CELLULAR IMAGING AND SIGNALLING RESPONSE TO AL237, A FLUORESCENT-LABELLED PROBE FOR THE COMBI-FUNCTIONAL APPROACH TO TUMOR TARGETING
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ABSTRACT

 “Combi-molecules” are mixed-targeted agents designed to block receptor-activated kinase pathways and to damage DNA. Although the mechanism of potency of these types of molecules was shown to be related to their dual DNA damaging/receptor tyrosine kinase inhibitory function, the contribution of the subcellular distribution of the released bioactive species to their mechanism of action remained elusive. Here, we designed AL237, a combi-triazene containing a dansylated alkyl group, to generate upon hydrolysis, a quinazoline inhibitor of EGFR tyrosine kinase (TK) and a danslylated alkydiazonium species capable of damaging DNA. The released quinazoline FD105 and the dansylated DNA damaging fragment being fluorescent, we sought to image the formation of the latter species inside the cells and correlate their biodistribution with their biological activity. The results showed that AL237, despite its bulkiness, could block EGFR phosphorylation with IC50=5.56 (M. This was accompanied by inhibition of ERK1,2 phosphorylation and down-regulation of the nucleotide and base excision repair proteins ERCC1 and XRCC1. In an isogenic NIH3T3 cell panel, it induced selective growth inhibition of the EGFR or HER2 transfectants and was capable of delivering significantly higher levels of fluoresecent DNA damaging species in the nuclei of the EGFR or HER2 transfectants when compared with their wild type counterpart. Microscopic observation showed that AL237 and perhaps the dansylated DNA damaging fragment was abundantly localized in the perinuclear region. Thus, this allowed us to propose a mechanism by which AL237 penetrates the cells by passive diffusion, bind to EGFR whether it is localized at the membrane or in the perinuclear region. The abundant distribution of the molecules in the latter region suggests a by-stander effect whereby DNA damaging fragments released from the perinuclear region diffuse to the nucleus, leading to high levels of DNA damaging in cells that harbour high levels of EGFR and its family members. 
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INTRODUCTION

The epidermal growth factor receptor (EGFR) and its closest family member p185neu, the product of the HER2 gene are transmembrane receptor tyrosine kinases, that transduce signal associated with tumour cell proliferation 
 ADDIN EN.CITE 
(1-5)
. Over the past ten years, several inhibitors of tyrosine kinase function of these receptors have been developed that showed significant anti-tumour activity in vitro (6). Several of them including gefitinib (Iressa(), erlotinib (Tarceva() and lapatinib (Tykerb(/Tyverb() have been approved for clinical use 
 ADDIN EN.CITE 
(7-9)
. However, none of these drugs are used in the clinic as single agents in the therapy of advanced cancers 
 ADDIN EN.CITE 
(10-12)
. Despite their ability to block growth signalling associated with EGFR or p185neu cancer cells have the ability to evade the growth inhibitory effect of these drugs by activating alternative signalling pathways. Moreover these drugs are reversible inhibitors, indicating that following clearance, the tumour cell may resume proliferation. Therefore, for effective therapy, combination with a drug capable of killing the cell by a different mechanism (e.g. DNA damage or inhibition of DNA synthesis) is required. However, despite this overwhelming reality of cancer therapy, the development of mono-functional drug through several methods including high throughput screening rationale drug design remains the most generally adopted strategy. Over the past several years, we developed a paradigm shifting strategy that seeks to design single molecule with multiple functions termed “combi-molecules”. These molecules despite their combination-based design do not seek to replace chemotherapy but to complement it. Albeit, we demonstrated that many prototypes (e.g. SMA41, FD137) showed stronger antiproliferative activity than classical combinations of drugs with the same mechanism of action 
 ADDIN EN.CITE 
(13, 14)
. 

