Current models used are18 20 21 

cancer cell lines selected , such as low- and high-invasive breast carcinoma MCF7 and MDA-MB 231 cells, respectivelyin vitro 
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representing Dox-sensitive and Dox-resistant cells ( ). Using cancer model cell lines, various methods have been developed to21 –24 

improve doxorubicin efficacy and/or delivery. These methods comprise so far: (i) entrapping the drug in submicron carriers like liposomes,

(ii) using polymeric micelles, (iii) coupling to nanoparticules or lactosaminated human albumin ( ).25 –29 

In this work, to gain insight into the potential of MCa as an efficient CPP for drug delivery and for overriding drug resistance, we have

examined the intracellular delivery and subcellular distribution of MCa peptide covalently coupled to Dox into MCF7 and MDA-MBAbu 

231 cell lines and studied the cytotoxicity of this complex comparatively to Dox. We compared these properties with similar complexes of

Dox linked to two archetypical poly-cationic CPPs, Pen and Tat, a HIV1-Tat derived peptide of ten amino acids. The results obtained

indicate that MCa is a good peptide vector for the cell entry of Dox and that the coupling strategy does not prevent Dox toxicity. InAbu 

addition, coupling of Dox to CPPs permits to overcome the observed Dox resistance of MDA-MB 231 cells.

Materials and Methods
Synthesis and purification of doxorubicin-peptide conjugates

The MCa peptide was synthesized with an additional cysteine residue at its amino terminus by NeoMPS S.A. Similarly modifiedAbu 

Tat peptide and Pen were synthesized by UFPeptides s.r.l. Dox (Alexis Biochemicals) was covalently bound to the cysteinylated peptides

using the bifunctional cross-linker Succinimidyl 4- N-maleimidomethyl cyclohexane-1-carboxylate (SMCC, Pierce) according to the[ ] 7 

method described by Liang et al. ( ) with a 3-fold increase in Dox concentration over the original description to allow better yield of30 

coupling. Briefly, Dox.HCl was dissolved in DMSO and then diluted to 1 mg/ml in a 3 ml phosphate buffer solution, pH:8.0.

Triethylamine (40 l) and SMCC (270 l, 10 mg/ml) were added and left for 2 hrs at room temperature. The pH was adjusted to 5.5, beforeμ μ
adding the peptide solution (15 mg/ml, 300 l) containing MCa , Pen or Tat and the mixture was incubated 2 hrs at room temperatureμ Abu 

for coupling. Because of its toxicity, all precautions for handling Dox were taken according the Material Safety Data Sheet delivered by

the manufacturer. Unreacted reagents were removed by chromatography on a 1 ml HiTrap Heparin HP (GE Healthcare) column operated

with an KTApurifier System, at a one ml/min flow rate. According to the manufacturer recommendations, the binding buffer was 10 mMÄ
Na HPO , pH 7.0. After 10 volumes of washing, the column was eluted with a linear 0 2 M NaCl gradient in binding buffer.2 4 = –

Simultaneous monitoring of absorbance at 215 (peptide bond) and 480 nm (intrinsic fluorescence of Dox) wavelengths allowed the

detection of fractions containing Dox-CPPs complexes. Fractions were also analyzed by Sodium Dodecyl Sulphate - Polyacrylamide Gel

Electrophoresis (SDS-PAGE) of peptides onto 16.5  Ready Gel  Tris-Tricine Gels from Biorad. For all experiments, the Dox-CPPs% ®
conjugates were used as such in the cell culture media.

Cells and cell culture

Culture media and supplements were purchased from InVitrogen. All cells were maintained at 37 C, 5  CO in a Hera cell 150° % 2 

humidified incubator (Thermo). MDA-MB 231 cells from ATCC were grown in Leibovitz L15 medium supplemented with 10  (v/v)%
heat-inactivated fetal bovine serum and 10,000 units/ml streptomycin and penicillin. MCF7 (ATCC) were cultured in DMEM medium

supplemented as above with additional bovine insulin (10 g/ml).μ

MTT cell viability assay

MCF7, MDA-MB 231 cells were seeded into 96-well plates and treated with various concentrations of free or conjugated Dox for 24

hrs to 72 hrs. The number of living cells in culture was measured with a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide8 

(MTT) reduction assay (CellQuanti-MTT , Gentaur) according to the manufacturer specifications, slightly modified as described in ™

