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Development of bioconjugates and their module constructs for targeted 
therapy of cancers with high mortality 

Preface 

Gábor Mező1,2 
1Institute of Chemistry, Eötvös Loránd University, Budapest, Hungary 

2MTA-ELTE Research Group of Peptide Chemistry, Hungarian Academy of Sciences, Eötvös L. 

University, Budapest, Hungary 

 

Cancer is currently the second leading cause of death worldwide. Global cancer 

statistics estimate over 18 million new cases and close to 10 million deaths for 2018. One of 

the main therapeutic approaches for cancer is chemotherapy. However, chemotherapy is not 

always effective and induces severe toxic side effects, as the applied drugs affect not only 

cancer cells but also normal tissues. To overcome this drawback, targeted therapeutic 

possibilities have been investigated for increasing tumor selectivity. For this purpose, the 

anticancer drugs are attached either to antibodies or small molecules like homing peptides that 

can recognize specifically the tumor-specific or overexpressed receptors on cancer cells. The 

other advantage of this type of therapy is the avoidance of multidrug resistance. Although 

some antibody–drug conjugates (ADCs) are investigated to the market for tumor treatment, 

besides their benefits (e.g. high specificity and slow elimination from the circulation) they 

have some limitations as well (e.g. pure tumor tissue penetration and high cost). Therefore, 

there is increased interest in small molecule drug conjugates (SMDCs) especially in peptide 

drug conjugates (PDCs). Appropriate homing peptides can recognize tumor-specific or 

overexpressed receptors on tumor cells with high affinity even if they might not be as 

selective as ADCs, moreover, they are not immunogen and the preparation of PDC is easier 

and more cost-effective. However, in many cases, the cell surface components that could be 

attacked are not well known. In this case, peptides with specific binding properties can be 

selected by the aid of phage display. The second most important problem is the selection of 

efficient anti-cancer agents to be bound to the peptide through an appropriate linkage allowing 

the release of the free drug or its active metabolite in cancer cells. There are several promising 

peptide-based drug conjugates for targeted tumor therapy in Clinical Trial phases. However, 

many different types of cancers exist, therefore a few structures of peptide drug conjugates are 

not enough for the treatment of a broad range of malignant diseases. The recent trend of 

personalized oncology needs a significant number of versatile drug delivery systems (DDSs) 
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with high selectivity and efficacy to the special tumor types. Furthermore, a combination of 

DDSs might increase the therapeutic effect. 

In the frame of the project “Development of bioconjugates and their module constructs 

for targeted therapy of cancers with high mortality” supported by Hungarian National 

Research, Development and Innovation Office (grant number: NVKP_16-1-2016-0036) our 

goal was to develop new peptide drug conjugates for the treatment of different types of 

tumors especially for the ones that cause high mortality (e.g. pancreatic, lung, colon, 

metastatic melanoma, glioma and HER2 positive breast cancers). For this purpose, three 

libraries of compounds: a) anticancer agents, b) homing peptides, and c) bifunctional linkers 

that are suitable for connection of the two previous ones) were developed. The final aim of 

this project was to prepare appropriate modules that can be combined easily for the 

development of numerous different DDSs for targeted tumor therapy (Figure 1).  

 

 
Figure 1. Schematic presentation of module libraries and their combination in conjugates 

 

This booklet provides an overview for readers about the results obtained in the frame 

of the project by the consortium members. The consortium members are Eötvös Loránd 

University, Institute of Chemistry including the Research Group of Peptide Chemistry, 

Semmelweis University and ComInnex, Inc. We believe that this concept may provide a new 

strategy and our results make a stride towards efficient personalized tumor chemotherapy.  
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Optimation of homing peptide sequence selected by phage display for      
HT-29 colon cancer cells to improve the antitumor activity  

Krisztina Kiss1,2, Beáta Biri-Kovács1,2, Rita Szabó1, Kata Nóra Enyedi1,2, Murányi 
József3, Gitta Schlosser1,2, Ivan Ranđelović4, József Tóvári4, Gábor Mező1,2 

1MTA-ELTE Research Group of Peptide Chemistry, Hungarian Academy of Sciences, Eötvös L. 
University, Budapest, Hungary 

2Institute of Chemistry, Eötvös L. University, Budapest, Hungary 
3MTA-SE Pathobiochemistry Research Group, Semmelweis University, Budapest, Hungary 

4Department of Experimental Pharmacology, National Institute of Oncology, Budapest, Hungary 

 

Introduction 

Colon cancer has become the third most commonly diagnosed cancer and the fourth 

leading cause of death related to cancer in the world.1,2 Besides the conventional treatments of 

colon cancer (surgery, radiation therapy and chemotherapy) targeted therapy is one of the 

main therapeutic approaches that might have a significant role in the future.3 The most 

remarkable advantages of targeted cancer therapy over the conventional chemotherapy are the 

specificity towards cancer cells while sparing toxicity to off-target cells and the avoidance of 

multi-drug resistance (MDR), which are the major obstacles in cancer chemotherapy.4 The 

concept of selective drug targeting is based on the high expression of certain cell surface 

components on tumors or the tumor neovasculature.5 Therefore, the search of new tumor 

homing peptides that recognize them is a hot topic in targeted cancer therapy.6 One of the 

approaches often used to explore new peptides is a technique belonging to in vitro evolution 

methods: phage display is a useful tool to identify tumor-specific peptides that can be used 

efficiently for anticancer drug targeting.7 

Zhang and his co-workers selected HT-29 human colon cancer-specific heptapeptides 

by phage display technology.1 In the in vitro panning experiment a 7-mer phage-display 

peptide library containing 1011 pfu was used (ca. 100 clones belong to one peptide sequence). 

After 3 rounds of panning using colon cancer cell lines and 2 rounds of subtractive screening, 

the peptide sequences of 50 randomly picked phage clones were analyzed by cell – enzyme-

linked immunosorbent assay. The heptapeptide VHLGYAT was found as the most selective 

peptide to HT-29 colon cancer cell line. It has to be noted that the receptor recognized by this 

peptide was not identified. We believed that during the random selection of 50 clones from 

the panned and screened phages after three rounds of panning, some compounds with higher 
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affinity and/or selectivity were lost. Thus, Ala scan and positional scan procedures were used 

to find more active conjugates in this study. 

 

Results 

Daunomycin (Dau) conjugate of VHLGYAT peptide amide (Dau=Aoa-

LRRYVHLGYAT-NH2) was prepared. Dau as an anticancer agent was attached to the 

homing peptide via oxime linkage through an aminooxyacetic moiety (Aoa) which was 

connected to a Cathepsin B cleavable spacer (LRRY). This spacer was investigated to avoid 

the release of different metabolites from the conjugates, because the oxime bond is stable, and 

the smallest metabolite that can be released is Dau=Aoa-Xxx-OH (where Xxx is the amino 

acid whose amino group is acylated with aminooxyacetic acid).8 The peptide chain was built 

up by SPPS, and Dau was conjugated to the aminooxy acetylated peptide in solution (Figure 

1).  

 

 
Figure 1. Conjugation of daunomycin to the aminooxyacetylated homing peptide 

 

The conjugate showed moderate cytostatic effect (Table 1).9 In the next step Ala scan 

was made and all amino acid in the basic heptapeptide sequence was replaced by Ala step by 

step. The cytotoxic effect of the new conjugates was measured on HT-29 colon 

adenocarcinoma cells. The results indicated that the replacement of Val, Leu or Tyr to Ala 

(V/A, L/A, Y/A) in the sequence of the homing peptide is not allowed without loss of 

cytostatic effect (IC50 > 100 μM). When Thr was changed to Ala (T/A) the anti-tumour effect 



7 
 

decreased a bit, while the modification of His (H/A) in the sequence resulted in a slightly 

more active conjugate (Table 1). The replacement of Gly to Ala (G/A) increased the cytostatic 

effect significantly (from IC50 = 46.9 ± 9.4 μM to 24.1 ± 1.6 μM) in this experiment. The 

differences in antitumor activity of the conjugates could be explained by their different 

cellular uptake propensity measured by flow cytometry. Therefore, further different types of 

amino acids were incorporated in this position. Lys as a basic, Glu as an acidic amino acid, 

Thr, Ser and Asn as polar and Phe, Leu as nonpolar (aromatic and nonaromatic) amino acids 

were incorporated. Furthermore, Pro that might break the conformation of the peptide was 

investigated.  

 
 Table 1. Characteristics of conjugates modified by Ala and positional scanning 

Compounds (code) 
RP-HPLC 

Rt (min)a 

ESI-MS 

calc 

ESI-MS 

measb 

IC50
c 

(μM) 
Dau=Aoa-LRRY-AHLGYAT-NH2 (1) 28.2 1930.1 1929.9 46.9±9.4 
Dau=Aoa-LRRY-AHLGYAT-NH2 (2) 27.7 1901.5 1901.8 >100 
Dau=Aoa-LRRY-VALGYAT-NH2 (3) 29.0 1863.5 1864.0 36.8±0.4 
Dau=Aoa-LRRY-VHAGYAT-NH2 (4) 27.2 1887.5 1887.8 >100 
Dau=Aoa-LRRY-VHLAYAT-NH2 (5) 28.6 1943.6 1943.9 24.1±1.6 
Dau=Aoa-LRRY-VHLGAAT-NH2 (6) 27.4 1837.5 1837.8 >100 
Dau=Aoa-LRRY-VHLGYAA-NH2 (7) 28.0 1899.8 1899.9 70.9±3.8 
Dau=Aoa-LRRY-VHLKYAT-NH2 (8) 28.2 2000.7 2000.8 50.3±3.0 
Dau=Aoa-LRRY-VHLEYAT-NH2 (9) 29.3 2001.6 2001.7 29.5±6.3 
Dau=Aoa-LRRY-VHLLYAT-NH2 (10) 31.1 1985.7 1986.0 7.5±3.5 
Dau=Aoa-LRRY-VHLFYAT-NH2 (11) 31.2 2019.7 2019.8 6.6±2.9 
Dau=Aoa-LRRY-VHLSYAT-NH2 (12) 28.9 1959.6 1959.8 24.8±7.4 
Dau=Aoa-LRRY-VHLTYAT-NH2 (13) 29.0 1973.6 1974.0 21.7±6.5 
Dau=Aoa-LRRY-VHLNYAT-NH2 (14) 29.0 1986.6 1987.9 28.0±19.4 
Dau=Aoa-LRRY-VHLPYAT-NH2 (15) 31.2 1969.7 1970.1 >50 
Dau=Aoa-LRRY-VHLYYAT-NH2 (16) 30.8 2036.2 2036.1 38.4±17.7 
Dau=Aoa-LRRY-VHLCpaYAT-NH2 (17) 31.3 2053.6 2053.8 3.6±0.1 

     aRP-HPLC: column: Phenomenex Aeris Peptide XB-C18 column (250 mm x 4.6 mm) with 3.6 μm; 
   eluents: 0.1% TFA in water (A) and 0.1% TFA in MeCN-water (80:20, v/v) (B); gradient: 0 min 0% B,  
   5 min 0% B, 50 min 90% B; flow rate: 1 mL/min; detection: λ= 220 nm. 
     bESI-MS: Esquire 3000+ ion trap mass spectrometer 
   cMTT assay on HT-29 colon adenocarcinoma cells; 24 h treatments + 48 h further incubation 

 
All conjugates except the Pro containing one (15) showed cytostatic effect in the 

measured range. The incorporation of Lys (8) in this position decreased the cytostatic effect 

(IC50 = 50.3 ± 3.0 μM) compared to both G/A, and the native conjugates. No significant 

difference in cytostatic effect was observed when the Ala was replaced Glu, Ser, Thr, Asn (9, 
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12, 13, 14). However, it is worth mentioning that the change of Ala to Ser (12) increased the 

water solubility of the conjugate that might be useful in drug development. The results 

indicated that the incorporation of Leu (10) or Phe (11) gives the best conjugates having 4-5 

times higher cytostatic effect than the G/A (IC50 = 6.6 ± 2.9 μM and 7.5 ± 3.5 μM, 

respectively). When the Phe was substituted with OH group (Tyr, 16) the antitumor effect was 

decreased, while Cl substitution (Cpa: p-chloro-phenylalanine, 17) enhanced the activity to 

IC50 = 3.6 ± 0.1 μM (but decreased the solubility of the conjugate). Thus Phe was applied in 

this position in the further studies. It was also indicated that the efficiency of cellular uptake is 

the main factor for the antitumor activity of the conjugates.   

The parent conjugate (Dau=Aoa-LRRYVHLGYAT-NH2) and the Phe substituted 

version (Dau=Aoa-LRRYVHLFYAT-NH2) were investigated for in vivo studies on 

orthotopically developed HT-29 colon tumor bearing mice. It was indicated that the conjugate 

with modified sequence have higher antitumor effect also in vivo (89% tumor growth 

inhibition) compared to the conjugate with unmodified sequence (65% inhibition), and its 

inhibition effect was similar to the activity of the free Dau (84%) (Figure 2A). However, Dau 

decreased the liver weight by 28% while the conjugates did not show significant toxic side 

effect suggesting the suitability of conjugates over the free drug in tumor therapy (Figure 3B). 

The difference in antitumor effect of the conjugates can be explained by the tumor 

proliferation index calculated in tumor tissues treated with the different conjugates (58% vs. 

86%). Dau did not influence significantly the proliferation of tumor tissues (94%).    

 

 
Figure 2. Antitumor effect and liver toxicity of Free Dau and conjugates 1 and 11 

 

 The in vitro cytostatic effect of these two conjugates was measured on 22 different 

cancer cell lines and on MRC-5 normal fibroblast as a negative control. On all cancer cells the 
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Phe containing conjugate showed 2-5 times higher activity than the parent conjugate, and its 

effect was significantly higher on tumor cells than on MRC-5, indicating the tumor selectivity 

of the conjugates. Interestingly, the conjugates were active not only on HT-29 but also on 

other types of tumors, especially on lung, oral and prostate cancers and melanomas. Therefore 

we made effort to figure out the cell surface compartment that is recognized by this peptide 

sequence. By the aid of affinity chromatography and proteomic methods, Hsp70 which takes 

part in the immune recognition of tumors could be identified as a potential receptor for cell 

targeting of the conjugates. In addition, several HSP70 binding peptide sequences (A6R 

(ASHLGLAR) and HbS (VHLTPVEK)) showing sequential similarity to our lead peptide 

could be found in the literature.10   

 In conclusion, in this study, we demonstrated that homing peptides selected by phage 

display can be improved by sequence modification for more efficient targeted tumor therapy. 

Furthermore, it seems that the oxime linked Dau conjugates are potential drug candidates for 

tumor treatment. In addition, it was indicated that membrane-bound Hsp70 is a potential 

target in targeted tumor therapy.  
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New GnRH-III derivative as a homing peptide for potential drug targeting 
in cancer therapy 

Sabine Schuster2, Beáta Biri-Kovács1,2, Ivan Ranđelović 3, József Tóvári3,  

Gábor Mező1,2 

1MTA-ELTE Research Group of Peptide Chemistry, Hungarian Academy of Sciences, Eötvös L. 

University, Budapest, Hungary 
2Institute of Chemistry, Eötvös L. University, Budapest, Hungary 

3Department of Experimental Pharmacology, National Institute of Oncology, Budapest, Hungary 
 

Introduction 

Targeted cancer therapy is a promising tool to overcome the drawbacks of classical 

chemotherapy like the lack of selectivity, toxicity to healthy tissue and the development of 

multidrug resistance forced by high dose treatments.1 In general, ligands with high binding 

affinities to tumor-specific receptors or receptors which are overexpressed on the surface of 

cancer cells can be used as carriers for anticancer drugs enabling the selective delivery of an 

effective cytotoxic agent or radionuclides to tumor cells. Many regulatory peptides (e.g. 

gonadotropin-releasing hormone (GnRH), somatostatin, bombesin, neurotensin) have 

membrane-bound receptors on different types of tumor.2 These receptors are usually 

overexpressed on tumor cells in comparison with normal tissues. Therefore, they might be 

good targets in targeted tumor therapy. Based on these findings, efficient cytotoxic GnRH-I 

derivatives were developed in Schally’s laboratory. The most prominent conjugate AEZS-108 

(ZoptrexTM, previously AN-152) consists of a GnRH-I-[6D-Lys] targeting moiety and the 

antitumor agent doxorubicin (Dox), which was conjugated to the side chain of the 6D-Lys 

through an ester bond by insertion of a glutaryl spacer.3 It has been demonstrated that AEZS-

108 internalizes selectively in GnRH-R expressing cells followed by an intracellular release 

of the drug by tumor-specific carboxylesterases. Thus, the antitumor effect of AEZS-108 was 

intensively studied in vitro and in vivo revealing a significant tumor growth inhibition and 

regression of several tumor types in vivo.4 Due to the positive results, preclinical studies and 

clinical trials were performed up to phase III. Unfortunately, AEZS-108 could not achieve its 

primary endpoint in clinical phase III studies on endometrial cancer, which was caused by the 

lack of a significant difference in the median period of overall survival of patients treated with 

Zoptrex™ as compared to patients treated with doxorubicin.5 The main reason for this might 

be the poor enzymatic stability (against carboxylesterases) of the conjugate in circulation. 