The combi-molecules were designed to bind to the EGFR on their own and to decompose into another EGFR inhibitor and release DNA damaging species. We have demonstrated that indeed the molecules could directly block EGFR in short exposure assay in vitro at room temperature in serum containing buffer 
 ADDIN EN.CITE 
(15-17)
. Additionally, we demonstrated that they are capable of blocking EGFR phosphorylation and damaging DNA in whole cells 
 ADDIN EN.CITE 
(13, 15, 18)
. This indicates that they exert a bi-functional activity in whole cells. Using the fluorescence of the generated inhibitor (excitation 294 nm, emission 450 nm) and 14C radiolabeled alkyl moiety of SMA41, we previously confirmed that it could indeed decompose into the intracellular compartment into an EGFR inhibitor and a methyldiazonium species that damages DNA 
 ADDIN EN.CITE 
(15, 19)
. While the fluorescence property of the aminoquinazoline permitted the observation of its cellular distribution or localization, the metastable methyl diazonium could not be observed. Here we designed a novel probe, AL237, in which the fluorescent dansyl tag is attached to a 3-alkyl triazene moiety, which when hydrolysed will release a fluorescent alkylating agent. Alkylation of DNA by this fluorescent alkylating  molecule would lead to green nuclei (excitation 340 nm, emission around 525 nm) and the release of the aminoquinazoline (excitation 340 nm, emission 451 nm) would generate blue areas in the cells. Thus, fluorescence microscopy would allow us to image the fragmentation of the combi-molecule. Here we test these hypotheses with AL237 probe and correlate its biodistribution profile with its mechanism of action. 

MATERIALS AND METHODS

Cell culture. DU145, MDA-MB468 and NIH3T3 cells used in this study were obtained from (ATCC, Manassas, VA), while the mouse fibroblast cell line NIH3T3her14 (transfected with erbB1 gene) and NIH3T3neu (transfected with erbB2 gene) were provided by Dr Moulay Aloui-Jamali (Montreal Jewish General Hospital, Montreal, Canada). Cells were maintained either in RPMI 1640 or DMEM (Wisent, St-Bruno, Canada) supplemented with 10% Fetal Bovine Serum (FBS), HEPES, L-gutamine and antabiotics as previously described (16). Cells were maintained at exponential growth by subculturing twice weekly using Trypsin-EDTA (0.5 mg/ml trypsin and 0.2 mg/ml EDTA) treatment. In all assays cells were plated for 24-48h before drug administration and maintained at 37(C in a humidified environment with a constant supply of 5% CO2. 

Drug treatment. AL237 was synthesized in our laboratory according to a method that will be described elsewhere. Temozolomide (Temodar(, Schering Plough, Kenilworth, NJ) and Iressa( (AstraZeneca) were purchased from our hospital pharmacy and extracted in our laboratory. N-dansylaziridine and PD98059 were purchased from Biomol (Plymouth Meeting, PA). In all assays, drugs were dissolved in DMSO and subsequently diluted in RPMI-1640 or DMEM containing 10% FBS (Wisent Inc. St-Bruno, Canada) before being added immediately on cells. In all assays, the concentration of DMSO never exceeded 0.1% (v/v).

Growth inhibition assay. After the cell doubling time was determined for each cell line, cells were collected by trypsinization, counted and plated at a density of 5,000 and 10,000 cells/well based on their proliferative activity (EGFR/ErbB2 expressing cells and NIH3T3 WT respectively) in 96-well flat-bottomed microtiter plates (100 (l of cell suspension/well).  After being allowed to adhere overnight, cells were exposed to different concentration of each drug individually or in combinations for four days. Growth inhibition and cytocidal effect of AL237 were compared with that of Iressa® (selective EGFR inhibitor) and Temozolomide (DNA-damaging drug). Briefly, following drug treatment, cells were fixed using 50 (l of cold trichloroacetic acid (50%) for 60 min at 4(C, washed four times with tap water, stained with sulforhodamine B (SRB 0.4%) for two hour at room temperature, rinsed four times with 1% acetic acid and allowed to dry (20). The resulting colored residue was dissolved in 200 (l Tris base (10 mM) and optical density recorded at a wavelength of 492 nm using Bio-Rad microplate reader (model 2550). Each point represents the average of at least three independent experiments run in triplicate.
In vitro Enzyme Assay. 