Mabrouck . ( ), except that the MTT reagent was incubated for 3 hrs at 37 C. Results were plotted as percent of cytotoxicity andet al 12 °
dose-response curves were fitted using SigmaPlot10 in order to determine the 50  effective concentration (EC ).% 50 

Flow Cytometry

Innate fluorescence of Dox allowed us to use flow cytometry and live cell confocal microscopy to study penetration and localization of

free or conjugated-Dox. MDA-MB 231 and MCF7 were cultured overnight in 24 well plates with or without free or CPP-conjugated drug

and washed twice with Phosphate Buffered Saline (PBS) solution to remove extracellular drugs. Next, cells were treated with 1 mg/ml9 

trypsin (InVitrogen) for 10 min at 37 C to remove remaining cell surface-bound drugs and detach cells from the dish surface. The cell°
suspension was centrifuged at 500 g and resuspended in PBS. Flow cytometry analyses were performed on live cells by

Fluorescence-Activated Cell Sorting (FACS) using a FACS-Calibur flow cytometer, BD Biosciences). Live cells were gated by10 

forward/side scattering from a total of 10,000 events. Data obtained were analyzed using the CellQuest software (BD Biosciences).

Confocal microscopy

Cells were grown in 3.5 cm diameter cell culture dishes overnight and incubated with 1 or 5 M Dox or Dox-CPPs for 2 or 24 hrs asμ
specified in the section. Immediately after two PBS washes, 1 M Syto 40 (Molecular Probes) was added for 20 min for nucleusResults μ
staining. Cells were washed again with PBS and plasma membrane labeling was performed using five min incubation with 5 g/ml FITCμ
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-conjugated concanavalin A (Con A, Sigma). After a last wash with PBS, cells were immediately analyzed by confocal laser11 12 

scanning microscopy using a Leica TCS-SP2 operating system with a 20x water immersion objective. FITC (  488 nm,  520 nm),λex = λem =

Syto 40 (  405 nm,  450 nm) and Dox (  470 nm,  590 nm) were sequentially excited and each emitted fluorescence wasλex = λem = λex = λem =

collected in z-confocal planes of 10 15 nm steps. Pseudocolors used were: red for Dox, green for Con A and blue for Syto 40.–

Results
Characterization of doxorubicin-CPP complexes

MCa has recently been characterized as a CPP ( ). Mutation analyses indicated that an analogue of MCa devoid of disulfide bridges,11 

MCa , which lacks pharmacological activity, represents a promising CPP ( ). As a proof of concept that MCa represents a usefulAbu 15 Abu 

vector for the delivery of the anti-tumoral drug Dox and has the ability to overcome drug resistance, MCa was chemically conjugated toAbu 

Dox. Other CPPs, extensively used in numerous other applications, Tat and Pen, were also used for conjugation to Dox to compare the cell

delivery properties and antitumoral activities of the resulting conjugates to those of Dox-MCa . All CPP sequences used in theAbu 

manuscript are shown in . CPPs were synthesized with an extra amino terminal cysteine residue to allow a strategy of covalentFigure 1A 

coupling to the reactive amino group of Dox. To this end, the membrane-permeable heterobifunctional SMCC crosslinker was used to

conjugate Dox to cysteinylated CPPs according to a procedure previously described by Liang . ( ). A scheme of the expectedet al 30 

Dox-CPPs conjugates is presented in . The coupling conditions were set with a higher Dox concentration over CPP in order toFigure 1B 

favor completion of the conjugation reaction. All the conjugates were purified onto a heparin column as described in the Materials and

section ( ) ( ). Unreacted reagents (free Dox and crosslinker) were eliminated at the washing step. Non-conjugatedMethods 30 Figure 2 

peptides and conjugates were separated by the NaCl linear concentration gradient according to their strength of ionic interaction with

heparin ( ). The peptide and Dox contents of the eluates were monitored by measuring light absorbance at 215 nm wavelengthFigure 2A 

for peptide bonds and at 480 nm for Dox. The conjugation reaction with Pen appeared to be complete since the eluate from the column

emerges as a single peak. For Tat, roughly 50  of peptide was found to be bound to Dox, whereas coupling was higher in the case of MCa%
(75  according to peaks  surface). SDS-PAGE analysis of the peak fractions under white or UV light further assessed the efficiency ofAbu % ’

Dox conjugation to the peptides ( ). Absence of differences in the apparent molecular sizes of the conjugates and free peptidesFigure 2B 

indicates the lack of crosslinking between peptides. UV analysis of the fractions revealed the efficient conjugation of Dox to the various

peptides (C fractions). The concentrations of Dox-CPP conjugates in the solutions were estimated by measuring absorption at 480 nm and

plotting against a calibration curve with known concentrations of free Dox (Supplementary data).