Therefore, more stable oxime-linked daunomycin (Dau) – GnRH conjugates were 
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investigated in our laboratories.6 Instead of GnRH-I (<EHWSYGWLPG-NH2, where <E is 

pyroglutamic acid) GnRH-III (<EHWSHDWKPG-NH2) was applied in these conjugates, 

because this natural GnRH isoform (isolated from sea lamprey) has good affinity to GnRH 

receptors on tumor cells, but its endocrine effect is significantly lower in mammals which 

results in lower hormonal side effects during the treatment of hormone-independent tumors 

(e.g. colon cancers).7,8 Numerous GnRH-III – Dau conjugates had been developed up to the 

beginning of this project. Our lead compound was <EHWSK(Bu)DWK(Dau=Aoa)PG-NH2 in 

which Ser in position 4 was replaced by side-chain butirylated Lys and the Dau was attached 

to the side chain of Lys in position 8 via an oxime linkage.9 From this conjugate the released 

smallest metabolite was H-Lys(Dau=Aoa)-OH that also bound to the DNA efficiently 

resulting in significant tumor growth inhibition.10 In this project our plan was to make further 

modifications in the sequence of the homing peptide for increasing the antitumor activity of 

peptide-drug conjugates. 
 

Results  

Twenty new GnRH-III – Dau conjugates were developed. First, Asp in position 6 was 

replaced by D-Asp, D-Glu and D-Trp in both the native GnRH-III (Ser in position) and in our 

lead compound K2 ([4Lys(Bu)]-GnRH-III(8Lys(Dau=Aoa)).11 These conjugates showed 

lower cytostatic effect than the basic prime conjugates which was related to the lower cellular 

uptake of the new conjugates both on MCF-7 human breast (hormone-dependent) and HT-29 

human colon (hormone-independent) adenocarcinoma. Considering the fact that the 

incorporation of 6D-Aaa did not lead to an improved antitumor activity of the GnRH-III-Dau 

conjugates, further amino acid substitutions, and their effect on cancer cell proliferation have 

been investigated. The applied sequence modifications have been selected based on the 

findings of previously reported structure-related activity studies of unconjugated GnRH-III 

derivatives.12 According to this, 7Trp was changed to D-Trp and/or 3Trp was replaced by D-

Trp or D-Tic (1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid), an unnatural amino acid. D-

Tic is a secondary amine (enclosed in a cycle) similarly to Pro, therefore the attachment of the 

following amino acid (His) was not easy, and a significant amount of His deleted peptide 

could be detected in the crude mixture. Therefore, we prepared conjugates from [2ΔHis, 3D-

Tic]-GnRH-III and [2ΔHis, 3D-Tic, 4Lys(Bu)]-GnRH-III derivatives as well. Interestingly, 

[2ΔHis, 3D-Tic, 4Lys(Bu)]-GnRH-III(8Lys(Dau=Aoa) conjugate showed significantly (2-5 

times) higher cytostatic effect on many different tumor cell lines than our previous lead 
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compound (Table 1).13 The elevated activity of the new lead compound could be explained by 

its higher cellular uptake by tumor cells (Figure 1).  

 

Table 1. Anti-proliferative effect of free drug Dau and GnRH-III-Dau conjugates K2 and 16 
on various cell lines. 

  IC50 1 24h + 48h 
Relative 

efficiency2 

Tumor type Cell line Dau (nM) K2 (µM) 16 (µM) K2/Dau 16/Dau 

Breast MDA-MB-231 54.6 ± 7.4 5.8 ± 0.8 1.9 ± 0.2 106.2 34.8 

Breast MCF-7 63.9 ± 21.0 16.5 ± 1.2 4.0 ± 0.8 258.2 62.6 

Mice breast 4T1 56.0 ± 14.7 6.3 ± 0.9 1.8 ± 0.1 112.5 32.1 

Colon HT-29 202.9 ±1.0 15.5 ± 1.7 7.3 ± 0.3 76.4 36.0 

Mice colon C26 117.5 ± 8.6 10.6 ± 0.2 2.6 ± 0.7 90.2 22.1 

Prostate DU145 16.3 ± 4.6 5.3 ± 0.4 2.1 ± 0.2 325.2 128.8 

Prostate PC-3 32.7 ± 4.7 6.3 ± 0.3 2.4 ± 0.6 192.7 73.4 

Glioblastoma U87MG 126.4 ± 53.7 9.0 ± 0.8 2.3 ± 0.1 71.2 18.2 

Ovarian A2780 10.4 ± 1.6 1.4 ± 1.1 2.1 ± 0.5 134.6 201.9 

Ovarian OVCAR-3 404.0 ± 9.4 46.0 ± 1.3 8.2 ± 0.5 113.9 20.3 

Ovarian OVCAR-8 185.6 ± 99.8 5.7 ± 0.8 9.5 ± 0.8 30.7 51.2 

Liver HepG2 22.9 ± 1.4 6.8 ± 0.3 2.2 ± 0.7 296.9 96.1 

Melanoma A2058 35.1 ± 14.9 8.4 ± 0.3 2.6 ± 0.5 239.3 74.1 

Melanoma WM983b 49.8 ± 22.9 12.7 ± 1.5 2.6 ± 0.6 255.0 52.2 

Melanoma HT168-M1/9 27.5 ± 9.1 13.5 ± 1.1 2.9 ± 0.6 490.9 105.5 

Melanoma M24 118.8 ± 25.0 16.2 ± 0.2 3.5 ± 0.6 136.4 29.5 

Mice melanoma B16 26.0 ± 8.0 3.2 ± 0.8 1.1 ± 0.2 123.1 42.3 

Head and neck PE/CA-PJ41 45.6 ± 33.5 4.7 ± 0.8 1.7 ± 0.5 103.1 37.3 

Head and neck PE/CA-PJ15 50.5 ± 38.7 7.4 ± 0.8 2.9 ± 0.6 146.5 57.4 

Lung H1975 20.9 ± 2.7 4.1 ± 0.1 2.3 ± 0.7 196.2 110.0 

Lung H1650 50.3 ± 13.4 10.5 ± 1.1 4.0 ± 0.8 208.7 79.5 

Lung A549 69.3 ± 23.5 9.7 ± 0.6 4.3 ± 0.4 140.0 62.0 

Pancreas PANC-1 525.9 ± 24.7 >100 56.4 ± 4.5 >190.2 107.2 

Normal fibroblast MRC-5 287.6 ± 35.1 41.9 ± 3.8 19.7 ± 1.2 145.7 68.5 
         1 IC50 values (average ± SD). 2 Relative potency = IC50 conjugate / IC50 Dau. 
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In metabolism studies, it was also indicated that the modification resulted in the 

improvement of enzyme stability of the new conjugates, but the efficiency of the active 

metabolite release was not influenced by this sequence modification. These two conjugates 

were investigated for in vivo studies, too. Mice with orthotopically developed HT-29 colon 

carcinoma were treated with free Dau once a week (3 times, 1 mg/kg dose) and with 

conjugates two times/week (7 times, 10 mg Dau content/kg dose).13 The mice in free Dau 

treated group exhibited a significantly decreased bodyweight, whereby the experiment was 

terminated on day 23 after tumor transplantation (day 17 of treatment). The bodyweight of the 

mice in the control group was significantly decreased on day 30 after tumor transplantation 

which was the reason for experiment termination (Figure 2A). Tumor weights indicated 

similar growth inhibition in all treated groups compared to the control (84.3% for Dau (one 

week earlier stage), 80.8% for K2 and 87.1% for 16 (Figure 2B). However, the conjugates did 

not show liver toxicity in comparison with the free Dau treatment (Figure 2C).  

In addition, in vivo experiments in orthotopic 4T1 mice breast carcinoma and in MDA-

MB-231 human breast carcinoma bearing mice indicated significant inhibition (40-50%) of 

macro- and micrometastasis formation compared to the control that was higher than in the 

case of free Dau treatment. Conjugate 16 showed slightly better antimetastatic effect than 

conjugate K2 suggesting that the new lead compound can be more effective not only in vitro, 

but also in vivo. In addition, we can conclude that the oxime linked Dau – GnRH-III 

conjugates might be good candidates for targeted tumor therapy.13  

These two conjugates were investigated for in vivo studies, too. Mice with 

orthotopically developed HT-29 colon carcinoma were treated with free Dau once a week (3 

Figure 1. Cellular uptake of GnRH-III-Dau conjugates [4Lys(Bu)]-GnRH-III(8Lys(Dau=Aoa) 
K2 and [2ΔHis, 3D-Tic, 4Lys(Bu)]-GnRH-III(8Lys(Dau=Aoa) 16 by flow cytometry. A: HT-29 

and B: MCF-7 cancer cells after 6 h treatment. 
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times, 1 mg/kg dose) and with conjugates two times/week (7 times, 10 mg Dau content/kg 

dose).13 The mice in free Dau treated group exhibited a significantly decreased bodyweight, 

whereby the experiment was terminated on day 23 after tumor transplantation (day 17 of 

treatment). The bodyweight of the mice in the control group was significantly decreased on 

day 30 after tumor transplantation which was the reason for experiment termination (Figure 

2A). Tumor weights indicated similar growth inhibition in all treated groups compared to the 

control (84.3% for Dau (one week earlier stage), 80.8% for K2 and 87.1% for 16 (Figure 2B). 

However, the conjugates did not show liver toxicity in comparison with the free Dau 

treatment (Figure 2C).  

In addition, in vivo experiments in orthotopic 4T1 mice breast carcinoma and in MDA-

MB-231 human breast carcinoma bearing mice indicated significant inhibition (40-50%) of 

macro- and micrometastasis formation compared to the control that was higher than in the 

case of free Dau treatment. Conjugate 16 showed slightly better antimetastatic effect than 

conjugate K2 suggesting that the new lead compound can be more effective not only in vitro, 

but also in vivo. In addition, we can conclude that the oxime linked Dau – GnRH-III 

conjugates might be good candidates for targeted tumor therapy.13  
 

 
Figure 2. Effect of Dau and conjugate 16 and K2 on animal weight (A), tumor growth (B) and their 

toxicity on the liver (C) 
 

 Considering the favorable results of conjugates 16 and K2, the corresponding peptide 

sequences have been selected as targeting moieties for the further conjugates, and the classical 

anticancer drugs Dau and PTX were used as payloads. The drugs were attached to the homing 

peptides through self-immolative linker (Val-Ala-PABC and Val-Cit-PABC, where Cit is 

citrulline and PABC is para-aminobenzyloxy carbonyl) that allow the release of free drugs in 

the presence of lysosomal enzyme Cathepsin B.14 In addition conjugates with non-cleavable 

linkers were investigated for comparative studies (Figure 3).15  

The in vitro cytostatic effect of the conjugates indicated that PTX-containing 

conjugates are more potent on both A2780 ovarium carcinoma (high GnRH-R level) and 
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PANC-1 pancreatic cancer (low GnRH-R level) than the Dau conjugates (Table 2.). The free 

PTX has also one order of magnitude higher antitumor effect on the cells than Dau. There was 

a significant difference between the antitumor activity of conjugates with self-immolative 

spacer and non-cleavable spacer in all cases. However, the type of self-immolative linker and 

the homing peptide had no significant influence on the effect in the case of PTX conjugates, 

while Val-Ala-PABC linker and the [2ΔHis, 3D-Tic, 4Lys(Bu)]-GnRH-III homing peptide 

resulted in higher cytostatic effect compared with the application of Val-Cit-PABC and the 

[4Lys(Bu)]-GnRH-III carrier. Interestingly the Dau conjugates with self-immolative linker did 

not show higher antitumor activity in vitro than the oxime linked version which does not serve 

the free drug release. This could be explained by the binding affinity of the conjugates to 

GnRH receptors. The oxime linked Dau conjugate had higher affinity to the receptor than the 

conjugate with a self-immolative linker. The reason might be the steric hindrance of the larger 

Val-Ala/Cit-PABC spacer over the aminooxyacetyl moiety.  

 

 
Figure 3. Chemical structure of Dau- and PTX-GnRH-III derivative conjugates with self-immolative 

spacers and non-cleavable spacers (R1 is D-Tic or His-Trp and R2 is Val-Ala or Val-Cit) 
 

In conclusion, these experiments indicated that there are many factors that can influence the 

antitumor effect of the conjugates developed for targeted tumor therapy. These can be the 

efficacy of the drugs, the structure of the homing peptide, the binding affinity and cellular 

uptake of the peptide – drug conjugate, the release of the free drug or active metabolite from 

the conjugates in lysosomes (linker strategy). Therefore, during the development of drug 
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delivery systems, we have to study all of these factors to get appropriate drug candidates for 

targeted tumor therapy. 
 

Table 2. Cytostatic effect of GnRH-III derivative Dau (left) and PTX (right) conjugates with 
the self-immolative linker and the non-cleavable linker  
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Introduction 

Targeted tumor therapy represents a promising strategy to improve the selectivity and 

efficacy of chemotherapy, by delivering a cytotoxic drug covalently linked to a targeting unit 

which is selective to a tumor’s overexpressed receptors. Gonadotropin-releasing hormone 

(GnRH) is one of the hormone peptides extensively studied and used for drug delivery. As for 

targeting units, several native and synthetic GnRH analogs were shown to efficiently affect 

only the tumor cells with GnRH receptor (GnRH-R) and spare the healthy cells with no or 

limited number of GnRH-R.1,2 

There are three main types of the decapeptide GnRH: GnRH-I (<EHWSYGWLPG-

NH2, where <E is pyroglutamic acid) and GnRH-II (<EHWSHGWYPG-NH2) can be found in 

the human body,3,4 while GnRH-III (<EHWSHDWKPG-NH2) is a non-human isoform; 

however, it can specifically bind to different human GnRH receptor-expressing tumor cells.5 

GnRH peptides, as part of drug-delivery systems, have some valuable properties such as (i) 

having a tumor growth inhibitory effect on their own, (ii) providing an easy way of 

modification and conjugation due to the well-studied structure-activity relationships.6 One of 

the fundamental limitations of GnRH-based targeting is the relatively rapid proteolytic 

degradation of the peptide part.6,7 The modification of GnRH-I and GnRH-II in position 6 

with D-amino acid could increase their affinity to the GnRH-R,4 their enzymatic stability as 

well as influence their antitumor activity.8,9 One of the most effective strategies to improve 

the antitumor activity and other biochemical properties (e.g. enzymatic stability) of GnRH-III 

and its conjugate was the replacement of Ser in position 4 with butyrated Lys.7,10  

It has been suggested that the apoptosis is involved in the antitumor activity of 

different anthracycline-GnRH conjugates.11,12 Depending on the target cells and the type of 

GnRH built in the anthracycline-GnRH conjugates, they could exhibit apoptotic activity with 

different extent.9,13 Our recent results on melanoma cells indicated that in the case of the 

GnRH-III conjugate modified with butyrated 4Lys (GnRH-III[4Lys(Bu),8Lys(Dau=Aoa)], 
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where Dau is daunomycin and Aoa is aminooxyacetyl moiety providing an oxime linkage 

between the drug and homing peptide), its antitumor effect was rather attributed to apoptotic 

activity than, in contrast to the GnRH-III[8Lys(Dau=Aoa)] possessing 4Ser, where the cell 

cycle blocking effect (arrest in G2/M phase) was shown to be more prominent.14 Although an 

increasing number of studies have focused on the determination of the apoptosis induced by 

different cytotoxic drug-containing GnRH conjugates, there are only a few data on the 

underlying molecular mechanism.  

The aim of our work was to compare the apoptotic activity of different GnRH-based, 

Dau-containing conjugates by impedimetry (xCELLigence SP System), flow cytometry and 

quantitative real-time RT-PCR in HT-29 human colon carcinoma cell line.  

 

Results 

Three GnRH analogs (GnRH-I-[6D-Lys], GnRH-II-[6D-Lys] and GnRH-III), 

previously proven to be effective in Dau-delivery, were selected to compare the apoptotic 

activity of their conjugates. Two sets of conjugates were synthesized by attaching Dau 

directly to the 6D-Lys or 8Lys (depending on the GnRH analog) via oxime linkage; one group 

with Ser in position 4 and a second group, where this Ser was replaced with butyrated Lys 

(Table 1).  

First, the cytotoxic/antiproliferative effect of the conjugates with different native 

GnRH isoforms and the effect of the substitution of butyrated Lys in position 4 were studied 

by using a more sophisticated, impedance-based method (xCELLigence SP System). In case 

of the conjugates built on native GnRH conjugates, the II-[4Ser,6D-Lys(Dau)] proved to be the 

most potent one followed by the I-[4Ser,6D-Lys(Dau)] and III-[4Ser,8Lys(Dau)] (the applied 

codes can be seen in Table 1). The substitution with 4Lys(Bu) proved to modify the cytotoxic 

effect of the conjugates depending on the type of GnRH analog. In the case of the GnRH-III 

based conjugates, this modification led to a more than one order of magnitude smaller IC50 

value (Table 1) and a stronger antitumor activity with an earlier onset. In the case of GnRH-I 

conjugates, the replacement of 4Ser by 4Lys(Bu) could cause only a slight increase in the 

potency (smaller IC50 value) after 72 h, but the onset of the cytotoxic activity took less time. 

On the contrary, IC50 values of GnRH-II conjugate with 4Lys(Bu) (II-[4Lys(Bu),6D-

Lys(Dau)]) were more than two times higher than that of II-[4Ser,6D-Lys(Dau)] (Table 1).  