The EGFR kinase assay is similar to the one described previously (15). Nunc Maxisorp 96-well plates were incubated overnight at 37ºC with poly (L-glutamic acid–L-tyrosine, 4:1) (PGT) in PBS. The kinase reaction was performed by using 4.5 ng/well EGFR from Biomol (Plymouth Meeting, PA). Following drug addition, phosphorylation was initiated by the addition of ATP. A typical assay was performed at drug concentrations ranging from 0.0001-10 µM. The reaction was terminated by aspiration of the reaction mixture and phosphorylated substrate was detected with HRP-conjugated anti-phosphotyrosine antibody (Santa Cruz Biotechnology, CA). The signals were developed by the addition of 3,3’,5,5’-tetramethylbenzidine peroxidase substrate (Kierkegaard and Perry Laboratories, Gaithersberg, MD) and the colorimetric reaction stopped by adding equal volume of H2SO4 (0.09 M) to each well.  The plates were read at 450 nm using a Bio-Rad reader. The results were analyzed by GraphPad Prism (GraphPad Prism Software, Inc., San Diego, CA) and IC50 calculated.
Western blot analysis. 

Cells were grown to 80% confluence in 10 cm dish or six-well plates, serum starved for 24h (RPMI-1640 or DMEM phenol red-free medium without serum), followed by two hours incubation with AL237 with the indicated concentrations. Cells were stimulated with EGF (50ng/ml) for 20 min, rinsed with ice-cold PBS and collected by trypsinization or gentle scraping. They were pelleted by centrifugation at 3,000 rpm for 5 min, incubated with lysis buffer (20 mM Tris-HCl pH 7.5, 1% NP-40, 10 mM EDTA, 150 mM NaCl, 20 mM NaF, 1mM sodium vanadate, Roche inhibitors, 1 tablet per 10 ml buffer) for 30 min on ice, centrifuge at 13,000 rpm for 20 min and the supernatants collected and analyzed for protein concentration using the Bradford method (BioRad protein dye, Bio-Rad laboratories, Hercules, CA).  Fifty or hundred (g of total proteins in cell extracts were mixed with Laemmmli buffer (1:5), boiled for 5 min and denatured proteins separated by 10% SDS-polyacrylamide gel electrophoresis. Proteins were transferred on PVDF membrane (Immobilon-P, Millipore) using transfer buffer (25 mM Tris-base,  190 mM glycine, 15% methanol) for two hours and 30 min at 100V, after which membrane was stained with Ponseau S solution (Sigma-Aldrich, St. Louis, MO) to ensure transfer efficiency and equal protein loading.  Membranes were blocked with 5% milk TBS-T (20 mM Tris-HCl, 137 mM NaCl, 0.1 % Tween 20) for 3h at RT or overnight at 4ºC. Primary antibodies used for immunodetection were dissolved in antibody buffer or 5% BSA-TBST (w/v) buffer as follows: anti-phospho-Tyrosine (clone 4G10, Upstate; 1:1000), total EGFR (Santa Cruz, sc-03; 1:1000), XRCC1 (33-2-5; 1:1000), ERCC1 (clone 3H11; 1:1000) both from ThermoFisher Scientific (Fremont, CA). Anti-phosphoylated-Erk1,2 (Thr 202/Tyr 204; 1:4000), total ERK1,2 (p44/p42 MAP kinase; 1:2500), phosphorylated-BAD (Ser 112; 1:1000), total BAD (1:250), phosphorylated MEK1/2 (Ser 217/221; 1:2000) were all obtained from Cell Signaling Technology (Beverly, MA). Tubulin-α (clone DM1A; 1:2000, NeoMarkers) was used as a loading control. Secondary goat anti-rabbit IgG-horseradish peroxidase and goat anti-mouse IgG-horseradish peroxidase were obtained from Jackson ImmunoResearch laboratories (West Grove, PA). The bands were visulalized by using enhanced chemiluminescence detection system (ECL, Amersham) after exposure to BioMax film (Kodak, Sigma). Western blot experiments were performed at least twice from two independent cell treatments and similar results were obtained.