Cell toxicity of the CPP vectors used

Before examining the cell toxicity of the Dox-CPP conjugates, the cell toxicity of free peptides was investigated on both MCF7 and

MDA-MB 231 cell lines ( ). As shown, incubation for 24 hrs of these cell lines with free MCa , Tat, or Pen up to aFigure 3 Abu 

concentration of 5 M produces no toxicity; the toxicity values observed were not significant from baseline and lower than 9 . However,μ %
above 5 M, all peptides produced a limited cell toxicity that ranges between 11 and 24 . Interestingly, there was no significant differenceμ %
observed among the various CPPs indicating that they should all represent equipotent vectors for the delivery of Dox into these cell types.

Difference in Dox toxicity between MCF7 and MDA-MB 231 cell lines

In control experiments, the suitability of the two cell lines for the study of Dox resistance was validated by studying the cell toxicity of

free Dox ( ). MCF7 and MDA-MB 231 cells were incubated for 24 hrs with increasing concentrations of free Dox whose toxicityFigure 4 

was evaluated with an MTT cell viability assay. As expected, MCF7 and MDA-MB 231 cells show strong differences in the drug

sensitivity ( ). For MCF7 cells, cytotoxicity appeared at 20 nM Dox and increased to 83.5  8.5  at 5 M. In contrast,Figure 4A ± % μ
MDA-MB 231 cell death occurred at concentrations above 200 nM and efficient killing of 79.1  1.5  was observed at 20 M Dox. The± % μ
EC for Dox toxicity is estimated at 0.1  0.02 M for MCF7, whereas it reaches 2.7  1.4 M for MDA-MB 231. MDA-MB 231 cells50 ± μ ± μ

thus show a 27-fold relative resistance to Dox. To examine whether this difference in sensitivity to Dox is linked to a defect in Dox

accumulation or distribution, the entry of Dox in both cell lines was investigated both by confocal microscopy and by FACS. Using an

intermediate concentration of 1 M of Dox, incubated for 24 hrs as in the toxicity experiments, Dox was found to concentrate in the nucleiμ
of MCF7 cells after analysis by confocal microscopy. In contrast, Dox is barely visible at this concentration in MDA-MB 231 cells (Figure

). However, when using a higher concentration of Dox, 5 M, at which both cell lines undergo cell death, Dox was not only visible in4B μ
MCF7 cells, but also in the nuclei of MDA-MB 231 cells ( ). In both cell lines, and at toxic concentration, Dox appears mainly inFigure 4C 

the nuclei of cells, but some fluorescence is also detected in cytoplasmic patches in some cells. One should keep in mind that this

distribution is observed on mainly dying cells and requires confirmation at times of Dox incubation where no toxicity is observed (see 

). In any case, these data indicate that higher concentrations of Dox are required to detect its presence in MDA-MB 231 cells, aFigure 5 

property that may be at the basis of part of Dox resistance of this cell line. To confirm that Dox accumulation in MDA-MB 231 cells is

limited compared to the one in MCF7 cells, a quantitative study was initiated by FACS. As shown in , the mean fluorescence ofFigure 4D 

Dox measured at 1 M after 24 hrs of incubation is negligible in MDA-MB 231 cells, whereas it represents 35.8  of the maximalμ %
achievable fluorescence value in MCF7 cells. In addition, the maximal achievable Dox fluorescence value is 2.2-fold higher in MCF7 cells
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than in MDA-MB 231 cells (as measured at 10 M). These data indicate that MCF7 cells more readily accumulate intracellular Dox thanμ
MDA-MB 231 cells, and that this accumulation occurs at slightly lower concentrations (EC value of 1.5  0.2 M for MCF7 2.9 50 ± μ versus ±

0.3 M for MDA-MB 231 cells). The EC values of Dox accumulation into cells, measured by FACS, should not be compared to theμ 50 

EC50 values determined for toxicity. There is possibly a threshold of toxicity induction by Dox that is lower than the threshold of

fluorescence detection by FACS. However, the combined information indicates that these two cell lines are adequate to study the effects of

Dox-CPP on drug resistance of both cell lines.