In general, the conjugates had minor or no apoptotic effect. The apoptotic cell death 

induced by 24 h incubation with GnRH conjugates was measured by detecting the binding of 

FITC-conjugated Annexin V. In the case of conjugates with Ser4 only the GnRH-II conjugate 



19 
 

could elicit a slight, but significant apoptotic effect and the incorporation of 4Lys(Bu) 

diminished this activity (Table 1). Among the tested conjugates, III-[4Lys(Bu),8Lys(Dau)] had 

the maximal apoptotic effect (Table 1).  
 

Table 1. IC50 values and apoptotic effects of Dau-GnRH-[4Ser/4Lys(Bu)] conjugates 
determined on HT-29 cell line 

Conjugate Code IC50
 1 (µM) 

Ratio of apoptotic 
cells2 [%]  

(cont.: 8.91 ± 0.58) 
72 h 24 h 

GnRH-I-[4Ser,6D-Lys(Dau=Aoa)] I-[4Ser,6D-Lys(Dau)] 21.94 ± 1.54 12.46 ± 1.1 

GnRH-II-[4Ser,6D-Lys(Dau=Aoa)] II-[4Ser,6D-Lys(Dau)] 19.73 ± 2.51 15.05* ± 0.94 

GnRH-III-[4Ser,8Lys(Dau=Aoa)] III-[4Ser ,8Lys(Dau)] 56.82 ± 5.44 9.21 ± 0.76 

GnRH-I-[4Lys(Bu),6D-Lys(Dau=Aoa)] I-[4Lys(Bu),6D-Lys(Dau)] 16.18 ± 1.75 12.08 ± 1.36 

GnRH-II-[4Lys(Bu),6D-Lys(Dau=Aoa)] II-[4Lys(Bu),6D-Lys(Dau)] 48.08 ± 6.89 9.52 ± 1.06 

GnRH-III-[4Lys(Bu),8Lys(Dau=Aoa)] III-[4Lys(Bu),8Lys(Dau)] 4.56 ± 0.27 17.00** ± 1.25 
1 IC50 values represent the mean ± SD of three parallel measurements and were calculated by fitting a sigmoidal 
dose-response curve with OriginPro 2016 software. 
2 For the treatment, the conjugates were applied at 10-4 M concentration for 24 h. Only the viable cells were 
taken into consideration to determine the ratio of apoptotic cells (percentage of Annexin V positive cells). Data 
shown are mean of two parallels ± SD. The significance levels are the followings: *: p < 0.05, **: p < 0.01. 

 

To investigate the molecular background of the HT-29 cell death induced by GnRH 

conjugates, a human apoptosis gene PCR array (RealTime ready Custom panel, Roche 

Applied Science, Mannheim, Germany) containing 23 apoptosis-related genes was used. 

GnRH-I and GnRH-III conjugates with 4Ser increased the expression of TP53 after 24 h 

incubation (Figure 1/A and C). All of the conjugates containing 4Ser could increase the 

expression of genes involved in the intrinsic pro-apoptotic pathway, but with a different 

activity. The 4Ser conjugates caused the most remarkable increase in case of the TNF 

expression, especially after 24 h (I-[4Ser,6D-Lys(Dau)]: 40.57 fold, II-[4Ser,6D-Lys(Dau)]: 

18.33 fold, III-[4Ser,8Lys(Dau)]: 50.45 fold) (Figure 1). Only the I-[4Ser,6D-Lys(Dau)] could 

influence (increase) the expression of CASP9, 7 and 3. All of the 4Ser conjugates upregulated 

the expression of FASL and STAT1 with comparable activity. The expression of other tested 

genes involved in the growth factor signaling pathway was reduced while the expression of  
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Figure 1. Comparison of the expression of human apoptosis-related genes in HT-29 cells treated with 
GnRH-[4Ser] and GnRH-[4Lys(Bu)] conjugates for 24 h. Effects of the conjugates pairs of GnRH-I 
(A), GnRH-II (B), GnRH-III (C) on gene expression were analyzed by a human apoptosis gene PCR 
array (RealTime ready Custom panel). 

Colors of heatmap showed significant fold changes in gene expression compared to control. Fold 
changes ≥ 2 and p < 0.05 were considered as significant. Hashed zone means invalid PCR results. 
TP53: tumor protein p53 data; BAD: BCL2-associated agonist of cell death; BAX: BCL2-associated X 
protein; BAK1: BCL2-antagonist/killer 1; BCL2: B-cell CLL/lymphoma 2; TNF: TNF-alpha, Tumor 
necrosis factor ligand superfamily member 2; TNFRSF8: Tumor necrosis factor receptor superfamily, 
member 8; TRAF7: TNF receptor-associated factor 7; FASL: Fas ligand, TNF superfamily member 6 
(TNFSF6); FAS: TNF receptor superfamily member 6 (TNFRSF6); FADD: Fas (TNFRSF6)-associated 
via death domain; CASP7: caspase 7; CASP3: caspase 3; CASP9: caspase 9; CASP8: caspase 8; 
HMGB1: high-mobility group box 1; NFKB1: nuclear factor of kappa light polypeptide gene enhancer 
in B-cells 1; RELA: v-rel reticuloendotheliosis viral oncogene homolog A; AKT1: v-akt murine 
thymoma viral oncogene homolog 1; PTEN: phosphatase and tensin homolog; STAT1: signal 
transducer and activator of transcription 1; SOCS2: suppressor of cytokine signaling 2; HSP90B1: heat 
shock protein 90kDa beta (Grp94) member 1. 
 

anti-apoptotic genes was elevated by II-[4Ser,6D-Lys(Dau)]. The replacement of 4Ser by 
4Lys(Bu) led to significant changes in the expression of apoptosis-related genes as shown in 

Figure 1. When the cells were treated with 4Lys(Bu) containing GnRH-I or GnRH-III, the 

expression of the TP53 was decreased to the control level or below in comparison with 4Ser 

derivatives (Figure 1/A and C). Similar to 4Ser conjugates, all of the conjugates with 4Lys(Bu) 

increased the level of BAD and BAX as well as abolished BCL2 expression. The most 
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remarkable difference between the 4Ser and 4Lys(Bu) conjugates were detected in the 

expression of TNF. Due to the 24 h treatment with the 4Lys(Bu) conjugates the expression of 

TNF was not detectable. The cells treated with 4Lys(Bu) derivatives could also overexpress 

the FASL (Figure 1). Gene expression of the effector proteins and members of the growth 

factor signaling pathway were greatly reduced by III-[4Lys(Bu),8Lys(Dau)] (Figure 1/C). 

Contradiction with the 4Ser counterparts, GnRH-I and GnRH-II conjugates with 4Lys(Bu) 

caused an increase in the expression of CASP8 and CASP7 after 24 h incubation (Figure 1/A 

and C). I-[4Lys(Bu),6D-Lys(Dau)] and III-[4Lys(Bu),8Lys(Dau)] downregulated HMGB1 

expression by ca. 3-fold change (Figure 1/A and C). The expression of STAT1 was changed in 

parallel with the TP53. Except for RELA and NFKB1 in the II-[4Lys(Bu),6D-Lys(Dau)] treated 

group, all of the genes involved in the growth factor signaling pathway were reduced by the 
4Lys(Bu) conjugates (Figure 1).  

In summary, we demonstrated that modification with Lys(Bu) in position 4 increased 

the cytotoxic and apoptotic effect of GnRH-I and GnRH-III conjugates containing an oxime-

linked Dau. Although the conjugates had a minor apoptotic effect, they could regulate the 

expression of several apoptosis-related factors, and this activity proved to be sensitive to the 

GnRH isoforms and the presence of the 4Lys(Bu), especially in case of TNF, TP53 and 

members of the growth factor signaling pathway. Nevertheless, it is worth mentioning that 

independently of this modification, all of the investigated conjugates could increase the 

expression of FASL and the mitochondrial pro-apoptotic factors (e.g. BAD and BAX), which 

indicates the general importance of the FAS-dependent pathway and the mitochondrial 

apoptotic pathway in the antitumor effect of different GnRH conjugates. By detecting the 

expression of 23 apoptosis-related genes we could find further evidence that the GnRH-I and 

GnRH-III conjugates acted in a more or less similar way. Our comprehensive PCR results 

could show that the stronger cytotoxic activity of I-[4Lys(Bu),6D-Lys(Dau)], III-

[4Lys(Bu),8Lys(Dau)] and II-[4Ser,6D-Lys(Dau)] was associated with a stronger and a more 

immediate inhibitory effect on the expression of elements of growth factor signaling 

comparing to their counterparts, where the upregulation of the expression TP53, TNF and 

caspases (e.g. CASP9) probably had a more important role. Our results also suggest the 

significance of 4Lys(Bu) in the anti-tumor activity of GnRH-I and GnRH-III conjugates, while 

in case of GnRH-II conjugates, the native Ser in position 4 appeared to be more important.  
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Introduction 

HER2 (ErbB2) is overexpressed in 15-30% of breast cancers and is also amplified in 

several other cancers (gastric, ovarian, prostate), its increased expression prognoses high 

mortality rate and the development of metastases. HER2 is a transmembrane glycoprotein that 

belongs to the epidermal growth factor receptor tyrosine kinase protein family and plays role 

in mitogenic signaling. HER2 is the only receptor in the protein family that does not have a 

known ligand, its activation occurs through the formation of homo- or heterodimers (formed 

with other members of the protein kinase family). Its increased level results in uncontrollable 

tumor growth due to the excessive formation of HER2-containing dimers leading to enhanced 

cell proliferation and survival.1,2 

As HER2 is an important target in breast cancer research, several therapies have been 

developed during the last decades that include the use of monoclonal antibodies, small 

molecule tyrosine kinase inhibitors and antibody-drug conjugates. Despite successful anti-

HER2 agents that achieved improvement in tumor therapy, some patients suffer from serious 

side effects or have developed resistance, thus, new approaches in HER2-targeting are 

needed.3 Moreover, for selection of the appropriate therapeutical agent, new, fast, reliable and 

quantitative diagnostical tools are also required.  

Tumor targeting peptides have become an important field in targeted tumor therapy 

due to their low molecular weight, easy synthesis, high receptor recognition rate and better 

tissue penetration characteristics. With the use of peptide bacteriophage display technology, 

Karasseva et al. identified a hexapeptide (KCCYSL) that bound with high affinity and 

specificity to HER2-expressing cells.4 Hence, we chose this peptide as a starting point of our 

study to design new, modified peptides with increased HER2 binding affinity. 

Geng et al. used the method of molecular dynamics simulation to identify peptides 

involved in the dimerization at the extracellular domain of HER2. These peptides were used 
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to build a „One bead one compound” (OBOC) library and were screened for specificity and 

affinity resulting in 17-mer peptides binding with high affinity to HER2 receptor.5 Parts of the 

peptides with the strongest binding ability show similarities with the KCCYSL peptide. Thus, 

we decided to synthesize combined peptides where the modified KCCYSL sequence precedes 

GYYNPN (taken from the OBOC library) and compare their binding to HER2 expressing 

cells.6 

 

Results 

A set of hexa- and 12-mer peptide analogues were synthesized by solid-phase peptide 

synthesis on Rink Amide MBHA resin using Fmoc/tBu protocol. In the last step, 5(6)-

carboxyfluorescein (CF) as fluorescent dye was attached to the N-terminus of the peptidyl 

resins. The compounds were analyzed by analytical RP-HPLC, their molecular weight was 

identified by ESI-MS (Table 1). 

 

Table 1. List of HER2 binding compounds, their codes and chemical characteristics. 

Compound Code RP-HPLC 
Rt (min)1 

ESI-MS MW 
(calculated) 

ESI-MS MW 
(measured)2 

CF-KCCYSL-NH2 P(CC) 29.9a 1072.9 1072.3 
CF-KCGCYSL-NH2 P(CGC) 29.4a 1129.9 1129.8 

CF-KCGGCYSL-NH2 P(CGGC) 31.7a 1186.0 1187.0 
CF-KC(Acm)C(Acm)YSL-NH2 P(C(Acm)C(Acm)) 28.8a 1214.5 1214.0 

CF-KCSYSL-NH2 P(CS) 29.7a 1056.7 1056.4 
CF-KSCYSL-NH2 P(SC) 29.5a 1056.7 1056.4 
CF-KSSYSL-NH2 P(SS) 27.7a 1040.8 1040.5 
CF-KAAYSL-NH2 P(AA) 28.8a 1007.8 1008.4 
CF-GYYNPT-NH2 P(YY) 30.0a 1070.8 1070.4 

CF-KAAYSLGYYNPT-NH2 cP(AA)_P(YY) 21.4b 1704.5 1704.6 
CF-KSCYSLGYYNPT-NH2 cP(SC)_P(YY) 21.4b 1751.8 1752.2 

CF-YSLGYYNPT-NH2 P(short)_P(YY) 22.7b 1433.8 1433.8 
CF-TAKLYPGYANYS-NH2 scr_P(AA_YY) 21.1b 1704.5 1704.0 
CF-GYYNPTKAAYSL-NH2 cP(YY)_P(AA) 21.6b 1704.5 1704.6 

H-KAAYSLGYYNPT-NH2 
Unlabeled 

cP(AA)_P(YY) 19.4b 1345.7 1346.0 

H-KSCYSLGYYNPT-NH2 
Unlabeled 

cP(SC)_P(YY) 19.4b 1393.6 1394.0 
1 RP-HPLC: a: column: Phenomenex Aeris Peptide XB-C18 column (250 x 4.6 mm) with 3.6 μm silica; eluents: 
0.1% TFA in water (A) and 0.1% TFA in acetonitrile-water (80:20, v/v) (B); gradient: 0 min 0% B, 5 min 0% B, 
50 min 90% B; flow rate: 1 mL/min; detection: λ= 220 nm, b: column: Macherey–Nagel Nucleosil C18 column 
(250 x 4.6 mm) with 5 µm silica (100 Å pore size); eluents: 0.1% TFA in water (A) and 0.1% TFA/ acetonitrile 
−water (80:20 v/v) (B); gradient 0 min 2% B, 5 min 2% B, 30 min 90% B; flow rate 1 mL/min; detection: 220 
nm 
2 ESI-MS: Esquire 3000+ ion trap mass spectrometer (Bruker Daltonics) 
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Cellular uptake was measured by flow cytometry using HER2-overexpressing breast 

cancer cells. HER2 expression was detected by Western blot (Figure 1A), as a result, MDA-

MB-453 breast adenocarcinoma cell line was chosen for further studies. First, variations of 

the KCCYSL hexapeptide (role of cysteine residues, distance between them) were studied 

based on the measured fluorescence intensity after incubation of the cells with CF-labeled 

peptides for 3 h. Consequently, the two most promising analogues (P(AA) and P(SC)) were 

chosen for further experiments and the design of combined peptides. The next cellular uptake 

study demonstrated that combined peptide cP(AA)_P(YY) shows ten times higher 

fluorescence intensity values compared to the P(AA) hexapeptide (Figure 1B).  

Cellular localization was detected by confocal microscopy, as expected, peptides could 

be detected at the membrane of MDA-MB-453 cells suggesting their binding to the 

extracellular domain of HER2 (Figure 1C).  

 

 
Figure 1. (A) Western blot analysis of breast cancer cells for HER2 expression. (B) Cellular uptake 
profile of CF-labeled peptides measured by flow cytometry on MDA-MB-453 cells. (C) Confocal 
microscopy imaging of MDA-MB-453 cells incubated with cP(AA)_P(YY) peptide (green), nuclei 

were stained with DAPI (blue), HER2 was visualized by immunofluorescence staining (red), scale bar 
represents 20 µm. 

 

To monitor specificity, cells were pre-incubated with unlabeled peptides before 

addition of CF-labeled derivatives. Cellular uptake and microscopic measurements 

demonstrated that fluorescent signal was decreased supporting that peptides bind to a specific 
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receptor on the surface of cells (Figure 2A and 2B). The most promising combined peptide 

(cP(AA)_(P(YY)) was also studied for specificity by designing and analysing a reversed 

version of it (cP(YY)_(P(AA)). Flow cytometric and confocal microscopic analysis confirms 

the importance of the order of the two hexapeptides as the reversed peptide bound to cells at a 

much lower extent (Figure 2C and 2D). 

 

 
Figure 2. (A, B) Cellular uptake and confocal microscopic imaging of CF-labeled peptides using 
MDA-MB-453 cells pre-incubated with corresponding unlabeled peptide. (C, D) Study of cellular 
uptake of the reversed combined peptide by flow cytometry and confocal microscopy (green: CF, 

blue: nuclei, red: HER2, scale bars: 20 µm). 
 

Finally, the secondary structure of the peptides was predicted using the PEP-FOLD 

algorithm.7 The predicted helix formation is quite low for the negative control scrambled 

peptide, however, it increases in case of peptides binding with a higher rate to HER2-

expressing cells and the highest is in case of the most promising combined peptide (Figure 3). 
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Figure 3. The estimated α-helical content of HER2-binding peptides is proportional to the 
fluorescence intensity detected on the surface of MDA-MB-453 cells incubated with CF-labeled 

peptides. 
 