Alkaline comet assay for quantitation of DNA damage. The alkaline comet assay was performed as previously described (15). The cells were exposed to a dose range of AL237 or N-dansylaziridine for two hours, harvested either by trypsinization or by scraping, collected in ice-cold PBS by centrifugation and resuspended in final volume of 1 ml PBS. During this procedure cells were protected from direct light exposure to minimize DNA damage. Cell suspensions were diluted to approximately 106 cells/ml, and mixed with low melting point agarose (0.7%) in PBS at 37(C in a 1:10 dilution. The gels were cast on GelBond film (Lonza, Rockland, ME) using gel casting chambers, as previously described 
 ADDIN EN.CITE 
(16, 21)
, and then immediately placed into a lysis buffer pH 10.0 (2.5 M NaCl, 100 mM tetra-sodium EDTA, 10 mM Tris-base, 1% (w/v) N-lauroyl-sarcosine, 10% (v/v) DMSO, and 1% (v/v) triton X-100) overnight at 4(C. Thereafter, the gels were rinsed with distilled water, incubated in alkaline electrophoresis buffer for 30 min at RT, and electrophoresed at 20V for 25 min. The gels were subsequently rinsed with distilled water and placed in 1 M ammonium acetate for 30 min. Thereafter, they were dehydrated in 100% ethanol for 2 h, dried overnight, and stained with SYBR Gold (1:10,000 dilution of stock supplied from Molecular Probes, Eugene, OR) for 45 min. Comets were visualized at 100X magnification using Leica Microsystems (Switzerland) and DNA damage was quantitated using Comet Assay IV (Perceptive Instruments, UK).  The degree of DNA damage was expressed as tail moment parameter (i.e., the distance between the barycenter of the head and the tail of the comet multiplied by the percentage of DNA within the tail of the comet). A minimum of 50 comets were analyzed for each cell treatment and the means of tail moments for each cell population calculated. 
Neutral comet assay. Cells are treated as in the alkaline assay, embedded in agarose gel at same cell density and lysed with the following neutral buffer for 2h at room temperature (154 mM NaCl, 10 mM Tris-HCl (pH 7.8), 10 mM EDTA, 0.5% (v/v) N-lauroyl-sarcosine). Gels were soaked for 30 min in neutral TBE buffer (90 mM Tris-HCl (pH 7.8), 90 mM boric acid, 2 mM EDTA) and electrophorezed with the same buffer for 20 min at 20V 
 ADDIN EN.CITE 
(21, 22)
. Modification of the assay allows to retain the fluorescent tag to the sites of the DNA adduct and to observe nuclei without a need of specific DNA staining dye.

UV flow cytometric analysis of intracellular fluorescence. NIH3T3, NIH3T3her14 and NIH3T3neu were plated at 0.5 x106 cells per well in a six-well plate, allowed to adhere overnight and exposed to a dose-range of AL237 (0, 6.25, 12.5, 25, 50, 100 (M) for 45 min. Cells were detached by gentle scrapping with 1ml PBS, pelleted by centrifugation and resuspended in 300 (l PBS supplemented with 1% FBS to prevent cells clumping. Cellular fluorescence levels were measured using BD LSR flow cytometer. Cells were excited with 320 nm and each of the AL237 hydrolyzed fragments detected as follows: one (aminoquinazoline) emitting at 451 nm (blue) and the other (dansylated DNA damaging species) emitting at 525 nm (green). Fluorescence levels determined by FACS were analyzed with GraphPad Prism software and the accumulated fluorescence for each cell line was expressed as percent mean fluorescence over control.