Comparative cell distribution and cytotoxicity between Dox and Dox-CPPs after short term cell exposure

The effect of Dox conjugation on cell distribution and cytotoxicity was evaluated on short term exposure (2 hrs). A concentration of 5 

M was chosen to ensure Dox fluorescence detection by confocal microscopy ( ). As shown, MCF7 or MDA-MB 231 cells exhibitμ Figure 5 

similar patterns of cell distribution of Dox or Dox-CPP conjugates. In both cell lines, there was a marked difference in cell distribution of

Dox-CPP comparatively to free drug. As observed in other conditions ( ), Dox concentrates mainly in the nuclei in both cell lines (Figure 4 

). In sharp contrast, Dox-CPP conjugates were found diffuse into the cytoplasm of both cell lines ( ). Obviously,Figure 5A,B Figure 5A, B 

conjugation of Dox to CPPs prevented the accumulation of Dox into the nuclei of the cells. However, since Dox fluorescence is

intrinsically low, we cannot exclude that a fraction of Dox-CPP reaches the nucleus but remains undetected. Next, the cytotoxic effects of

5 M Dox or Dox-CPPs on these two cells lines were investigated using the MTT test after this 2 hrs of drug incubation ( ).μ Figure 5C 

Interestingly, 2 hrs of incubation with 5 M Dox MCF7 cells is sufficient to induce 34.9  9.7  of MCF7 cell killing ( ). Thisμ ± % Figure 5C 

cytotoxicity value is decreased to 18.6  0.5, 11.7  0.2 and 10.4  4.4  when using Dox conjugated to MCa , Tat or Pen, respectively,± ± ± % Abu 

instead of Dox. This reduced efficacy may be related to the change in Dox localization upon conjugation to CPPs as the primary mode of

Dox action is related to nuclear functions ( ). In contrast however, a 2 hrs incubation of MDA-MB 231 cells with 5 M Dox produces31 μ
almost no cell toxicity (2.1  0.6 ) further confirming the cell resistance to Dox. This toxicity value was significantly enhanced to 12.1 ± % ±
1.4  for Dox-MCa conjugate. A similar enhancement was noticed for Dox-Pen conjugate (10.2  2.8 ). No significant change was% Abu ± %

observed when using the Dox-Tat conjugate. These data seem to indicate that using CPP conjugates of Dox can reverse the cell resistance

to Dox. This may possibly be due to a reduced cell extrusion of Dox when conjugated to CPP ( ). Of note, the levels of the observed32 

Dox-CPPs toxicities are quite low and at a concentration where some cell toxicity of CPPs alone was observed for longer exposure times (

). In order to be more conclusive, another set of experiments were designed with longer exposure times.Figure 3 

Long-term exposure to Dox-CPP of MDA-MB 231 cells overcomes Dox-resistance

Exposure of cells to 5 M Dox-CPPs for 24 hrs yields strong Dox fluorescence in the cytoplasm of both cell types ( ).μ Figure 6A, B 

This pattern of distribution is similar to that observed for 2 hrs incubation ( ). However, the greater apparent intensities inFigure 5 

fluorescence seem to indicate that longer exposure times to the conjugated drug allow a greater accumulation in cells. A quantification by

FACS analysis of Dox fluorescence of the Dox-CPP conjugates indicate that both cell lines accumulate significant amounts of Dox-CPP

with a similar concentration threshold (around 500 nM) with a saturation close to 10 M ( ). In MCF7 cells, this accumulationμ Figure 6C, D 

occurs at higher concentration for Dox-CPPs than for free Dox indicating CPP conjugation does not represent an advantage in this cell line

( ). In contrast, accumulation of Dox-CPPs is slightly improved over free Dox accumulation in MDA-MB 231 cells, suggestingFigure 6C 

that Dox conjugation could be interesting for this cell line ( ). Next, dose-responses curves of cytotoxicity of Dox-CPPFigure 6D 

conjugates were investigated. As suggested by the FACS data, Dox-CPP conjugates turned out to be less efficient to promote cell death of