In conclusion, we developed targeting peptides against the extracellular domain of 

HER2 receptor. We generated new analogues by modifying and combining two sets of known 

HER2-binding peptides that resulted in the revealing of a 12-mer peptide that binds to HER2 

overexpressing cells with high affinity and specificity. Microscopy experiments validated 

extracellular localization; specificity was verified by preincubation of cells with unlabeled 

peptides. Secondary structure prediction revealed the importance of the α-helical structure of 

the conjugates. This combined homing peptide with high affinity and specificity for HER2 

extracellular domain can be applied in further studies for tumor diagnostics and drug 

targeting.6 
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Introduction 

Targeted chemotherapy is one of the most promising approaches for selective cancer 

treatment that may decrease the toxic side effects of anticancer drugs. This therapeutic 

approach is based on the fact that tumor-specific receptors are highly expressed on cancer 

cells/tissues. NGR-motif (Asn-Gly-Arg) containing peptides identified by phage display are 

suitable candidates for selective drug delivery. NGR peptides bind to CD13-receptors on 

tumor cells and tumor-related angiogenic blood vessels.1 However, it is known that the Asn-

Gly moiety is subject to Asn deamidation through succinimide formation leading to 

isoaspartic acid (isoAsp, isoD) and aspartic acid derivatives usually in a ratio of 3:1 after 

hydrolysis.2 IsoDGR peptides are bound to RGD-integrin receptors with high affinity.3 Due to 

their function in tumor proliferation, metastasis and angiogenesis, integrin-receptors are also 

promising targets for cancer therapy. Thus, NGR-peptide homing devices may provide dual-

targeted delivery of anticancer drugs. 

In our previous studies, cyclic NGR derivatives with different bonds (amide, disulfide 

or thioether) in the cycle were applied for drug targeting. Special attention was paid to the 

chemostability and in vitro biological activity of the compounds.4,5 Our results indicated that 

the conjugates had an antitumor effect on both the CD13(+) HT-1080 human fibrosarcoma 

cells and the CD13(−) HT-29 human colon adenocarcinoma cells. Both cell lines were 

integrin positive. Moreover, we showed that the toxicity and the selectivity of the conjugates 

highly depended on their structure, cellular uptake and propensity to deamidation. The most 

active conjugate was Dau=Aoa-GFLGK(c[KNGRE]-GG-)-NH2. In this conjugate, the cyclic 

NGR peptide was attached through a Gly-Gly dipeptide spacer to the lysine side chain 

connected to the Cathepsin B labile GFLG spacer that allows lysosomal drug release. Dau 

was conjugated to the GFLG spacer via oxime linkage through an incorporated 
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aminooxyacetyl (Aoa) moiety. The preparation of the conjugate required a sophisticated 

synthetic route and the use of orthogonal protecting groups (Figure 1A). Previous studies 

indicated that the free ε-amino group of Lys does not have an impact on biological activity.6 

To prove our assumption, a set of novel cyclic NGR peptide-Dau conjugates were developed 

in which the Lys was replaced by different amino acids (Ala, Leu, Nle, Pro and Ser). The 

main goal of the present study was to investigate whether the exchange of the lysine in the 

cycle has any influence on the chemostability, selectivity and anti-tumor activity of the 

conjugates.  
 

Results 

Five new conjugates were developed by the replacement of Lys in the cycle in the 

conjugate Dau=Aoa-GFLGK(c[KNGRE]-GG-)-NH2 (1) with different amino acids (Nle (2), 

Ala (3), Leu (4), Pro (5) and Ser (6)).7 These new conjugates could be prepared with better 

yield in comparison with conjugate 1 because of the simpler synthetic route (Figure 1).  

 

a) Mtt-cleavage: 2% TFA/DCM; b) Fmoc-Aaa(X)-OH coupling; c) Fmoc-cleavage 2% piperidine/2% 
DBU/DMF, 0.1 M HOBt; d) cleavage from resin 2.5% TIS/ 2.5% H2O/ 95% TFA (RT, 3 h); e) salt 
exchange Pyr.HCl 10 eq/MeOH (1 h); f) cyclization: BOP 3eq/HOBt 3eq/DIPEA 6eq/DMF (c=0.5 
mg/mL, RT, 24 h); g) deprotection of aminooxyacetic acid 0.2 M NH4OAc solution (pH 5.0)/1 M 
methoxylamine (RT, 1 h); h) daunorubicin conjugation (RT, 24 h) in 0.2 M NH4OAc solution (pH 5.0); 
i) Fmoc-cleavage 4% hydrazine/DMF (RT, 2 h). 

 
Figure 2: Schematic representation of the synthesis of cyclic KNGRE (A) and XNGRE (B) drug-

conjugates. 
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Table 1. Stability of cyclic NGR peptide-daunorubicin conjugates 

Ratio of Asn-/Asp-/isoAsp-derivatives 

(DMEM CM, 37 °C) 

Code Aaa in position X of 

the conjugates 

6 h 72 h 

NGR DGR isoDGR NGR DGR isoDGR 

1 Lys 100 0 0 100 0 0 

2 Nle 93 1 6 58 9 33 

3 Ala 96 0 4 58 11 31 

4 Leu 93 0 7 54 11 35 

5 Pro 73 14 13 19 46 35 

6 Ser 93 0 7 56 12 31 

 

The best yield could be observed in the case of conjugate 2 that was five times higher 

(overall yield was 10.6%) than in the case of the original compound.  

Chemical stability of cyclic NGR bioconjugates was investigated under the treatment 

conditions used for the in vitro cytotoxicity experiments. Deamidation rate was evaluated by 

HPLC-MS at 0 min, 6 h and 72 h. In contrast to the control conjugate (1) that showed high 

stability in our previous study, the novel conjugates suffered rearrangement in time. The 

results presented similar isoAsp/Asp (~3:1) rates after deamidation of conjugates 2, 3, 4 and 6 

calculated from the area under the curve. After 6 h, the reasonable rearrangement was 

observed, which increased over time. Nevertheless, 54-58% of the parent cyclic NGR 

conjugates was still intact after 72 h (Table 1). Decreased stability was detected in the case of 

the Pro-containing conjugate (5) with faster deamidation and a higher ratio of DGR. Except 

for deamidation, no other decomposition could be observed during the entire execution of the 

study. 

 The antitumor effects of bioconjugates were examined in vitro on CD13(+) HT-1080 

human fibrosarcoma and on CD13(−) HT-29 human colon adenocarcinoma cells. Both cell 

types are integrin receptor positive. It seems that the replacement of Lys by the hydrophilic 

amino acid Ser (6) is not favored (Table 2). However, the incorporation of hydrophobic amino 

acids was well tolerated. The conjugate with a bulky side chain in this position (Leu, 4) had 

higher IC50 values that might be explained by steric hindrance. The bioconjugates with Nle (2) 

or Ala (3) showed the best antitumor activity on both cell lines. Conjugate 2 showed similar 

activity on HT-1080 and higher activity on HT-29 cells compared to the control conjugate 1. 

To further characterize the biological activity of the conjugates, their lysosomal degradation 
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and cellular uptake were also investigated. The degradation of the conjugates resulted in 

Dau=Aoa-Gly-OH in all cases in rat liver lysosomal homogenate and no significant difference 

in the speed of the metabolite release could be detected. Therefore, this cannot be the reason 

for the different antitumor activity.  
 

Table 2: In vitro cytostatic/cytotoxic effects of compounds on HT-29 and HT-1080 cells 

Compounds 

HT-1080 

(6 h) 

IC50 (μM) 

HT-29 

(6 h) 

IC50 (μM) 

HT-1080 

(72 h) 

IC50 (μM) 

HT-29 

(72 h) 

IC50 (μM) 

Daunorubicin 1.4 ± 0.6 0.3 ± 0.2 0.5 ± 0.2 0.1 ± 0.1 

Dau=Aoa-GFLGK(c[KNGRE]-GG-)-NH2 (1) 5.7 ± 0.5 8.7 ± 1.2 1.4 ±  0.7 3.0 ± 0.6 

Dau=Aoa-GFLGK(c[NleNGRE]-GG-)-NH2 (2) 5.5 ± 0.3 2.2 ± 0.2 2.3 ± 0.6 1.3 ± 0.2 

Dau=Aoa-GFLGK(c[ANGRE]-GG-)-NH2 (3) 8.9 ± 0.8 4.3 ± 0.5 3.6 ± 0.7 3.2 ± 0.8 

Dau=Aoa-GFLGK(c[LNGRE]-GG-)-NH2 (4) 57.5 ± 6.3 47.0 ± 5.4 20.6 ± 0.4 14.1 ± 0.7 

Dau=Aoa-GFLGK(c[PNGRE]-GG-)-NH2 (5) 9.4 ± 4.0 14.6 ± 4.7 3.5 ±1.0 3.7 ± 0.8 

Dau=Aoa-GFLGK(c[SNGRE]-GG-)-NH2 (6) >100 64.7 ± 4.9 63.7 ± 9.5 39.4 ±2.9 
 

The cellular uptake of Dau containing conjugates can be followed by flow cytometry 

(Figure 2). The accumulation of conjugates 2, 4 and 5 increased significantly in HT-29 cells 

than HT-1080 in comparison with the other conjugates. The low cytostatic/cytotoxic effects of 

conjugate 6 can be deducted by the results of cellular uptake study. The Ser-containing 

conjugate did not enter HT-1080 cells, while a slightly higher cellular uptake was detected in 

HT-29 cells, although the uptake for this conjugate was still much lower than in the case of 

the other tested bioconjugates.   

 From these findings, we could conclude that replacement of Lys in the Dau=Aoa-

GFLGK(c[KNGRE]-GG-)-NH2 (1) conjugate by different amino acids provides a more 

convenient and cost-effective synthetic route. Among the new cyclic NGR peptide – 

daunorubicin conjugates the most effective compound was Dau=Aoa-GFLGK(c[NleNGRE]-

GG-)-NH2 (2), which showed similar activity on HT-1080 CD13(+) cells to Dau=Aoa-

GFLGK(c[KNGRE]-GG-)-NH2, and a significantly higher antitumor effect on HT-29 

CD13(−) cells. Therefore, these two conjugates were further studied in vivo.  
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Figure 3: Direct uptake of Dau of conjugate 1 (yellow); 2 (light blue)  3 (light green); 4 (red); 5 

(pink); 6 (green) by (left) HT1080 and (right) HT-29 cells, using 10 µM conjugate for each sample. 
Untreated control is marked with purple detecting the autofluorescence of the cells. 

 

Kaposi sarcoma (KS) is one of the most deadly and aggressive types of tumors in 

HIV-1-infected people.8 KS tumor cells express a high level of CD13 and this is a key factor 

for the contribution of increased vascularization of the tumor. Thus, the conjugates were 

studied on mice with subcutan developed KS tumors. The tumor growth inhibition of 

conjugate 1 was higher (37.7%) than the observed inhibition in the case of the free drug and 

conjugate 2.9 In contrast conjugate 2 was more potent on orthotopically developed HT-29 

colon carcinoma (low CD13 but high integrin expression) bearing mice (45.7% vs. 16.9%).9 

The results suggested that conjugate 1 has a significantly higher affinity to CD13 receptors 

than to integrins because of its stability (no significant rearrangement to isoAsp derivative), 

while conjugate 2 was rather potent on HT-29 tumor that can be explained by the relatively 

fast Asn/isoAsp switch in the sequence. 
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Introduction 

Pancreatic Ductal Adenocarcinoma (PDAC) is one of the most aggressive and 

dangerous cancerous diseases with a high mortality rate.1 The average 5-year survival rate is 

less than 5%.2 The early diagnosis of PDAC is still difficult, and most patients have already 

progressed to not operable and incurable statuses at the recognition of the disease.3 In 

addition, the chemotherapy applied to treat pancreatic cancers is usually ineffective due to the 

fast development of resistance. Furthermore, chemotherapy causes many side effects because 

of the low selectivity of the currently used drugs.4 Therefore, the design of efficient anticancer 

agents against PDAC is one of the most challenging tasks for scientists working on cancer 

research.5 Targeted tumor therapy could be a promising strategy to overcome these drawbacks 

in pancreatic cancer treatment – similarly to other types of cancers.6 Targeted tumor therapy is 

based on targeting tumor-specific or overexpressed receptors or other cell surface 

compartments on tumor cells that can be recognized selectively by antibodies or small 

molecules such as folic acid or peptides.7,8 Several homing peptides have been described in 

the literature that recognize pancreatic cancer cells and could be used for drug targeting 

directly or as part of nanoparticles.9-12  

Here we report peptide–drug conjugates in which daunomycin (Dau) as an anticancer 

agent is linked via oxime bond to different types of homing peptides. For this study, two 

homing peptides were selected. The first one is based on a neurotensin fragment 

(6PRRPYIL13) which binds to neurotensin receptors that are overexpressed in numerous tumor 

types.13 The other one is KTLLPTP heptapeptide, which is able to recognize plectin, a protein 
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that is overexpressed in PDAC-cells.14 Six conjugates were developed with GFLG spacer 

between the homing peptide and the aminooxy moiety which can be cleaved by the lysosomal 

enzyme Cathepsin B,15 therefore, they can be suitable to enhance the intracellular degradation 

and the release of the active metabolite (Dau=Aoa-Gly-OH). 

Results 

Fourteen daunomycin−peptide conjugates were synthesized by solid-phase peptide 

synthesis (Table 1). The homing peptides were prepared either on Wang resin that provides 

free carboxyl group at the C-terminus (neurotensin derivatives) or on Rink-Amide MBHA 

resin for peptides with carboxamide C-terminus (plectin recognizing derivatives) using 

Fmoc/tBu strategy. Prior to the cleavage of the peptides from resins, isopropylidene protected 

aminooxyacetic acid (>=Aoa-OH) was attached to the amino function(s) of peptides. The 

isopropylidene protecting group was cleaved from the purified peptide derivatives. Purified 

peptide derivatives were linked via oxime bond to Dau. The synthesis route of a selected 

conjugate is presented in Scheme 1. 

 

 
Scheme 1. Development of conjugate 1 as a representative synthesis route 

 

The antitumor effect of conjugates was investigated in vitro on PANC-1, a human 

PDAC cell line by xCELLigence-system which is an impedimetric technique. Conjugate 1, 

based on the 8-13 part (8RRPYIL13) of the neurotensin hormone peptide, showed only a 

moderate antitumor effect. When an additional Lys was incorporated into the N-terminus of 

the sequence, the antitumor effect of the conjugate increased significantly (conjugate 3). 

However, the sequence elongation either with the native sequence elements or with GFLG 
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spacer did not provide a positive effect on the antitumor activity (conjugate 2, 5 and 6). In 

addition, the elimination of the Pro in position 10 caused the full loss of the antitumor effect 

(4).  

In the case of plectin targeting (KTLLPTP) peptide, which was identified by phage-

display, a similar effect was detected. Conjugate 7 proved to be one of the most efficient 

antitumor agents but the GFLG containing analogue (8) did not show any activity. 

Table 1. Antitumor effect of the conjugates on PANC-1 cell –line 
 

Code Compounds 

Viabilitya (%) 
at 10-5 M 

concentration, 
after 72 h 
incubation 

1 Dau=Aoa-RRPYIL-OH 75.3 ± 9.08 

2 Dau=Aoa-KPRRPYIL-OH >100 

3 Dau=Aoa-KRRPYIL-OH 4.7 ± 1.78 

4 Dau=Aoa-GFLG-KPRRYIL-OH >100 

5 Dau=Aoa-GFLG-KPRRPYIL-OH 11.0 ± 1.70 

6 Dau=Aoa-GFLG-KRRPYIL-OH 13.0 ± 1.47 

7 Dau=Aoa-KTLLPTP-NH2 4.8 ± 1.25 

8 Dau=Aoa-GFLG-KTLLPTP-NH2 >100 

9 Dau=Aoa-KTLLPTP-KRRPYIL-OH 69.8 ± 5.7 

10 Dau=Aoa-KRRPYIL-KTLLPTP-NH2 >100 

11 Dau=Aoa-GFLG-K(Dau=Aoa)TLLPTP-KRRPYIL-OH >100 

12 Dau=Aoa-GFLG-K(Dau=Aoa)RRPYIL-KTLLPTP-NH2 >100 

13 Dau=Aoa-K(Dau=Aoa)TLLPTP-KRRPYIL-OH 41.3 ± 7.3 

14 Dau=Aoa-K(Dau=Aoa)RRPYIL-KTLLPTP-NH2 95.6 ± 3.3 
a Cell index (CI) values of the treated cells are normalized to the CI values of the control wells and expressed as 
percentages. Data are given as mean values ± standard deviation (SD), (n=3). 
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Further derivatives were developed by the combination of the most effective homing 

sequences: KRRPYIL and KTLLPTP. These constructions were synthesized using the 

successful linear (9, 10) or branched structure (11-14) which may lead to the design of 

efficient antitumor agents.16 Unfortunately, most of these conjugates lost the antitumor effect 

completely except conjugates 9 and 13 that showed moderate activity. 

The four most efficient conjugates (3, 5, 6, 7) identified in the in vitro studies were 

applied in an in vivo experiment using s.c. developed PANC-1 tumor-bearing SCID mice. 

Results were compared with free drug administration. It can be observed that the antitumor 

effect of conjugates is different considering the tumor volume and weight. 

 

 
Green arrows indicate the days of administration with conjugates  
Red arrows indicate the days of administration with daunomycin 

Figure 1. In vivo tumor growth inhibition on PANC-1 tumor-bearing mice measured by tumor volume 

 

After the termination of animals (on day 85), it was indicated that the tumor volume 

decreased by 49% for conjugate 3, 1.2%  for conjugate 7 and 32.6% in case of conjugate 6, 

respectively (Figure 1), but conjugate 5 did not present any effect. In the case of tumor weight 

measurement, 5 also did not inhibit tumor growth, while conjugates 6 and 3 showed very 

modest, non-significant tumor growth inhibition (3.3% and 4.6%, respectively). In this case, 

conjugate 7 induced 15.9% decrease of tumor weight compared to the control animals (Figure 

2). Conjugate 3 showed the highest antitumor activity followed by conjugates 6 and 7 

(considering the tumor volume). Conjugate 5 showed the lowest antitumor activity. It is worth 

mentioning that on day 59 when the Dau treated group had to be terminated because of toxic 

side effects, all conjugates showed a bit lower activity compared with the free Dau. In 

summary, the results indicated that the two most efficient agents were conjugate 3 that 



38 
 

inhibited better the growth of tumor volume and conjugate 7 that has a higher inhibition effect 

on the growth of tumor weight. 
 