UV flow cytometric analysis of nuclear fluorescence. NIH3T3, NIH3T3her14 and NIH3T3neu were plated at 0.5 x106 cells per well in six-well plates, allowed to adhere overnight and exposed for 45 min to a dose-range (0, 6.25, 12.5, 25, 50, 100 (M) of AL237 or N-dansylaziridine respectively as a control. Cells were washed twice with PBS, then immediately resuspended in 300 (l of Vindelov solution (10 mM Tris-HCl pH 7.5; 10 mM NaCl,  0.1% Nonidet P40 (v/v); 100 µg/ml; RNAseA 50 units/ml) and incubated for 15 min at 37(C (23). Nuclei were then analyzed on BD LSR flow cytometer using 360 nm excitation and acquisition at 450 nm and 525 nm, with a minimum of 10,000 cell nuclei acquired per sample, each sample ran in duplicate. The fluorescence levels were quantified with CellQuest Pro software (Becton Dickinson, San Jose, CA), and results reported as percent fluorescence over the control.

Fluorescence microscopy imaging for intracellular distribution of AL237.  NIH3T3, NIH3T3Her14 and NIH3T3Neu were plated at 70% confluence in six-well plates, allowed to adhere overnight and treated with 0,  25 and  50 (M AL237 for 2 and 24h.  At the indicated time points cells were washed with PBS twice, fixed on the plate with ice-cold 70% ethanol for 20 min, and washed again with PBS. Thereafter, plates were analyzed using Leica fluorescent microscope (Leica DFC300FX camera) with the appropriate filters to capture each AL237 fragment fluorescence at 400X magnification. 
RESULTS

AL237 inhibits EGFR phosphorylation. AL237 being a bulky molecules, we first tested its EGFR inhibitory potency. The results showed that AL237 was capable of inhibiting EGFR phoshorylation with an IC50=0.56 (M (Fig.1a). This indicates that despite its significant bulkiness, AL237 binds relatively strongly to the ATP-binding site of EGFR. Indeed a variety of similar compounds with bulky side chains have been synthesized in our laboratory that retained significantly strong EGFR binding affinity 
 ADDIN EN.CITE 
(17, 22, 24)
.

Inhibition of EGFR-induced signaling. To verify the ability of AL237 to block EGFR phosphorylation and downstream signaling activation in whole cells, we characterized its effect on EGFR phosphorylation in prostate cancer cell line (DU145, Fig. 2a) and a breast cancer cell line (MDA-MB-468, Fig. 2b). The results from the immunoblots with phosphotyrosine specific and total EGFR antibodies demonstrated a dose-dependent inhibition of EGFR phosphorylation. AL237 could induce almost 100% inhibition of EGFR phosphorylation at 10 (M in whole cells and p-tyrosine/EGFR band intensity ratio analysis gave an IC50=5.56 (M in whole cells (Fig. 1b). Inhibition of EGF-induced phosphorylation of EGFR was accompanied by reduced p44/p42 MAP kinases (ERK1,2) phosphorylation and reduced phospho-BAD protein (Fig. 2a, b). EGF-induced signaling was accompanied by a slight down-regulation of XRCC1 and ERCC1, two DNA repair proteins required to repair the DNA damage induced by AL237 (Fig. 2b). 

DNA damage in the human MDA-MB-468 breast cancer cells.  Cells were treated with AL237 for 2h and DNA damage assessed by measuring the comet tail moment using alkaline comet assay. Strong DNA damaging effect was observed with increasing AL237 concentrations as detected by fluorescent SYBR gold stained nuclei (Fig.3a, b). The ability of AL237 to damage DNA and to block cell signaling associated with EGF stimulation has confirmed that it behaved as a true combi-molecule. Thus, we used it to analyze selective growth inhibition in EGFR/ErbB2 expressing cells and to image the release of its bioactive species in the intracellular compartment. 