MCF7 cells ( ). Dox-MCa was the most efficient Dox-CPP conjugate leading to a maximal cell toxicity of 67.6  3.4  of cellFigure 6E Abu ± %

death and with an EC of 0.37  0.09 M. Other Dox-CPPs behaved similarly to Dox-MCa but with lower toxicities (on average 5450 ± μ Abu %

of maximal toxicity for Dox-Tat). In comparison, the EC value for free Dox was 0.1  0.02 M and the maximal cell toxicity was 83.5 50 ± μ ±

8.5  ( ). These data indicate that for MCF7 cells, conjugation of Dox to CPPs significantly reduces the efficacy of Dox both in% Figure 4A 

terms of effective concentration and maximal effect. In contrast, in MDA-MB 231 cells, Dox-CPP conjugates were more toxic than free

Dox ( ). Dox-MCa induced cell death with an EC value of 0.32  0.10 M and with a maximal effect of 84.9  3.6 . InFigure 6F Abu 50 ± μ ± %

comparison, Dox was far less efficient with an EC of 2.7  1.4 M and a maximal effect of 79.1  1.5  ( ). Thus, in50 ± μ ± % Figure 4B 

conclusion, conjugation of Dox to CPPs produces similar dose-responses for toxicity in MCF7 and MDA-MB 231 cells but achieves better

efficiency in MDA-MB 231 cells than in MCF7. The observed improvement in cytotoxicity observed for Dox-CPP conjugates over free

Dox in MDA-MB 231 cells clearly indicates that this strategy for Dox delivery and efficacy is an advantage in this cell line. A striking

observation made upon analysis of the cytotoxicity of Dox-CPPs is that the conjugates appear to possess a cytotoxic effect even at very

low concentrations (10 nM). This was particularly evident for MDA-MB 231 cells ( ). This observation suggested that very longFigure 6F 

exposures at minimal Dox-CPP concentration may represent a viable strategy for inducing cell death.

Cytotoxic effects of long-term exposures of MDA-MB 231 cells to low concentrations of free Dox and Dox-CPPs

Long-term exposures of MDA-MB 231 cells to 10 nM Dox or one of the three Dox-CPP conjugate was investigated with the MTT test

( ). As shown, 72 hrs incubation with 10 nM free Dox produces 29.0  4.2  of cell toxicity for MDA-MB 231 cells, compared toFigure 7 ± %
10.5  1.9  after 24 hrs (see ). Again, exposure of MDA-MB 231 cells to Dox-CPP conjugates turned out to induce more± % Figure 6F 
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efficient toxic effects than free Dox and kills an average of 50  MDA-MB 231 cells after 72 hrs ( ). These data show also that% Figure 7 

long-term exposure to low concentrations of a Dox-MCa conjugate is as efficient as the long-term exposure to Dox-Tat and PenAbu 

conjugates to induce MDA-MB 231 cell death.

Discussion

In this study, we demonstrate that an analogue of MCa acts as a potent vector for the cell delivery of Dox into Dox-resistant and

Dox-sensitive cell lines. Covalent coupling of Dox to several CPPs is reported, and their use in overcoming Dox-resistance in MDA-MB

231 cells evaluated. The data indicate that three CPPs (MCa analogue, Tat, and Pen) are equipotent both in terms of

concentration-dependence and maximal efficacy to induce cell death in both cell lines. Various aspects of the data gathered within this

report are discussed hereunder.

To perform this study we have used two cell lines that differ in their sensitivity to Dox. Reasons for a difference in Dox sensitivity of

cancer cell lines are multiple. The most studied mechanism concerns the heterogeneous level of multidrug resistance that is mediated by

ABC-transporters such as p-glycoprotein (P-gp), multidrug resistance related protein 1 (MRP1) or breast cancer resistance protein (BCRP).