 

 

Figure 2. In vivo tumor growth inhibition on PANC-1 tumor bearing mice measured by tumor weight 
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Introduction 

Increasing mortality rate of tumorous diseases is reported by the World Health 

Organization. Skin cancer is the most increasing incidence of cancer diseases especially in the 

case of young adults. Although melanoma is only about 1% of skin cancers, it causes a large 

majority of skin cancer derived mortality. However, in the case of melanoma, using 

chemotherapy, radiotherapy or immunotherapy (the main procedures for the treatment of 

advanced or metastatic cancers) is recommended due to its localization and rapid progression. 

Thus, the high and continuously rising rate of death among melanoma patients has 

encouraged new research focusing on therapies and drugs with increasing efficiency, 

especially against metastatic melanoma. Selective and targeted approaches might improve the 

impact of anticancer therapies with fewer side effects.  

Melanoma is originated from the malignant transformation of melanocytes which are 

the melanin-producing cells of the skin, hair and eyes. It is formed either by dysfunction of 

dysplastic nevi or a single melanocyte.1 Melanocytes are located with keratinocytes in the 

basal layer of the epidermis and they form a very stable population, as they proliferate 

extremely rarely under normal circumstances. Not only the outer layer (epidermis), but also 

the inner layer (dermis) of the skin, which involves hair roots, blood and lymph-vessels and 

nerves, includes melanocytes, though they are biologically different population than 

epidermis located ones. Based on this evidence, cutaneous melanoma is a heterogeneous 

tumour, which involves the wide population of melanocytes with different origin and 

differentiation stages (from undifferentiated, cancer stem-like cells with self-renewal capacity 

and high proliferation and differentiation ability to functional melanocytes). Among all type 

of skin cancers, melanoma has the highest rate of the metastatic effect. Based on its location, 

it has a high potential to spread rapidly through other body sites by entering the lymphatic 

system and bloodstream. 

Cell surface receptors with altered expression levels are not the only specific and 

selective targets for tumor cells. Markedly, modified proteoglycan expression and structure 
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can also be observed during tumor development and growth.2 The melanoma-associated 

chondroitin sulfate proteoglycan (MCSP, also called NG2) is a type I single-pass 

transmembrane proteoglycan,3 which is widely expressed in several different tumors, 

including glioblastomas, chondrosarcomas, melanomas and some leukemias.4-7 Functionally, 

it promotes tumor vascularization8 due to binding to collagen VI and it promotes cell survival 

and adhesion.9 Antibodies against NG2 inhibit melanoma cell growth both in vitro and in 

vivo.10-12 Moreover, targeting NG2 in vivo in a highly malignant tumor model reduced tumor 

growth and angiogenesis was determined.13 Burg et al. identified two novel decapeptide 

ligands for the NG2 proteoglycan using phage display. Based on the structure, the two 

sequences are clearly different (Peptide1: TAASGVRSMH; Peptide2: LTLRWVGLMS), but 

they may act as mimotopes of each other on the basis of small areas of similarity (ASG vs 

LTL; VR vs VG). Both peptides have high affinity and specificity to NG2 proteoglycan, and 

they can bind to similar sites on NG2.14 Guan et al. developed Peptide1 conjugated 

biodegradable nanoparticles loaded with docetaxel, as a new nanomedicine. The construct 

achieved controlled drug release, and it had significant in vitro and in vivo antitumor effect 

which was mediated via NG2 receptor.15 

Based on the above-mentioned facts, drug-containing melanoma-targeting peptide 

conjugates were designed, synthesized and their in vitro evaluation was performed in order to 

establish structure-activity relationships and to find the most promising construct for 

melanoma targeting. 

 

Results 

Melanoma targeting phage display peptides (Peptide1 and Peptide2) were synthesized 

by solid-phase peptide synthesis using Fmoc/tBu strategy. For both peptides, the native 

sequence and their modified versions were also synthesized. The following modifications 

were performed; i) methionine was replaced by norleucine to avoid the unwanted oxidation; 

ii) enzyme labile GFLG spacer was used to elongate the peptides at the N-terminus to enhance 

the release of the drug from the construct; and iii) scrambled and truncated peptide sequences 

were synthesized to establish the optimal effective sequence. The peptides were built up on 

Rink Amide MBHA resin using Fmoc protected amino acid derivatives. At the end of the 

synthesis, Boc protected aminooxyacetic acid was coupled to the N-terminus in order to 

functionalize the peptides for drug conjugation. Unfortunately, synthesis of GFLG spacer 

containing Peptide1 was unsuccessful, due to its hydrophobic feature; it forms aggregates 

immediately after the cleavage. Therefore, its daunomycin conjugate cannot be prepared. But 
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in the case of truncated Peptide1 analogs, this aggregation was not observed. Before the 

conjugation, peptides were cleaved from the resin and purified by preparative RP-HPLC and 

characterized by analytical RP-HPLC and ESI-MS (data not shown). Daunomycin as a drug 

was coupled to the aminooxy acetylated peptides via oxime bond. Conjugation was carried 

out in slightly acidic condition (250 mM NaOAc buffer, pH 5.2). The conjugates were 

purified by preparative RP-HPLC and characterized by analytical RP-HPLC and ESI-MS 

(Table 1). The yield of conjugation was strongly dependent on the peptide sequence. In the 

case of Peptide1 based conjugates due to their poor solubility and high aggregation ability, the 

yield was only 10-15%. In case of Peptide2, conjugates were formed almost quantitatively. 

In the first step, the in vitro cytostatic effect of the conjugates was determined on 

A2058 (ATCC® CRL-11147) human melanoma cell culture. The most effective conjugates 

were also tested on A431 (ATCC® CRL-1555) human epithelial (but not melanoma 

originated) cell culture in order to investigate the selectivity of these conjugates. In case of 

Peptide1 conjugates, replacement of Met to Nle (Conj3) has no significant effect on the 

activity; both conjugates have moderate in vitro cytostatic effect (62.8±22.1 µM and 22.1 

±12.1 µM, respectively) on A2058 cells. Incorporation of GFLG enzyme labile spacer in both 

cases – native (Conj2) and Nle substituted (Conj4) ones – significantly increases the in vitro 

efficacy (5.2±2.4 µM and 2.3±1.3 µM, respectively). Truncation of Peptide1 sequence is 

allowed; not only the first two (Conj5), but the first four (Conj6) N-terminal amino acids can 

also be eliminated without reduction of activity (1.3±0.6 µM and 3.1±1.1 µM, respectively) 

on A2058 cells. Interestingly, the scrambling of the targeting Peptide1 sequence (Conj5) has 

not influenced the in vitro activity compared to Nle-substituted one (Conj4) on A2058 cells 

(2.3±1.3 µM and 1.3±0.6 µM, respectively).  

In case of Peptide2, not only the replacement of Met by Nle (Conj9), but also the 

incorporation of GFLG spacer (Conj10) decreased the in vitro cytostatic effect (17.5±3.3 µM 

and 26.5±17.6 µM, respectively) on A2058 cells. Scrambling of the targeting Peptide2 

sequence (Conj11) does not influence the in vitro activity compared to the native sequence 

(Conj8) on A2058 cells (4.3±1.9 µM and 2.5±0.6 µM, respectively). Truncation of Peptide2 

sequence is moderately allowed; the first two N-terminal amino acids (LT, Conj12) can be 

eliminated without reduction of cytostatic effect. However, further elimination of additional 

two amino acids, LR (Conj13) is not allowed, it can significantly decrease the in vitro 

activity. These modifications do not only influence the in vitro cytostatic activity, but they 

have also effect on the selectivity. While the native sequence (Conj8) proves to be melanoma 
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specific (4.3±1.9 µM on A2058 and 14.0±0.09 µM on A431), this selectivity is absent in case 

of the scrambled one (Conj11; 2.5±0.6 µM on A2058 and 2.6±0.9 µM on A431).   

Compared to Peptide2 conjugates, unfortunately, none of the Peptide1 conjugates 

showed melanoma specificity, all of the Peptide1 conjugates have similar IC50 values on 

A2058 and A431 cells.  

 

Table 1. Chemical characterization of melanoma-specific conjugates and their IC50 values on 
A2058 and A431 cells 
Code Conjugates tR (min)a Mav (Da)b IC50 (µM)c 
   calc meas A2058 A431 
Conj1 Dau=Aoa-TAASGVRSMH-NH2 10.6 1596.6 1596.5 62.8±22.1 n.t* 
Conj2 Dau=Aoa-GFLG-TAASGVRSMH-NH2 13.5 1970.5 1970.9 5.2±2.4 n.t* 
Conj3 Dau=Aoa-TAASGVRSNleH-NH2 13.9 1578.1 1578.8 22.1 ±12.1 n.t* 
Conj4 Dau=Aoa-GFLG-TAASGVRSNleH-NH2 13.7 1952.5 1953.1 2.3±1.3 1.2±0.5 
Conj5 Dau=Aoa-GFLG-ARASNleHSTGV-NH2 13.7 1952.5 1952.2 1.3±0.6 2.2±2.1 
Conj6 Dau=Aoa-GFLG-ASGVRSNleH-NH2 13.9 1780.4 1780.5 3.1±1.1 1.9±1.4 
Conj7 Dau=Aoa-GFLG-GVRSNleH-NH2 14.1 1622.2 1622.3 2.5±1.1 1.2±0.5 
Conj8 Dau=Aoa-LTLRWVGLMS-NH2 14.4 1756.1 1756.2 4.3±1.9 14.0±0.0 
Conj9 Dau=Aoa-LTLRWVGLNleS-NH2 15.1 1737.5 1737.2 17.5±3.3 n.t* 
Conj10 Dau=Aoa-GFLG-LTLRWVGLNleS-NH2 18.1 2112.3 2112.4 26.5±17.6 n.t* 
Conj11 Dau=Aoa-VGLMWSLTRL-NH2 17.1 1756.3 1756.5 2.5±0.6 2.6±0.9 
Conj12 Dau=Aoa-GFLG-LRWVGLMS-NH2 16.1 1933.6 1933.4 4.6±2.5 4.3±0.7 
Conj13 Dau=Aoa-GFLG-WVGLMS-NH2 17.4 1663.9 1663.8 10.3±7.1 16.7±1.3 
Dau Daunomycin·HCl    <0.16 <0.16 
aAnalitical RP-HPLC, Agilent Eclipse XDB C8, 5 µm, 80Å, 4.6 x 150 mm, HPLC 
column, gradient: 5% B, 2 min; 5-100% B, 20 min.  
bBruker Daltonics Esquire 3000plus (Bremen, Germany) ion trap mass spectrometer. 
Spectra were acquired in the 50–2000 m/z range 
cIC50 values were determined by a computerized curve-fitting program (Origin 
7.5). Values shown are mean ± SE of four independent experiments, each 
performed in four parallels.  
*n.t.: not tested 
 

Cellular uptake profile was determined by flow cytometry using A2058 human 

melanoma and A431 human epithelial cells. Based on the IC50 values, Peptide1 originated 

conjugates do not seem to be melanoma-cell specific in vitro. Therefore, Conj4; 5; 6; 7 were 

selected for cellular uptake studies to confirm this hypothesis. These conjugates have the 

same structure; the GFLG enzyme labile linker is located between the drug and the targeting 

unit. In these cases, the release of the drug might occur in a similar manner (the same 
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metabolite can be formed), suggesting that only the targeting unit is responsible for the in 

vitro efficacy. 

In all cases, the concentration-dependent cellular uptake profile was detected. 

Although the detected fluorescence intensity of A2058 cells was approx. twice as high as that 

of A431, the cellular uptake profile of the conjugates is similar. Conj4 can be taken up the 

most effectively and Conj7, with the shortest targeting sequence, is the least internalized one. 

The scrambled sequence containing Conj5 and the two amino acids truncated one (Conj6) 

have similar internalization ability on both cell cultures (Figure 1). 

 

 
Figure 1. Cellular uptake profile of Conj4, Conj5, Conj6 and Conj7 on A2058 (A) and on A431 (B) 
cell cultures. The intracellular fluorescence intensity of A2058 or A431 cells was monitored by flow 

cytometer (BD LSR II) which is proportional to the cellular uptake. Data were analyzed with 
FACSDiVa 5.0 software. 

 

In conclusion, drug-containing melanoma-specific peptide-based conjugates were 

designed, synthesized and investigated in vitro. Although most of the conjugates were very 

promising based on their in vitro cytostatic activity; the in vivo and further therapeutic 

application of these targeting peptides themselves might be very limited due to their poor 

solubility and decreased melanoma specificity. However, their application as targeting units 

for nanoparticles appears to be promising. 
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Introduction 

Cancer is one of the leading causes of death in the World and in the EU too.1,2 Lung 

cancer alone was responsible for 1.7 million deaths worldwide in 2016. As tumor cells are 

originated from normal cells they are very similar to those. This makes it highly challenging 

to eliminate them without the destruction of healthy tissues. In spite of the common origin, 

small differences can be found in their receptors or enzyme sets. These little differences may 

allow a valuable increase in the selectivity of therapy and may enhance the rate of success 

during treatment. Thus, identification of new therapeutically useful targeting units is a hot 

topic. 

An often used promising tool to identify tumor homing peptides is the technique of 

phage display.3 These are mostly short, tumor specific peptides and can specifically 

accumulate into tumors. One drawback of this technique is that there is no optimization of the 

identified peptides. However, sometimes the optimized sequences may have more therapeutic 

values compared to the original ones. The chemical modification may increase both the 

stability and the specificity of these peptides.4 Phage display technique was carried out to 

identify tumor homing peptides against non-small cell lung cancer as well.5-7  

Tumor homing peptides can be applied to deliver antitumor drugs into tumor tissues to 

decrease the side effect and thus increase the efficacy. The covalent linkage, the number of 

drugs and the structure of conjugates may affect the efficiency.  
 

Results 

Based on the literature, two tumor homing peptides were selected for further 

optimization. One of them was the ARRPKLD peptide that was selected based on a selective 

peptide motif A(S)RXPXXX.6 We used this peptide and motif to develop tumor-targeting 

drug conjugates (Table 1, conjugate 1-14). Unfortunately, the identification of a tumor 

homing peptide does not give any information about the mechanism and selectivity of their 

cellular uptake. It is unclear, what is the main target of these peptides that causes their tumor 
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cell specificity. If these peptides and their conjugates can be internalized into the tumor cells 

by endocytosis, the conjugates can be degraded in the lysosomes. In that case an enzyme 

labile spacer can be used to increase the effect of conjugates. In our constructs, two different 

spacers – GFLG and LRRY that can be cleaved by lysosomal Cathepsin B were compared. 

Although the authors selected the ARRPKLD sequence, we were interested in comparing it 

with a peptide containing serine at the N-terminus. These kinds of peptides were the second in 

the enrichment assays. Furthermore, as the motif allows all amino acids in position 5 

(A(S)RXPXXX), conjugates with Gly at this position were synthesized too. The linkage 

between the drug and the transporter unit may have a high influence on biological activity. 

Thus, the effect of two different kinds of covalent bond was studied. The Dau was coupled in 

some of our conjugates via an oxime bond while in the other via an amide bond (Figure 1). 

The latter one is stabile in physiological conditions, thus the drug is not released from these 

constructs, while in case of oxime bond some release may happen inside the cells.   

 

Figure 1. The structure of a) Dau-Suc conjugates and b) Dau=Aoa conjugates 

 

The cytostatic effect of these conjugates was studied on EBC-1 cells, a human lung 

squamous cell carcinoma line, as a model.8 The cells were treated with the solution of 

conjugates (0.83-100 µM concentration range) for 24 h. Then the cells were washed and were 

cultured for 48 h in serum-containing medium. The in vitro cytostatic effect was determined 

using MTT assay and IC50 values were determined from the viability vs lg(c) curve (Table 1). 

Among the best conjugates – their IC50 values are less than 10 µM – two contained Ala 

(conjugates 1 and 11) while three conjugates contained Ser at the N-terminus (conjugates 2, 4 

and 6). Three conjugates (7, 10 and 13) had no or moderate cytostatic activity. All effective 

conjugates contained spacer, four of them (1, 2, 6 and 11) had the GFLG one. The comparison 

of the effect of conjugates with Lys or Gly showed that Lys is preferable at this position. 
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Based on the above mentioned structure–activity relationship we can conclude that Ser at the 

N-terminus and GFLG spacer are better choices in case of this set of conjugates. 
 