AL237 decomposes in the cell and accumulates in perinuclear region. Fluorescence emission released by the two AL237 hydrolyzed fragments: one (aminoquinazoline) emitting at 451nm (blue) and the other (dansylated DNA damaging species) emitting at around 525 nm (green) was observed in NIH3T3, EGFR or ErbB2 expressing cells after 2h and 24h drug treatment with 25 and 50 (M AL237 (Fig.4a) as compared to the fluorescence of the control N-dansylaziridine (Fig 4b). The results suggest that the major degradation products of AL237 are formed in the perinuclear region from which the DNA damaging fragment diffuses toward the nucleus. Images have been merged (Fig 4a, bottom panel) to validate that both released molecules were colocalized in the perinuclear region. Quantified fluorescence at a single cell level by FACS analysis in NIH3T3 and EGFR/ErbB2 expressing cells further confirmed that AL237 decomposes in the cell and releases its two fluorescing fragments; blue fluorescence corresponding to the aminoquinazoline moiety (Fig. 4c) and green fluorescence due to the danzylated DNA damaging species (Fig. 4d).  
Selective growth inhibition of EGFR or HER2 expressing cells. To determine whether the binary EGFR/DNA targeting property of AL237 would translate into increased potency on EGFR/ ErbB2 expressing cells, we tested its inhibitory effect on NIH3T3 cells transformed with EGFR and HER2 genes. AL237 showed 5-fold stronger growth inhibition on receptor positive cells then on the wild type NIH3T3 cells used as a control (Fig. 5a). The potency of AL237 was also compared with the known EGFR inhibitor (Iressa®) and in combination with a known DNA-damaging agent Temozolomide against the transfectants. AL237 does not exhibit as high potency as Iressa® to inhibit EGFR, but it shows selective growth inhibition against the transfectant lines (Fig 5a, b). This selectivity was tested in another panel of EGFR, ErbB2 expressing prostate cancer cells LnCaP where less selective potency was observed (Fig. 5c) with IC50 values summarized in Table 1. 
AL237 DNA-targeting moiety accumulates in nucleus as observed by fluorescence microscopy. Single nuclei exposed to either AL237 or N-dansylaziridine were observed under fluorescent microscope at 100X magnification (Fig. 6a). With this neutral comet assay we confirmed the nuclear accumulation of DNA-binding dansyl fragment of AL237 as compared to the control molecule N-dansylaziridine. Moreover, we performed this complementing assay to quantify the level of fluorescence of our combi-molecule as compared to the fluorescent tag used to label the molecule, N-dansylaziridine, in the nuclei of receptor positive cells as compared to control. Despite having a strong affinity and ability to alkylate DNA, this molecule is deprived of the EGFR-targeted fragment and shows uniform not selective accumulation in the nuclei of all three NIH3T3 cell lines (Fig. 6a, panels on the right). Moreover, the observed difference in fluorescence in the nuclei of NIH3T3 cells for AL237-dansylated moiety as compared to control molecule N-dansylaziridine, is confirmed by FACS analysis (Fig.6b, c, d). There is a significantly higher and selective accumulation of fluorescent AL237 fragments in nuclei of NIH EGFR/ErbB2 cells (Fig.6b, d), a difference in fluorescence that was not observed with N-dansylaziridine alone (Fig. 6c). We have found that both transfected EGFR/ErbB2 positive cells have about 2-fold higher fluorescence which reflected significantly higher drug levels in positive cells as compared to control. Fluorescence due to the N-dansylaziridine was also visualized by microscopy (Fig. 4b) and was quantified by FACS with equal fluorescence intensity measured in WT and receptor positive cells (data not shown). Equal distribution of the N-dansylaziridine observed in all three cell lines confirms the non-selective nature of the dansyl molecule without the EGFR-targeting moiety.
Cellular imaging. We expected AL237 to emit green fluorescence both with an intact and a decomposed structure due to the fluorescent dansyl tag being on one triazene linkage of the combi-molecule. Thus, the green fluorescence was expected to be observed in all compartments of the cells. Surprisingly, discrete distribution of the green fluorescence was observed with preferential degradation in the perinuclear region. Interestingly, colocalization of the blue fluorescence associated with the released FD105 was observed in the latter area, suggesting that the combi-molecule may primarily be located in the perinuclear region prior to degradation.  