These proteins favour the efflux of chemotherapeutic agents ( , ). Less-well studied mechanisms include ( ): (i) subcellular33 34 35 

localization of the drug ( ), (ii) detoxification reactions that involve glutathione and glutathione-dependent enzymes such as glutathione36 

S-transferase, glutathione peroxydase or reductase ( ), (iii) alteration in topoisomerase II activity, (iv) increasing DNA repair to37 

drug-induced damage, and (v) disruption in apoptotic signalling pathways. In our experiments, MDA-MB 231 cells had a lower tendency

to accumulate free Dox than MCF7 cells suggesting that greater efflux might be at the basis of the differences in Dox sensitivity of both

cell lines. Our data indicate that coupling Dox to CPPs significantly alters the sensitivity of both cell lines to Dox. MCF7 cells become less

sensitive, whereas MDA-MB 231 cells acquire a greater sensitivity to Dox. Interestingly, both cell types become almost equally sensitive

to Dox when the drug is coupled to any one of the three CPPs used herein. These data may indicate that coupling of Dox to CPPs may alter

the balance between the multiple resistance pathways. One evident change was the subcellular localization of the drug which shifted from

a nuclear distribution to a predominant cytoplasmic one. It should be mentioned however that such shift in cellular distribution is

presumably not expected to increase cell sensitivity to Dox since the main target of cytotoxic action of Dox is thought to be the nuclear

topoisomerase II. Since Dox fluorescence is visible only at high concentration by confocal microscopy, we suggest that CPPs could also

deliver Dox to the nucleus, but at a lower not detectable concentration. Indeed, we observed that CPPs also overcome MDA-MB 231 Dox

resistance at 10 nM, a concentration at which free Dox is not detectable in cells.

CPPs are cell penetration peptides that tend to accumulate into cells because of their basic properties. Besides they possess DNA

binding abilities ( ) that may come as a synergistic factor for DNA targeting. Our data indicate that cell distribution of Dox is not a38 

reliable indicator of its toxicity effect. Other possible reasons for the greater efficacy of Dox coupled to CPPs in MDA-MB 231 cells may

include alterations in efflux pathways or in detoxification reactions. We favour a less efficient efflux of the drug that remains trapped into

cells due to its coupling to CPP. CPPs thus appear as useful vectors not only for their cell penetration efficacies but also to counteract

efflux mechanisms. Definitive proof that alteration of Dox efflux pathways is responsible for increased Dox sensitivity will require

additional experiments.

The results obtained herein underline the value of CPPs as delivery vectors for bioactive molecules. Generally, CPPs are used for their

ability to carry across the cell membrane an important number of impermeable compounds including drugs, peptides, proteins such as

antibodies, oligonucleotides, peptide nucleic acids, DNA or some inorganic compounds (for exemple nanoparticles) ( , ). For these6 8 

compounds, the use of CPPs has evident advantages since they overcome the limited availability of these products inside cells. This

technological advantage has permitted the development of numerous applications of basic, therapeutic, diagnostic, imaging or technical

importance ( , ). The use of CPPs to promote the cell entry of compounds that are already membrane permeable (such as Dox) is6 8 

obviously less evident. As a matter of fact, their use in this case is seldom reported. However, our data illustrate the benefit of using CPPs

for altering the stability, efficacy and cell compartment targeting of the drug. Improvements could be brought to this strategy by grafting

additional signal sequences to CPPs for their targeting to defined cell compartments. Enhanced nuclear targeting and enhanced efficacy of

a Dox-CPP complex may be obtained by adding a Nuclear Localization Sequence (NLS) to the peptide sequence. This chimera strategy

may be extended to cell targeting sequence for application where Dox-CPP delivery could be directed to tumors rather than beingin vivo 

diffusely taken up by the entire organism. Such an application has successfully been designed for Dox alone coupled to a cyclic

pentapeptide ( ).39 

In this study, we have further validated the use of MCa as cargo delivery vector. A biotinylated derivative of MCa has been used for

the cell entry of streptavidin in a various number of experimental conditions ( , ). Since then, an analogue of MCa, devoid of11 40 

disulfide bridges, MCa , has been synthesized and shown to be pharmacologically inert on RyR1 but efficient for the cell delivery ofAbu 

cargoes . Because this analogue was shown to be less efficient than wild-type MCa for cell delivery of streptavidin, one could suggest6 

that better analogues than MCa may still be designed and tested ( , ). Nevertheless, the data obtained indicate that MCa is noAbu 12 15 Abu 

less efficient than Tat or Pen for the intracellular delivery of Dox. Similar concentration-dependence for Dox delivery was obtained by



Maurocalcine as good doxorubicin delivery vector

Pharm Res . Author manuscript

Page /6 14

FACS and equivalent cell toxicity on both MCF7 and MDA-MB 231 cells were observed. One important observation made herein during

this comparative analysis of CPPs is that Dox-CPP is delivered diffusely into the cytoplasm regardless of the CPP sequence used. This is

an important indication that all three CPP complexes use similar routes of cell entry in both cell lines. This observed cytoplasmic

distribution is in sharp contrast to the punctuate distribution of streptavidin when MCa is used as vector. Combined, these observations

indicate that the nature and/or size of the cargo plays an important role in the mechanism of cell entry; Dox-CPP entering presumably via

translocation across the lipid bilayer. Alternatively, we cannot exclude that Dox-CPP enter cells by macropinocytosis, but with an addition

step consisting of endosomal escape and accumulation into the cytoplasm.