Table 1. The in vitro cytostatic activity of conjugates 
Code Peptide IC50 (µM) 

  EBC-1 A2058 A431 
1 Dau=Aoa-GFLG-ARRPKLD-NH2 3.1±0.4 8.1±0.5 12.2±1.0 
2 Dau=Aoa-GFLG-SRRPKLD-NH2 6.7±1.1 8.9±0.4 14.4±2.6 
3 Dau=Aoa-LRRY-ARRPKLD-NH2 50.8±36.2 n.d. n.d. 
4 Dau=Aoa-LRRY-SRRPKLD-NH2 6,4±3.9 53.2±11.7 89.7±14.6 
5 Dau=Aoa-GFLG-ARRPGLD-NH2 40.8±27,2 n.d. n.d. 
6 Dau=Aoa-GFLG-SRRPGLD-NH2 4.5±1.8 2.0±0.5 3.9±1.8 
7 Dau=Aoa-LRRY-ARRPGLD-NH2 100 n.d. n.d. 
8 Dau=Aoa-LRRY-SRRPGLD-NH2 13.3±4.5 n.d. n.d. 
9 Dau-Suc-ARRPGLD-NH2 53.8±8.8 n.d. n.d. 
10 Dau-Suc-SRRPGLD-NH2 >100 n.d. n.d. 
11 Dau-Suc-GFLG-ARRPGLD-NH2 4.4±2.6 >100 >100 
12 Dau-Suc-GFLG-SRRPGLD-NH2 10.2±9.8 n.d. n.d. 
13 Dau-Suc-GFLG-ARRPKLD-NH2 >100 n.d. n.d. 
14 Dau-Suc-GFLG-SRRPKLD-NH2 57.4±5.8 n.d. n.d. 
15 Dau=Aoa-LRRY-DWTY-NH2 20.8±15.1 n.d. n.d. 
16 Dau=Aoa-LRRY-SYDWTY-NH2 7.4±5.4 n.d. n.d. 
17 Dau=Aoa-LRRY-LRSYDWTY-NH2 10.3±5.7 n.d. n.d. 
18 Dau=Aoa-LRRY-TDSILRSYDWTY-NH2 20.7±1.2 n.d. n.d. 

Dau Daunomycin 0.05±0.03 n.d. n.d. 
n.d no data 

 
For studying the tumor selectivity of the best five conjugates, A2058 malignant 

melanoma9 and A431 human squamous carcinoma10 cells were treated with these conjugates 

as well. The cytostatic activity of conjugate 1, 2 and 6 was very similar on these cells 

compared to their activity on EBC-1. On the other hand, conjugate 4 and 11 showed lower or 

no cytostatic activity, respectively. They differ from each other only in the presence (4) or 

absence (conjugate 1, 2 and 6) of LRRY spacer. Based on these results, it seems that this 

spacer is not appropriate in case of these two cell lines.  

The three best (1, 2 and 6) and one ineffective (7) conjugates were selected to study 

their cellular uptake on EBC-1 cells. The cells were treated for 3 h then were washed and their 

fluorescence intensity was measured by flow cytometry (Figure 2). Although conjugates 1, 2 

and 6 have very similar in vitro cytostatic activity, they showed different internalization. 

Conjugates 2 and 6 have lower cellular uptake compared to conjugate 1 (Figure 2). On the 

other hand, all have more pronounced internalization than that of the ineffective conjugate 6 

(Figure 2), which is in accordance with the IC50 values. Although in case of the cytostatic 

effect the Ser is better, it is not preferable in the sequence if cellular uptakes are compared (at 

least in case of the studied conjugates). These cellular uptake results gave back clearly the 
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noticed success of sequences in accumulation in tumors.6 The identified best sequence 

showed the highest internalization in our experiments and alteration of this “preferred” 

sequence by double substitution (Lys5→Gly5 and Ala1→Ser1) decreased dramatically the 

cellular uptake. Although only one conjugate with LRRY spacer was studied, the results may 

indicate that this tetrapeptide reduced the internalization to a great extent. 
 

 
Figure 2. Cellular uptake of conjugates containing XRRPYLD peptides on EBC-1 cells (where X is 

Ala or Ser and Y is Gly or Lys). 
 

The other tumor homing peptide that was used in our study was the 

TDSILRSYDWTY sequence. It was also determined that the WTY region is important for 

cell binding.5 In our study truncated peptides were used to identify the minimal sequence 

which is necessary for the tumor targeting. For this purpose, four conjugates were synthesized 

(Table 1, conjugates 15-18), the original peptide with LRRY as enzyme labile spacer and its 

shorter derivatives. In all conjugates Dau was coupled to the peptide via oxime bond. Two of 

them were very promising based on their in vitro cytostatic activity (Table 1). The longest and 

the shortest ones (conjugate 15 and 18) have the same activity, suggesting that one of them is 

too short while the other is too long that might not have a favorable structure for receptor 

binding. The most effective conjugate was the Dau-Aoa-LRRY-SYDWTY, while increasing 

the length of the peptide (Dau-Aoa-LRRY-LRSYDWTY) resulted in a slight decrease in the 

cytostatic activity. 

The internalization of conjugates was measured by flow cytometry on EBC-1 cells. 

The cells were treated for 3 h then were washed and their fluorescence intensity was measured 

by flow cytometry (Figure 3). Conjugate 17 showed the highest cellular-uptake ability, 

although it did not have the highest cytostatic activity. The internalization of the most 
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cytostatic conjugate (17) was not so outstanding. These findings suggest that not only the 

internalization, but other factors (e.g. stability, the intracellular fate) could be important in the 

biological activity. 

 
Figure 3. Cellular uptake of conjugates containing TDSILRSYDWTY sequence and its truncated 

derivatives on EBC-1 cells. 
 

Our results proved that the tumor homing peptides may be suitable for the synthesis of 

conjugates with antitumor activity, but their structure can be further optimized to increase 

their effect. Our optimized conjugates showed improved antitumor activity and may be used 

in tumor therapy.     
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Introduction 

Conjugating antitumor compounds with peptide-based delivery vehicles, particularly 

cell-penetrating or cell surface protein (receptor/adhesion protein etc.) specific peptides could 

enhance their cellular internalization rate and efficacy. Cell membranes and other tissue 

barriers hamper drug candidates’ distribution and cellular uptake; therefore, most of the active 

compounds are of limited therapeutic value. Targeted tumor therapy is based on anticancer 

drugs being delivered to tumor cells by specific carrier molecules, with the result of lowering 

side effects of the chemotherapeutic agent. Different peptide-based delivery vehicles can be 

applied. (1) One of these approaches is using cell-penetrating peptides such as SynB3 or 

others conjugated not only to the drug molecule but to a targeting moiety. (2) Another 

approach is the use of peptides targeting cell surface proteins, which can be (a) ligands of cell 

surface receptors expressed exclusively or in highly elevated level on cancer cells, (b) or other 

cell surface structures, e.g. adhesion molecules such as nectin-1, characteristic for certain cell 

types (Figure 1). 

SynB3 peptide (RRLSYSRRRF) is a cell-penetrating peptide that is reported to be 

able to cross the blood-brain barrier with high efficiency.1-3 It is a derivative of a natural 

antimicrobial peptide called protegrin-1. The transport mechanism of SynB3 has been 

identified as temperature and energy-dependent adsorptive-mediated transcytosis. It is also 

suggested that SynB3 is sequestered within endocytotic vesicles and might be degraded 

within lysosomal compartments.4 

Tuftsin is a naturally occurring tetrapeptide produced by enzymatic cleavage from 

immunoglobulin G. Tuftsin derivatives have immunostimulatory effect and antitumor activity 

through the activation of immunologic effector cells. Moreover, tuftsin can bind to the 

neuropilin-1 receptor (NRP-1) and can be transported by the CendR pathway, which is an 

endocytotic/exocytotic transport.5 NRP-1 is upregulated in angiogenic tumor blood vessels 

and in tumor cells and its ligands often have CendR motif (R/KXXR/K, C-end rule) with the 

ability of tumor and tissue penetration through the CendR pathway.6,7 A tuftsin analogue with 

the sequence of TKPPR possesses the CendR motif and have a high affinity to NRP-1. 
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Figure 1. Targeting tumor tissue with antitumor conjugates containing peptide-based carriers bearing 
different features as (1) cell-penetrating, (2) tumor cell receptor-specific and (3) adhesion protein-

specific peptides. 
 

Herpes simplex viruses (HSV-1 and HSV-2 of Alphaherpesvirinae) show unique entry 

mechanism into the host cells using their gD envelop glycoprotein as well as gB, gC and 

gH/gL, as it is usual in case of other herpes viruses. gD glycoprotein selectively binds the 

nectin-1 adhesion protein on the surface of the host cells, then the glycoprotein undergoes 

major conformational changes resulting in the triggering of the other viral proteins to effect 

the fusion.8 According to the known 3D structure of the HSV-1 gD – nectin-1 three regions 

are in close contact with each other.9,10 We hypothesized that parts of these regions may 

internalize into nectin-1 bearing cells and can also be used as delivery vehicles. 

 

Results 

We have designed and synthesized different SynB3 and tuftsin derivatives and a 

combined peptide composed of SynB3 and tuftsin. The SynB3 peptide was decanoylated in 

order to modify the lipophilicity, penetration ability and membrane interaction of the original 

peptide. The intracellular localization of selected, fluorescently labeled peptides was 

investigated on HUVECs (human umbilical vein endothelial cells), these cells were used to 

model tumor-related vascular endothelial cells that have NRP-1 on their surface (Figure 2). 

The intracellular localization was also studied on U87 human glioblastoma cell line as a 

model cell for gliomas (Figure 2). The localization patterns of the fluorescently labeled 
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peptides were similar in case of the two different cell types. The SynB3 peptide (Cf-S) can be 

found in the cytosol, in the nucleus and in a small amount of lysosomal localization was also 

detected. In contrast, the tuftsin analogue Cf-T showed high lysosomal localization but no co-

localization with the nucleus. The combined peptide (Cf-ST) had the intracellular distribution 

characteristics of the parent Cf-S and Cf-T peptides. It could be detected in both the 

lysosomes and in the nucleus. The decanoyl side chain containing peptide (Cf-SD) was 

cytotoxic on the cells, probably it has a membrane damaging effect, it can be seen in the 

cytosol and in the nucleus with a highly homogeneous distribution. These findings suggest 

that the uptake of the cell-penetrating Cf-S peptide is a complex process; probably direct 

penetration and vesicular transport are also present. As expected, the tuftsin analogue mainly 

can enter the cells by receptor-mediated endocytosis. The combined peptide follows both 

internalization mechanisms of its parent peptides. Modification of a cationic cell-penetrating 

peptide with a hydrophobic fatty acid chain leads to higher cellular uptake and at the same 

time it has cytotoxic effect probably due to its highly amphiphilic characteristic.  

 

 
Figure 2. Localization of Cf-peptides in HUVEC and U87 cells by confocal microscopy. Nuclei were 
stained with Hoechst 33342 (blue), lysosomes were stained with LysoTracker Deep Red (red), cells 

were incubated with Cf-peptides (green, 25 µM, 30 min except for Cf-SD where 12.5 µM was used). 
Scale bar represents 10 µm. 

 

Based on the known 3D structure of the HSV1 gD – nectin-1 complex (PDB ID: 

3U82)9,10, we have selected three regions of gD making contact with nectin-1 (Figure 3A), 

and carboxyfluorescein labeled overlapping peptides were designed and synthesized 

representing these regions. The cellular internalization of these peptides into SH-SY5Y 
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neuroblastoma cells (as a model of neuroblastomas) has been determined by flow cytometry 

and is depicted in Figure 3B for representative peptides. Region II peptides showed negligible 

internalization. Some Region I peptides showed cellular entry at higher concentrations, but 

Cf-HSV 228-247 (228QRTVAVYSLKIAGWHGKPAP247) peptide showed the most efficient 

cellular entry, with Cf-HSV-219-238 (219NleLPRFIPENQRTVAVYSLKI238 where Nle 

represents norleucine substituting the native methionine) also showing significant entry in 

lower (10 μM) concentration. Certain C- and N-terminal truncation of 228-247 and the 

substitution of Lys237Arg and Trp241Phe were well tolerated.11 The propensity of the peptides 

to adopt helical conformation in the lipomimetic solvent trifluoroethanol showed a strong 

correlation with their ability to internalize into the neuroblastoma cells.11 

Parallel with flow cytometry measurements, to assess qualitative information 

regarding the subcellular localization, internalized peptides were imaged by confocal laser 

scanning microscopy. Peptides with high ability to internalize (as positive and negative 

examples, see Cf-HSV-219-238 and Cf-HSV-236-255, respectively, in Figure 3C) could be 

imaged in the cytosol and the nucleus, but there is no direct co-localization with lysosomal 

staining. This suggests that there is no vesicular transport involved in the uptake of the Cf-

peptide. 

 

 
Figure 3. (A) Structure of the HSV1 gD (dark grey) – nectin-1 (light grey) complex (PDB ID: 3U82), 

the selected regions of the HSV1 gD (region I: yellow, region II: red, region III: cyan), (B) 
internalization of Cf-HSV1 gD peptides into SH-SY5Y cells at c = 2, 10 and 50 μM, percentage of Cf-

positive live cells, (C) internalization of Cf-HSV1 gD peptides visualized by confocal microscopy 
(green), nuclei and lysosomes are stained with Hoechst 33342 (blue) and LysoTracker (red), 

respectively, scale bar represents 10 µm. 

 

Conclusion 

In the framework of grant NVKP_16-1-2016-0036 we have identified potential new 

carrier peptides of different origin as delivery vehicles. They can improve the cellular uptake 
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of different cargoes (i.e., drugs or drug candidates). These peptide carriers possess favorable 

internalization properties and they have different intracellular routes. The localization of the 

cell-penetrating type peptide was mainly cytosolic, while that of the receptor-specific tuftsin 

carrier was rather lysosomal. The viral carriers after internalization displayed ubiquitous 

distribution in the cytosol and in the nucleus as well. 
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Introduction 

Daunomycin (Dau) is an anthracycline anticancer drug, commonly used for the 

treatment of several types of leukemia.1 It consists of an anthraquinone aglycon moiety and a 

daunosamine sugar linked to the tetracycline by an O-glycosidic bond. Daunorubicin is used 

in our laboratory for the development of anticancer peptide-drug conjugates.2-6 These 

constructs showed efficient antitumor activity; therefore, these are promising candidates for 

targeted cancer therapy. Peptide-drug conjugates have complex structures, and for this reason 

mass spectrometry is generally used for verification of the composition, as well as for 

analytical characterization. However, mass spectrometric analysis of anthracycline-containing 

peptide-drug conjugates is still challenging.7,8 Electrospray ionization (ESI) is the most 

widely used ionization method for peptides and proteins. This is a soft ionization technique 

that produces intact, singly or multiply protonated species from peptides. Besides the 

determination of molecular mass and verification of elemental composition, tandem mass 

spectrometry (MS/MS) can also be used to sequence peptides and verify modification sites. 

However, mass spectrometric analysis of daunomycin-containing peptide conjugates is 

hindered by the degradation of the compounds during electrospray ionization (ESI). 

Daunomycin-containing bioconjugates show significant in-source fragmentation.7 This 

process results in the spontaneous dissociation of the glycosidic bond before the high vacuum 

region of the mass spectrometer and leads to the appearance of conjugate fragments with 

sugar loss. These fragment ions are usually detected in the full scan ESI-MS mass spectra as 

base peaks. Therefore, the aim of our work was to investigate the mass spectrometric behavior 

of daunomycin-containing peptide conjugates in details. MS/MS fragmentation properties 



56 
 

were studied by higher-energy collision-induced dissociation (higher-energy C-trap 

dissociation, HCD) in energy-resolved tandem mass spectrometric experiments. 

 

Results 

Daunomycin-containing peptide conjugates were studied by HCD fragmentation using 

a Thermo Scientific Q Exactive Focus (Bremen, Germany) mass spectrometer equipped with 

a heated electrospray ionization source (HESI). MS/MS breakdown graphs were recorded to 

explore the energy evolution of the fragmentation pathways which lead to the appearance of 

conjugate ions that have lost the sugar moiety.8 For this study, linear peptide conjugates were 

selected in which a drug molecule is attached to an aminooxyacetic acid (Aoa) linker at the N-

terminus of the peptides using oxime bond.2 MS/MS spectra of various protonated peptide 

ions were recorded as a function of the HCD collision energy (CE) over the range from 10-

100 eV.8 Under our experimental conditions, all studied peptide conjugates showed an 

intensive in-source fragmentation, resulting in the loss of the sugar moiety. Intact singly or 

multiply protonated molecules were also detected, however, these fragment ions appear as the 

most intense signals in the mass spectra.  

To demonstrate the extent of the in-source fragmentation for these compounds and the 

facile loss of the sugar moiety, Figure 1 shows the full scan ESI-MS spectra of two different 

peptide conjugates using direct sample infusion. Peptides were dissolved in a solvent mixture 

composed of acetonitrile and water (1:1, v/v) and 0.1% acetic acid. In the case of these linear 

constructs, singly and multiply protonated molecules can be identified in the full scan ESI-MS 

spectra (Figure 1). Ion ratios of the protonated molecules depend on the molecular weight of 

the constructs and the sequence of the peptide.8 As shown in Figure 1, beside the intact 

protonated molecules, additional intense signals can be detected in the mass spectra. These 

peaks belong to fragment ions formed by the loss of the daunosamine sugar molecule (129 Da 

mass decrease). The glycosidic bond between the daunosamine sugar and the tetracycline 

aglycone moiety can be cleaved under acidic conditions during the synthesis of the conjugates 

as well. This side reaction results in significantly decreased biological effects. Therefore, it is 

crucial that the homogeneity and the structure of the synthesized compounds are verified 

using suitable mass spectrometric techniques. 
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Figure 1. Full scan ESI-MS spectra of daunomycin-containing peptide conjugates. A) Dau=Aoa-

SKAAKN-OH; B) Dau=Aoa-GFLGKSKAAKN-OH. 
 