The significant level of DNA damage induced by AL237 in the cells indicated that the dansylated alkylating fragments may have diffused or reacted with DNA in the nucleus. Thus, we presume that the significantly high levels of fluorescence localized in the perinuclear region may prevent a contrasting imaging of the nucleus. Therefore, we attempted a neutral comet assay gel imaging method. In the alkaline comet assay, DNA strand break at the alkylation sites are released by hydrolysis of the DNA base and the sugar. Upon hydrolysis, the base is lost during electrophoresis, thereby leading to loss of the dansylated adducts. When we attempt to observe the alkaline comet gels prior to staining with SYBR Gold, no green fluorescence was observed (data not shown). To circumvent this problem, we performed neutral comet assay and observation at 525 nm revealed already visible green nuclei and observation at 451 nm showed no blue fluorescence (Fig.6a,left panels- AL237; right panels-N-dansylaziridine).

DISCUSSION

Scant examples exist in the literature that correlates subcellular distribution of a drug with its interaction with intracellular signaling. The combi-molecules are novel type of structures that address the targeted multiplicity of many resistant tumours. As discussed earlier, the growth of refractory tumours is driven by multiple signaling disorders that often cannot be blocked by the use of a single drug. The combi-molecule approach is the first one that seeks to create molecules capable of blocking at least two targets in the cells by allowing the intact molecules to block the target on their own and to degrade into other species directed at these targets 
 ADDIN EN.CITE 
(25)
. AL237 is one such molecule that is designed to: (a) be fluorescent on its own; (b) degrade under physiological conditions to FD105 that fluoresces in the blue and a DNA alkylating fragment that fluoresces in the green. Thus, this was designed to not only allow us to visualize the release of the EGFR inhibitor in the cells but also the simultaneously generated DNA damaging fragment. The green fluorescent molecule attached to the intact combi-molecule being undistinguishable from the released alkylating moiety allows us to suggest that both the intact molecule and its dissociated dansylated alkylating moiety were released in the perinuclear region. The high intensity of the green fluorescence in this area also allows us to suggest that the combi-molecules might primarily be localized in this area of the cells, from which it could decompose and release the DNA damaging species that diffuses to the nucleus.  Evidence of the decomposition in this area is supported by the strong blue fluorescence resulting from its degradation to FD105 suggesting that it proceeded as outlined in scheme 1. 
Previous work with the C14-labeled combi-molecules demonstrated the preferential distribution of FD105 released from the model combi-molecule SMA41 in this area of the cells (15). These observations led to the question as to where the antiproliferative events generated by the combi-molecule took place. The combi-molecule despite being abundantly distributed in the perinuclear region is perhaps available at concentrations high enough to block EGFR tyrosine kinase at the levels of the membrane and it can also be bound to nascent EGFR or related proteins in the perinuclear region 
 ADDIN EN.CITE 
(26)
. The binding of the released FD105 to other proteins is supported by the fact that perinuclear distribution is also observed in wild type NIH3T3 cells that express a minimal level of EGFR.
We have shown that the EGFR inhibitory potency of AL237 is strong enough to completely down-regulate the MAP kinase pathway, down to the level of XRCC1 and ERCC1 expression. While the preferential subcellular localization of the AL237 bioactive species does not allow to clearly co-localize the event, the observed green nuclei confirmed the alkylating event that the dansylated moiety is designed to induce and this correlate with the ability to induce significant levels of DNA damage in the cells. Also high levels of DNA damage in the EGFR transfectants correlates with the intensity of both green and blue fluorescence in the latter cells. Another observation that supports a mechanism by which the drug binds to EGFR and other proteins and from there diffuses to the nucleus.

This study conclusively demonstrated that the combi-molecule is indeed an agent that can penetrate  the cells and release species that block signaling associated with EGFR and DNA damage, thereby behaving as an integrated form of multiple bioactive species with significant growth inhibitory potentials against cells with disordered EGFR signaling. 

The fluorescence of the hydrolyzed AL237-dansylated fragment is observed in nucleus which convincingly demonstrates that the DNA-binding moiety accumulates in the nucleus. We have captured the release of both bioactive species in the perinuclear region of the cell from where the DNA-alkylating fragment migrates toward the nucleus and bind DNA as captured by the neutral comet assay.
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