In conclusion, we have demonstrated that MCa is as effective as other CPPs for the efficient delivery of Dox into cells. ThisAbu 

vector-based delivery can overcome the reduced Dox sensitivity observed in MDA-MB 231 cells over MCF7 cells. Future research

avenues will be developed by designing tumor-targeting Dox-CPPs and/or specific cell compartmentalized Dox-CPP analogues with

improved cell toxicities. The efficacy of Dox-CPP will be evaluated in tumor models with a special emphasis to low concentrationsin vivo 

of Dox-CPPs which were shown to be efficient during long-term exposures. Other applications are envisioned such as evaluating in vitro 

and the efficacy of drugs grafted to MCa and that possess different cellular targets ( ).in vitro in vivo Abu 41 –44 
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Footnotes:
1

CPP: Cell Penetrating Peptide

2

Pen: Penetratin

3

MCa: Maurocalcine

4

RyR1: Ryanodinee Receptor type 1

5

MCa : Maurocalcine analogue with cysteine residues replaced with L- -aminobutyric acidAbu α

6

Dox: Doxorubicine

7

SMCC: Succinimidyl 4- -Maleimidomethyl Cyclohexane-1-Carboxylate[N ]

8

MTT: 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide

9

PBS: Phosphate Buffered Saline

10

FACS: Fluorescence Activated Cell Sorting

11

FITC: Fluoresceine Iso ThioCyanate
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12

Con A: Concanavalin A
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Figure 1
Scheme of the Dox-CPP cell delivery complexes. (A) Amino acid sequences of the CPPs used for conjugation (single letter code). The extra

cysteine used for chemical conjugation of Dox is indicated in blue. Mutated cysteine residues of MCa, replaced by Abu residues, are in bold.

(B) Chemical structure of Dox (red) and SMCC crosslinker (black) bound to Cys-CPP (blue). Synthesis of peptides and coupling method with

Dox are described in Resulting conjugates are indicated in the far right.Materials and Methods. 

Figure 2
Purification and biochemical characterization of the Dox-CPPs delivery complexes. (A) Heparin chromatography profiles of the three

Dox-CPPs. Purification protocol is described in Absorbance at 215 nm (A , ) of the peptide bonds wasMaterials and Methods. 215 ——

monitored during the elution by the 0 2 M NaCl salt gradient (   ) in parallel to the Dox absorbance at 480 nm (A , ). Peak fractions– – – – 480 ······

are denoted C and U. (B) SDS-PAGE analysis of peak fractions. Two l of C or U fractions were analyzed by electrophoresis on 16.5μ %
Tris-tricine gels which were fixed, stained by G-250 Coomassie blue and visualized under white (upper panel) or ultraviolet light (lower

panel). Control lanes, labelled F, were loaded with solutions of free peptides.  indicates the C fraction that contains the Dox-CPP conjugate*
and U lanes show pure uncoupled peptides, with however a slight contamination by Dox coupled peptide in case of Tat.
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Figure 3
Cell toxicity of MCa , Tat and Pen peptides on MCF7 and MDA-MB 231 cells. Peptides were applied at various concentrations on MCF7Abu 

(A) and MDA-MB 231 (B) cells for 24 hrs before performing the MTT assay, as described in Asterisks denoteMaterials and Methods. 