To investigate the formation of fragments with sugar loss in detail, energy-dependent 

fragmentation experiments were performed for various peptide conjugates. In these studies, 

MS/MS data of different precursor charge states (+1, +2, +3) were acquired in a wide 

collision energy range. Survival yield curves were calculated for the precursor ions, as well as 

ion intensity changes for the most important fragment ions.8 

Energy-dependent experiments showed that the HCD collision energy required to 

induce the fragmentation of the conjugates greatly depended on the molecular weight of the 

peptides as well as the charge state of the selected precursor ions. Peptide conjugates with a 

lower molecular weight and of a higher charge state were much more prone to fragmentation 

at lower collision energy values. Loss of the sugar is the leading fragmentation pathway, after 

which the charge can be located on the remaining peptide ion or on the sugar. In the latter 

case, the protonated sugar molecule can be detected at m/z 130, together with the charge-

reduced counterpart peptide ion which has lost the protonated sugar. An example of such an 

MS/MS spectrum is shown in Figure 2. 
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Figure 2. MS/MS spectrum of the triply protonated Dau=Aoa-GFLGKSKAAKN-OH (green) 

conjugate at 10 eV HCD collision energy. Charge-reduced fragment ion with sugar loss is detected as 
a base peak (red) together with the lower intensity protonated sugar. 

 

Figure 2. demonstrates the HCD MS/MS spectrum of a triply charged peptide 

conjugate. This ion exhibits very low stability, and it is almost completely decomposed even 

under the lowest possible fragmentation energy of the instrument that was used for the 

experiments (10 eV). Interestingly, the fragment ion lacking the sugar moiety but bearing two 

charges only is dominant in this MS/MS spectrum. Our results point at an unusual instability 

of these multiply charged peptide conjugate ions in general. We observed that the charge 

separation process, in which a protonated sugar is eliminated from the ions, resulting in the 

appearance of the charge-reduced fragment ions is a key fragmentation pathway in the case of 

daunomycin-containing peptide conjugates. This process is demonstrated in Figure 3. Figure 3 

shows the plots of normalized intensities of a fragment ion with sugar loss in the function of 

the collision energy in the case of different multiply charged precursor ions. The results 

demonstrate that the charge separation process, which leads to the formation of a fragment ion 

with a lower charge state (green line), is dominant for this compound (Figure 3.). MS/MS 

fragmentation of the precursor ion with charge state +3 leads to the dominant formation of the 

charge-reduced fragment (+2), even at very low collision energies (green line). MS/MS 

fragmentation of the doubly-charged precursor ion with +2 charges produces the same species 

at higher collision energies, and in this case other fragment ion types can also be observed 

(blue line). 
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Figure 3. Intensity of the doubly charged fragment ion with sugar loss, [M+2H-129]2+, in the function 
of the HCD collision energy for Dau=Aoa-GFLGKSKAAKN-OH. Precursor ions: doubly protonated 

molecule, [M+2H]2+ (blue), and triply protonated molecule, [M+3H]3+ (green). Intensity values are 
normalized to the sum of all peak intensities in the respective spectrum. 

 
In conclusion, our research was focused on the MS/MS fragmentation of 

daunorubicin-containing peptide conjugates, which results predominantly in fragment ions 

with the loss of the daunosamine sugar. Charge separation is a key fragmentation pathway for 

these multiply protonated ions. This process can also occur during the ionization, and results 

in complex mass spectra. Tune parameters of the mass spectrometer can slightly influence the 

in-source fragmentation, but we suggest the use of appropriate neutral buffers to decrease the 

charge state of the ions and thereby to prevent the dissociation of the highly charged species. 

These results could be used to predict the mass spectrometric behavior of these PDCs and 

could help in the evaluation of the mass spectrometric results as well as in the optimization of 

their MS detection.  
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Introduction 

Daunomycin (Dau) is an anthracycline anticancer antibiotic that can bind to the DNA 

in the nucleus and can inhibit the topoisomerase IIα enzyme.1 The use of daunorubicin in 

clinical treatments is, however, limited by cardiotoxicity and other severe side-effects. 

Peptide-drug conjugates (PDCs) containing daunomycin for targeted therapy have been in the 

focus of intensive interest since years. These constructs are promising candidates to overcome 

clinical drawbacks. In PDCs, the drug moiety is attached to a targeting peptide, which can 

bind specifically to a receptor overexpressed on tumor cells, resulting in specific antitumor 

effect. Tuftsin derivatives have already been successfully applied in the development of drug 

delivery systems.2,3 Tuftsin (TKPR) is a natural tetrapeptide, which is a proteolytic fragment 

of the IgG Fc heavy chain.4 In this molecule, the lysine side chain provides an optimal 

coupling site for conjugation of drug molecules. 

Mass spectrometry is a key technique for the fast and reliable identification of the 

products during the chemical synthesis of PDCs. However, in the case of anthracyclines and 

anthracycline derivatives, it is difficult to estimate the purity of the compounds due to an 

unusual fragmentation during MS analysis. Mass spectra of daunomycin containing 

bioconjugates show significant in-source fragmentation under the commonly used 

electrospray ionization mass spectrometry (ESI-MS). The main fragmentation pathway is the 

cleavage of the glycosidic bond. Emerging number of research papers are published in the 

field of novel anthracycline-containing PDCs.5-8 However, analytical data report complex 

mass spectra showing a mixture of protonated molecules, adduct ions and various fragment 

ions, and publications lack proper assignation and discussion of the detected peaks. 

Our research was focused on the analysis of daunorubicin-containing PDCs using ESI-

MS and on the determination of appropriate circumstances for the characterization of these 

complex molecules.9 Novel tuftsin-based bioconjugates were synthesized (Figure 1) to 
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investigate the quality of the mass spectra. The influence of the structure was studied, 

including the i) number of drug molecules; ii) number of basic functional groups; iii) presence 

or absence of an enzyme-labile spacer (GFLG) between the targeting peptide and the drug 

molecule. 

 
Figure 1. Schematic structure of novel tuftsin bioconjugates containing one or two daunomycin 

molecules with A.) free N-terminal amino group, B.) formylated N-terminus, C.) bearing a GFLG 
spacer. 

 

Results 

All peptides were synthesized by solid-phase methodology using Fmoc/tBu strategy. 

Daunomycin was conjugated to purified aminooxyacetylated peptides by oxime linkage. 

Tuftsin-daunorubicin bioconjugates and their dimer derivatives (containing two tuftsin units 

and thereby two daunomycin moieties (Figure 1) were synthesized and purified. Mass 

spectrometric experiments were performed on a Bruker Daltonics Esquire 3000+ ion trap 

mass spectrometer equipped with electrospray ionization source, operating with continuous 

sample injection. 

Commonly used ESI-MS experimental conditions for peptides is based on a solvent 

mixture composed of acetonitrile and water containing 0.1% acetic acid or formic acid.  

However, the mass spectra of these PDCs showed several peaks under these conditions. 

Fragment ions can be identified with high intensity, while intact protonated ions have lower 

abundance. Especially bioconjugates containing two daunomycin molecules (4, 5, 6) 

produced highly complex mass spectra showing a combination of sugar losses. We observed 

that a free N-terminal amino group facilitates the cleavage of the glycosidic bond, while 

blocking the N-terminal by formylation (2, 5) results in lower fragmentation. Results indicate 

that incorporation of a neutral spacer (GFLG) between the peptide and the drug moiety (3, 6), 

hereby moving the sugar moiety away from the basic tuftsin peptide backbone, slightly 

decreases the in-source fragmentation of the compounds.  

n=1 1
n=2 4

n=1 2
n=2 5

n=1 3
n=2 6

A B C
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We investigated the effect of the ion source tune parameters and the composition of 

the solvents used for the ionization of the samples as well. The results showed that significant 

reduction of the capillary exit potential (to 5 V) could slightly lower the fragmentation and 

increase the intensity of the intact protonated molecules. Other ion source parameters did not 

affect the ion ratios significantly. 

Furthermore, we studied the effect of solvent mixtures while keeping the reduced 

capillary exit potential. Besides the commonly used acidic solvent, we used, for example, 

acetonitrile-water (50:50%, v/v) mixture and solutions containing ammonium bicarbonate 

(NH4HCO3, 50 mM, pH 7.8) or ammonium acetate buffers (NH4OAc, 50 mM, pH 6.7) and 

acetonitrile (50:50%, v/v). These neutral buffers can reduce the charge state of the ions. Our 

results show that the decrease in the number of charges on the protonated molecules formed 

during ESI ionization reduced the spontaneous dissociation of the glycosidic bond 

significantly.  

The non-acidic acetonitrile-water mixture could decrease the amount of the fragment 

ions in case of conjugates 1, 2, 3 and 5, while it was not effective for compounds 4 and 6. 

However, in the case of the volatile buffers, intact protonated molecules of all bioconjugates 

were dominant. NH4OAc buffer provided clearer ESI-MS spectra and over 95% intact 

protonated molecules (Figure 2). The best quality spectra could be achieved with a 

combination of low capillary exit potential (5 V) and NH4OAc buffer (50 mM, pH 6.7).  

Our results show that a higher number of positively charged functional groups in the 

PDC molecule indicated higher in-source fragmentation. Consequently, structural 

modifications, such as formylation can influence (enhance or decrease) the gas-phase stability 

of the molecules. We also found that enhanced distance between the sugar moiety and the 

positively charged peptide backbone decreases the fragmentation. The spontaneous 

dissociation of the glycosidic bond is facilitated by the highly charged peptide chain, 

therefore, shifting the charge states to lower charges can help to keep ions intact. Hence, 

application of neutral or slightly basic volatile buffers can significantly reduce the 

fragmentation of the analyte. In our experiments, the most appropriate buffer for suppressed 

fragmentation was ammonium acetate. 
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Figure 2. ESI-MS spectra of conjugate 4 in solvent mixtures containing A.) 0.1% acetic acid 

and B.) 50 mM NH4OAc buffer, and acetonitrile (50:50, v/v). Capillary exit potential was set to 5 V in 
the case of spectrum B. 

 

In conclusion, not only the settings of the mass spectrometer but also the structure of 

the daunorubicin-tuftsin conjugates had a high impact on the ESI-MS spectra. Conditions 

suggested here can be useful in the analysis of anthracycline-containing bioconjugates, to 

obtain mass spectra comprising intact protonated molecules. 
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Introduction 

The main challenge of the drug delivery concept in cancer therapy is to transport a 

sufficient amount of the cytotoxic agent to the diseased site(s) while minimizing their 

exposure to healthy tissues. To achieve this, one main strategy is the application of peptide – 

drug conjugates (PDCs).1  

PDCs are nowadays an emerging class of prodrugs, formed through the covalent 

attachment of a specific peptide sequence to a drug via linker(s). PDCs usually consist of a 

cytotoxic agent (drug), a tumor homing peptide 

(carrier and targeting moiety) and a labile or 

enzyme cleavable linker between them. The 

utilization of peptides in drug delivery systems 

has many advantages, as they allow for the 

incorporation of a great degree of functionality 

into PDCs (e.g. improving solubility, tumor 

selectivity, special metabolism). This versatility 

would allow an arbitrary combination of targeting 

peptides, linkers and drug molecules to develop 

personalized cancer therapeutics upon selecting a 

tumor homing peptide that will be most 

appropriate for the type of cancer needed.2 In 

addition, peptide sequences can be selected according to the required physicochemical 

properties or the characteristic groups necessary for the conjugation with the therapeutic 

payload. It follows, however, that the different conjugation methods and functional groups 

used to form PDCs from the three building blocks (carrier, linker and drug), needs to be 

compatible with each other. 

To this end, we set up a model system in which the side-by-side applicability of the most 

commonly used conjugation reactions can be investigated. Our main focus was to develop so-

Figure 1. Sequential one-pot reaction 
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called “sequential one-pot” combinations, as this would be the most efficient way to build 

PDC libraries (Figure 1). 

Our model carrier was GnRH-III (<EHWSHDWKPG-NH2), a well-known tumor 

homing peptide.3 GnRH-III also gave us the advantage of examining the conjugation steps in 

the presence of delicate amino acids, as the peptide contains oxidation and alkylation sensitive 

histidine and tryptophan. For linker, the GFLG tetrapeptide has been chosen, as a widely used 

Cathepsin B sensitive spacer,4 which is also poorly water soluble, thus, the problem of 

sparingly soluble sequences also had to be addressed. Two clinically used chemotherapeutic 

drugs were selected as our model drug molecules: daunomycin (Dau) and methotrexate (Mtx) 

as they allow a different kind of conjugation.5,6 

For the selection of the conjugation techniques, three aspects were considered: it must 

occur frequently in the literature, must be compatible with each other and should be easily 

performed with minimal laboratory background. Thus, the oxime-ligation, thioether- and 

peptide-bond formations were chosen. 
 

Results 

Two different derivatives of GnRH-III were prepared, modified on ε-amino group of 
3Lys with chloroacetic acid or acetylcysteine (Figure 2, C1 and C2), which allowed the 

formation of thioether bond with the spacers containing maleimidohexanoic acid (Mal-Hx) 

(S5, S7), chloroacetyl (Cl-Ac) group (S4, S6) or cysteine (S1, S2, S3), accordingly. 

The conjugation to the drug molecules could happen via amide (Mtx and Dau1) or 

oxime bond formation (Dau2), therefore the spacer sequences contained a free amine (3Lys 

side chain: S4, S5) or succinic acid (Suc) (S1) or aminooxyacetic acid (Aoa) (S4, S5, S6, S7). 

This palette of compounds allowed us to study and optimize the sequential one-pot formation 

of PDCs not only in the order of carrier + spacer carrier-spacer+ drug, but also the other 

way around, spacer + drug spacer-drug + carrier. As the aminooxy-functional group is 

sensitive to acylation, the combination of oxime and amide conjugation methods were not 

studied. Therefore, two other combinations were investigated in depth. 

 



67 
 

 
Figure 2. Prepared carrier and spacer molecules and the conjugated chemotherapeutic drugs  

 

Compatibility of amide- and thioether-bond  

The peptide-bond formation between the drugs and spacers were carried out in 

solution, in the presence of PyBOP and DIPEA. Under this alkaline conditions maleimido and 

chloroacetyl groups, and also daunomycin quickly degraded, therefore it was concluded that 

S1-Dau1, S4-Mtx, S5-Mtx cannot be synthesised.  

 

 

Figure 3. Sequential amide and thioether bond formation 

 

Nevertheless, the two conjugation types could be compatible with each other, even as 

the first step is the amide bond formation (Figure 3). As S-acylation is a more reactive 

pathway compared to N-acylation the free thiol group of the S2 spacer had to be masked 
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temporarily by dimerization through a disulfide bridge. This was followed by the peptide 

bond formation with Mtx (Mtx-S2-S2-Mtx) and after the reduction of the disulfide bridge 

with TCEP, the thioether bonded product could be readily synthesised (C1-S2-Mtx). Our 

experimental results also confirmed that a less complicated pathway is when the first 

conjugation step is the thioether formation, followed by the peptide bond (C1+S2 C1-

S2+Mtx  C1-S2-Mtx; Figure 3).  

 

Compatibility of oxime and thioether bond  

It can be said that the two types of conjugation (oxime and thioether) methods are 

compatible, unfortunately, as it turned out, our model system was not entirely suitable to 

investigate it in depth. Thioether formation requires alkaline media and the reaction usually 

takes 16 h to be totally completed.  

Under these conditions, as it was earlier already mentioned, daunomycin quickly 

decomposes in minutes. Therefore, in our case, sequential one-pot reactions could be carried 

out only if the first conjugation step is the thioether-bond formation. Under such 

circumstances C1-S3-Dau2, C2-S6-Dau2 and C2-S7-Dau2 were effortlessly synthesised in 

aqueous media only by setting the pH (Figure 4). 

 

 

Figure 4. Sequential oxime and thioether bond formation 
 

In summary, our investigation showed that oxime-thioether and amide-thioether 

conjugations can be used effectively and easily in sequential order for the development of 

PDC libraries. Further plans include the investigation of other conjugation methods (e.g. 

click-reaction) and their compatibility with each other. 
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Introduction 

Combining different compounds with antitumor activity can enhance the effect of the 

hybrid compounds on tumor cells.  

Quinine derivatives have several advantageous biological effects: it has been known 

for a long time as antimalarial agent.1 Direct antitumor activity of these molecules was also 

described2,3 and they can be applied in combination therapy as well.4 

Former studies proved the cytotoxic effect of cinchona hybrids on several tumor cell 

lines like PANC-1 human pancreatic carcinoma, COLO-205 human colon adenocarcinoma, 

A2058 human melanoma and EBC-1 lung carcinoma.5,6 Ferrocenecinchona hybrids with 

triazolyl-chalcone linkers showed a marked anti-tumor effect on HT-29 human colon 

carcinoma and HepG2 human hepatocellular carcinoma6 and MCF-7 human breast cancer, 

SH-SY5Y human neuroblastoma and HL-60 human leukemia cell lines3 and they enhanced 

the production of reactive oxygen species, inhibited autophagy and increased paclitaxel 

sensitivity in MDR tumor cell lines as well.7  

Chalcones are also a well-known group of molecules inducing antitumor activity. 