significant deviation from baseline (mean value  3 SD values).±

Figure 4
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Study of free Dox cytotoxicity and accumulation in MCF7 and MDA-MB 231 cell lines. (A) Dose-response curve evaluating Dox

cytotoxicity by the MTT assay on MCF7 and MDA-MB 231 cells. Dox incubation time with cells was 24 hrs. Data were fitted with sigmoid

functions and yield EC values of 0.10  0.02 M (MCF7) or 2.7  1.4 M (MDA-MB 231) and maximal toxicity of 83.4  5.0  (MCF7)50 ± μ ± μ ± %

and 90.7  17.1  (MDA-MB 231). (B) Representative confocal images of MCF7 (upper panels) and MDA-MB 231 cells (lower panels)± %
showing Dox (red), Con A (green) and Syto 40 (blue) labelling, as well as merge pictures. Incubation time of 24 hrs with 1 M Dox. (C)μ
Same as in (B) except for a Dox concentration of 5 M. (D) Dose-response curve evaluating Dox accumulation in cells by FACS analysis ofμ
MCF7 and MDA-MB 231 cells. Dox incubation time with cells was 24 hrs. Data were fitted with sigmoid functions and yield EC values of50 

1.56  0.21 M (MCF7) or 2.92  0.28 M (MDA-MB 231) and maximal fluorescence values of 442  20 a.u. (MCF7) and 200  9 a.u.± μ ± μ ± ±
(MDA-MB 231).
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Figure 5
Subcellular localization and cytotoxicity of free or conjugated Dox in MCF7 and MDA-MB 231 cells after short time treatments. (A)

Confocal images of living MCF7 cells comparing the distribution of Dox fluorescence for free Dox (upper panels) or CPP-conjugated Dox

(three lower panels) after a 2 hrs incubation. Cells were incubated with a drug concentration of 5 M. (B) Same as in (A) but for MDA-MBμ
231 cells. (C) Cell toxicity of Dox and Dox-CPP conjugates evaluated with the MTT test in the same experimental conditions as in (A) and

(B).
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Figure 6
Localization, penetration and cytotoxicity of CPP-conjugated Dox in MCF7 and MDA-MB 231 cells after 24 hrs treatment. (A) Confocal

images illustrating Dox-CPP distribution in MCF7 cells for each CPP after 24 hrs incubation at 5 M. (B) Same as in (A) but in MDA-MBμ
231 cells. (C) FACS analyses of dose-dependent cell penetration of Dox-CPPs after 24 hrs incubation with MCF7 cells. The dose-dependence

of Dox is given in dashed line for comparison (data from ). Data were fitted by sigmoid functions yielding EC values of 4.6  0.8 Figure 4D 50 ±

M (Dox-MCa ), 2.3  0.4 M (Dox-Tat) and 5.8  0.9 M (Dox-Pen), and maximal fluorescence values of 451  50 a.u. (Dox-MCa ),μ Abu ± μ ± μ ± Abu 

332  20 a.u. (Dox-Tat) and 568  77 a.u. (Dox-Pen). (D) Same as in (C) for MDA-MB 231 cells with EC values of 1.9  0.2 M (Dox-MCa± ± 50 ± μ

), 2.4  0.1 M (Dox-Tat) and 3.3  0.1 M (Dox-Pen), and maximal fluorescence values of 242  12 a.u. (Dox-MCa ), 231  2 a.u.Abu ± μ ± μ ± Abu ±

(Dox-Tat) and 240  3 a.u. (Dox-Pen). (E) Cell cytotoxicity of Dox-CPPs determined by MTT assays after 24 hrs incubation of MCF7 cells±
with Dox conjugate. Data were fitted by sigmoid functions yielding EC values of 0.37  0.09 M (Dox-MCa ), 0.37  0.11 M (Dox-Tat)50 ± μ Abu ± μ

and 0.25  0.05 M (Dox-Pen), and maximal toxicity values of 67.6  3.4  (Dox-MCa ), 54.5  2.2  (Dox-Tat) and 58.9  2.3± μ ± % Abu ± % ± %

(Dox-Pen). Dashed line represents cell toxicity of free Dox (data from ). (F) Same as in (E) for MDA-MB 231 cells with ECFigure 4A 50 

values of 0.32  0.10 M (Dox-MCa ), 0.25  0.11 M (Dox-Tat) and 0.41  0.15 M (Dox-Pen), and maximal toxicity values of 84.9  3.6± μ Abu ± μ ± μ ±

 (Dox-MCa ), 71.8  3.3  (Dox-Tat) and 83.2  4.4  (Dox-Pen).% Abu ± % ± %
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Figure 7
Long-term cytotoxicity of 10 nM free Dox and Dox-CPP conjugates in MDA-MB 231 cells. MTT assay for MDA-MB 231 cells after 72 hrs

of incubation with 10 nM Dox or Dox-CPPs.