Antiproliferative effect elicited by isoliquiritigenin (4,2,4'-trihidroxychalcone) was reported 

on HeLa and MCF-7 human breast cancer cell lines, whereas other chalcones caused 

apoptosis via inhibition of p53 suppressor protein on tumor cells.8 In our research group, the 

cytotoxicity of 1,3-diphenylchalcone (IC50 = 10.19 µM) and 1-(p-methoxyphenyl)-3-phenyl 

chalcone (IC50 = 12.43 µM) was described on HL-60 human leukemia cell line.9 In the present 

study we investigated the in vitro cytostatic effect of novel cinchona-chalcone hybrids with 

1,4- or 1,5-disubstituted 1,2,3-triazole linker (Figure 1).  
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Figure 1. Structure of cinchona-chalcone hybrid molecules with a 1,2,3-triazole linker 
 

Results 

Synthesis of the compounds was performed by copper(I)-and ruthenium(II)-catalyzed 

click reactions according to Károlyi et al 3, in some cases modified by Jernei et al.5  

In vitro cytostatic activity of the compounds were tested by MTT assay10 on tumor cell 

lines of different origin, including A2058 human melanoma, A431 human epithelial skin 

carcinoma, HT-29 human colon carcinoma, MDA-MB-231 and MCF-7 human breast 

carcinoma and HepG2 human hepatocellular carcinoma cell lines. Cells were treated with the 

compounds at 0.4-50 µM or 0.2-25 µM concentrations. Highest concentration for the 

treatment was determined with a preliminary solubility probe in serum-free medium (RPMI-

1640 or DMEM). Treatment was taken place overnight, then compounds were removed, cells 

were washed and cultured for further 72 hours. The cytostatic effect was calculated with the 

following formula:   

Cytostasis [%] = (1-Atreated/Acontrol)×100 

IC50 values were calculated from sigmoidal curves fitted on the cytostasis data using 

Origin2018 software.  

 Results indicate that most of the cinchona-chalcone hybrids studied proved to be 

effective anti-tumor agents under the conditions described above. Overall, MCF-7 human 

breast cancer cell line proved to be the most sensitive to the cinchona-chalcone hybrids (IC50 

values were < 3 µM, except for one compound), but in case of some hybrids, lower IC50 
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values could be obtained on HT-29 human colon carcinoma and A2058 human melanoma 

cells. The most effective compounds were JT-226 with a quinine skeleton, 1,4-disubstituted 

triazole linker carrying a 3,4,5-trimethoxybenzoyl substituent in the chalcone moiety (IC50 = 

0.57±0.23 µM on HT-29 cells), and JT-227 with a quinidine skeleton, and also a 1,4-

disubstituted triazole linker and a 3,4,5-trimethoxybenzoyl group in the chalcone moiety (IC50 

= 0.52±0.06 µM on A2058 cells (Table 1., Figure 1).  

 

Table 1. In vitro cytostatic effect of cinchona-chalcone hybrids JT-181JT-227 on HT-29, 
HepG2, A2058, MDA_MB_231 and MCF-7 tumor cell lines 

code HT-29 HepG2 A2058 MDA-MB-231 MCF-7 
IC50 
[µM] 

± SD IC50 
[µM] 

± SD IC50 
[µM] 

± SD IC50 
[µM] 

± SD IC50 
[µM] 

± SD 

JT-181 4.07 0.77 8.92 0.08 8.15 0.34 5.70 4.70 2.9 0.50 
JT-182 3.28 0.48 8.03 0.38 2.51 0.43 6.80 5.10 3.1 0.60 
JT-218 9.25 0.48 12.25 1.10 3.35 0.08 11.15 0.40 2.3 0.10 
JT-219 8.99 1.08 34.18 0.00 3.36 0.26 6.05 2.10 3.1 0.60 
JT-220 7.92 0.28 10.37 0.38 3.67 0.46 12.40 5.10 8.4 0.40 
JT-221 3.66 0.72 9.34 0.07 2.31 0.01 6.60 4.50 3.1 0.20 
JT-222 27.40 9.50 24.25 9.00 2.59 0.06 6.56 4.20 2.6 0.60 
JT-223 8.14 0.56 6.88 3.86 1.49 0.33 9.15 2.10 2.8 0.30 
JT-224 2.88 0.09 6.62 0.82 2.50 0.06 2.80 0.00 1.8 0.60 
JT-225 10.86 0.99 n.d. n.d. 7.27 0.90 2.60 0.10 1.4 0.40 
JT-226 0.57 0.23 0.99 0.52 1.10 0.08 2.15 0.40 1.6 0 
JT-227 1.32 0.04 2.98 0.70 0.52 0.06 5.70 4.70 2.9 0.50 
 

 

Figure 2. Structure of cinchona-chalcone hybrids elicited the most effective anti-tumor effect on HT-
29 and A2058 cells (*numbering according to Jernei et al.5). 
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 Based on these results, another set of compounds were tested on HT-29 ad A2058 

cells under the same conditions. We found two similarly effective compounds, with 

epiquinidine skeleton and 1,5-disubstituted triazole linker and  3,4,5-trimethoxybenzoyl group 

in the chalcone moiety (JT-382) or 3,5-dimethyl-4-hydroxybenzoyl derivative (JT-387) 

(Table 2) 

 

Table 2. In vitro cytostatic effect of cinchona-chalcone hybrids JT-230JT-387 on HT-29 and 
A2058 cell lines 

code HT-29 A2058 
IC50 [µM] ± SD IC50 [µM] ± SD 

JT-230 10.27 2.34 9.86 0.49 
JT-334/1 25.75 23.72 9.26 2.04 
JT-334/2 9.71 0.17 10.04 1.51 
JT-335/1 18.22 11.63 9.80 2.28 
JT-335/2 >100 - 9.80 1.98 
JT-354 25.24 18.37 23.11 15.36 
JT-355 >100 - 52.72 10.51 
JT-381 9.42 1.15 8.06 1.30 
JT-382 4.48 2.59 2.78 0.06 
JT-386 23.66 1.40 45.92 4.57 
JT-387 3.54 0.11 4.40 0.16 

 

Finally, a third group of hybrid compounds, four of them with quinuclidine skeleton, 

was also investigated on U87 human glioblastoma, A2058 human melanoma, A431 human 

skin carcinoma and HepG2 human hepatocarcinoma cell lines. Among these compounds, we 

found that JT-450 and JT-475 with 1,4-disubstituted triazole linker and 3,4,5-

trimethoxybenzoyl substituent proved to be the most promising anti-tumor agents (IC50 < 3 

µM) on three of the four cell lines. The effect was cell dependent, A431 cells proved to be the 

most sensitive for these compounds (Table 3).  

 

Table 3. In vitro cytostatic effect of cinchona-chalcone hybrids with quinuclidine skeleton on 
U87, A2058, A431 and HepG2 cell lines 

 
code 

U87 A2058 A431 HepG2 
IC50 
[µM] 

±SD IC50 
[µM] 

±SD IC50 
[µM] 

±SD IC50 
[µM] 

±SD 

JT-446 11.51 - 9.19 - 11.00 - 14.11 - 
JT-450 12.94 0.30 3.13 0.54 2.79 0.27 2.97 0.30 
JT-471 9.56 - 7.26 - 4.41 - 8.54 - 
JT-475 2.76 0.11 10.45 1.16 2.32 0.16 2.65 0.08 
JT-521 14.74 0.18 3.14 0.45 5.33 0.35 11.78 0.65 
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In conclusion, we can state, that cinchona-chalcone hybrid compounds elicited an 

effective antitumor effect. The efficacy of these compounds was influenced by the skeleton as 

well as the position of the substituents on the linker, or the substituent in the chalcone moiety. 

Some hybrids showed outstanding effect with lower than micromolar IC50 values; these 

molecules can be promising candidates for drug development for further clinical application.  
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Introduction 

 ONC201 (TIC10, TRAIL-inducing compound 10) is an effective small molecular 

antitumor agent that is able to induce apoptosis in tumor cells (Figure 1).  

 The mechanism of action is based on activating TRAIL, tumor necrosis factor 

(TNF)-related apoptosis-inducing ligand. It was explored that TIC10 and its derivative, 

ONC212 inhibit Akt and Erk signaling, in this way induce translocation of the transcription 

factor Foxo3a into the nucleus (Figure 1 and Figure 2). The transcription factor Foxo3a 

enhance the TRAIL gene expression and stimulates TRAIL and death receptor-5 (DR5) 

transcription, finally activating TRAIL-mediated apoptosis pathway.1,2 

 
Figure 1. Structure of ONC201 (TIC10) and ONC212 

 

 Apoptotic effect of ONC201 was demonstrated on hepatocellular carcinoma, 

including HepG2 cells,3 whereas ONC212 showed an anti-tumor effect via blocking Akt/Erk 

pathway in a glioblastoma cell line2 and its apoptosis induction was demonstrated on 

pancreatic tumor cell lines and xenografts as well.4 

The organometallic ferrocene (bis(cyclopentadeinyl)iron) is also known as an 

antitumor agent; several ferrocene derivatives proved to be effective against HL-60 human 

leukemia cells5-7 and cisplatin-resistant ovarian cancer cells.8 Ferrocene can cause cell death 

via different mechanisms: e.g. via inhibition of COX-2 isoenzyme that is frequently 
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overexpressed in various tumor cells, 9 but topoisomerase II inhibition of different ferrocene 

derivatives was also described.5 

 
Figure 2. Mechanism of action of ONC201 and ONC212 initiating cell death 

 

 In these studies, we investigated antitumor effect of novel ONC201 hybrids with 

impiridone core and one or two differently positioned ferrocenylalkyl groups or halogenated 

benzyl groups on different human tumor cell lines, including melanoma, epithelial skin 

cancer, glioma, colon carcinoma and hepatocellular carcinoma.10  
 

Results 

Synthesis of the compounds was described in details by Bárány et al.10 Novel 

compounds were characterized by 1H- and 13C-NMR methods.  

In vitro cytostatic effect of the compounds was measured by MTT assay11 on A2058 

human melanoma, A431 human epithelial skin carcinoma, U87 human glioblastoma, HT-29 

human colon carcinoma and HepG2 human hepatocellular carcinoma cell lines. Cells were 

treated with the compounds at 0.8-100 µM, 0.4-50 µM or 0.2-25 µM concentrations. Highest 

concentration for the treatment was determined with a preliminary solubility probe in serum 

free medium (RPMI-1640 or DMEM). Highest concentration for the treatment was 

determined with a preliminary solubility probe in serum-free medium (RPMI-1640 or 

DMEM). Cells were incubated with the compounds overnight, then the agents were removed 

and after several washing steps, cells were cultured for further 72 hours at 37 °C. The 

cytostatic effect was calculated with the following formula:   
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Cytostasis [%] = (1-Atreated/Acontrol)×100 

IC50 values were calculated from sigmoidal curves fitted on the cytostasis data using 

Origin2018 software.  

First, we tested a set of new compounds on A2058 human melanoma and HT-29 

human colon carcinoma cell lines. We found 10 compounds that showed a moderate 

cytostatic effect (8.82 < IC50 < 69.43) including three ferrocene containing derivatives. Two 

compounds, however, proved to be markedly effective, the hydrochloride salt of 7-benzyl-4-

(4-iodophenylmethyl)-2,4,6,7,8,9-hexahydroimidazo[1,2-a]pyrido[3,4-e]pyrimidin-5(1H)-one 

(NZS-009·HCl, IC50 = 2.7±1.1 µM on HT-29 colon carcinoma cells) (Table 1, Figure 3)  

 
Figure 3. Chemical structure of the most effective compound, 

7-benzyl-4-(4-iodophenylmethyl)-2,4,6,7,8,9-
hexahydroimidazo[1,2-a]pyrido[3,4-e]pyrimidin-5(1H)-one 

 

 The second group of compounds was tested on A431 human skin carcinoma and 

U87 glioblastoma cells (Table 2). Of these substances, several compounds showed significant 

anti-tumor effect and two compounds induced extraordinary activity on 431 cells (IC50  < 0.2 

µM). For the most active compounds a patent application have been submitted.12 

 A third group of compounds was tested on four tumor cell lines, including the 

HepG2 human hepatocarcinoma cell line, A2058 human melanoma, A431 human skin 

carcinoma, and U87 human glioblastoma cells (Table 3). The results show that HepG2 cells 

were found to be much more sensitive to the compounds than the other cell lines, which is in 

consistence with the effect described for of ONC201.3 Among the highly cytostatic 

compounds we found azide, fluoro- and iodine-substituted derivatives as well as impiridone-

gemcitabine hybrids (reference compound gemcitabine, CT-059G also showed a remarkable 

antitumor effect on three cell lines, except for U87 glioblastoma). Compound TBP-274 (7-(4-

azidobenzyl)-4-(4-iodophenylmethyl)-2,4,6,7,8,9-hexahydroimidazo[1,2-a]pyrido[3,4-

e]pyrimidin-5(1H)-one) showed an outstanding effect on A2058 cells. (Table 3, Figure 4.). 
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Table 1. Cytostatic effect of impiridone hybrids on HT-29 human colon carcinoma and A2058 
human melanoma cells 

code HT-29 A2058 
IC50 [µM] ±SD IC50 [µM] ±SD 

NZS-009 B·HCl 16.9 8.6 5.28 0.86 
NZS-009·HCl 2.7 1.1 8.82 7.14 
TBP-038·HCl >100 - >100 - 
TBP-039·HCl >100 - >100 - 
TBP-040·HCl >100 - >100 - 
KIM-011·HCl >100 - >100 - 
TBP-052·HCl >100 - 47.365 23.50 
TBP-053·HCl >100 - >100 - 
TBP-054·HCl 33.0 23.3 20.91 12.46 
TBP-055·HCl 34.0 21.9 17.64 6.65 
NZS-009 B >100 - 27.57 33.88 
NZS-009 >100 - >100 - 
TBP-038  >100 - >100 - 
TBP-039  58.6 18.6 >100 - 
TBP-040 >100 - >100 - 
KIM-011  >100 - >100 - 
TBP-052 35.6 0.5 31.22 8.98 
TBP-053  11.6 3.5 13.51 8.49 
TBP-054 >100 - >100 - 
TBP-055 >100 - >100 - 
NZS-033 22.08 9.43 9.53 8.14 
NZS-034 >100 - >100 - 
NZS-036 >100 - >100 - 
TBP-116 45.35 38.56 35.12 30.64 
TBP-117 69.43 7.83 >100 - 
TBP-118 14.33 7.81 14.16 8.05 
TBP-125 40.16 5.32 28.73 11.92 
TBP-126 >100 - 49.84 13.56 
TBP-127 39.86 16.50 32.33 22.82 
TBP-128 >100 - 57.23 20.24 
TBP-129 40.87 2.37 28.12 13.31 
TBP-130 >100 - 42.00 26.85 
CZT-016 55.68 3.77 45.4 2.60 
CZT-016·HCl 54.69 9.21 43.6 2.97 
CZT-018 72.40 13.02 52.0 1.12 
CZT-018·HCl 45.97 3.12 45.0 0.98 
NZS-022 26.52 15.25 36.3 13.35 
TBP-029 24.82 4.46 >100 - 
NZS-033 22.1 9.4 9.5 8.1 
NZS-034 >100 - >100 - 
NZS-036 >100 - >100 - 
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Table 2. Cytostatic effect of impiridone hybrids on A431 human skin carcinoma and U87 
human glioblastoma cells. 

code  

 

IC50 [µM] 
A431 U87 

TBP-072 >25 >25 
TBP-073 >25 >25 
TBP-098·HCl >25 >25 
TBP-098 >25 >25 
TBP-109 >25 >25 
TBP-134 3.55 >25 
TBP-135 7.29 >25 
TBP-136 >25 >25 
TBP-161 >25 >25 
TBP-162 >25 >25 
TBP-163 >25 >25 
TBP-183 >25 >25 
KIM-074/E 3.63 3.51 
KIM-075/E 8.95 5.99 
KIM-056/E 1.39 6.02 
KIM-061/E >25 >25 
KIM-072/E >25 >25 
KIM-073/E 2.66 17.44 
TBP-149 <0.2 4.48 
TBP-150 6.16 >25 
CZT-021 <0.2 4.16 
CZT-022 <0.2 >25 
 

Table 3. Cytostatic effect of impiridone hybrids on HepG2 human hepatocarcinoma cell line, 
A2058 human melanoma, A431 human skin carcinoma, and U87 human glioblastoma cells. 

Code IC50 [µM] 
U87 A2058 A431 HepG2 

TBP-272 6.1 1.25 11.1 <0.2 
TBP-274 >25 0.7 >25 <0.2 
CZT-054 >25 7.5 >25 0.6 
CZT-059 >25 >25 >25 2.6 
CZT-059G >25 <0.2 2.7 <0.2 
CZT-061 >25 >25 >25 0.6 
CZT-069 >25 >25 >25 0.7 
CZT-091 >25 >25 8.26 3.8 
CZT-092 >25 7.25 4.4 3.4 
CZT-097 10.6 1.6 9.3 0.8 
CZT-099 >25 4.65 >25 8.1 
CZT-100 22.3 1.7 >25 0.9 
CZT-102 >25 6.3 >25 4.0 
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Figure 4. Structure of TBP-274 (7-(4-azidobenzyl)-4-(4-

iodophenylmethyl)-2,4,6,7,8,9-hexahydroimidazo[1,2-
a]pyrido[3,4-e]pyrimidin-5(1H)-one) 
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Introduction 

ONC201 (also called TIC10–TRAIL-inducing compound) is a new drug candidate that 

belongs to the family of small molecules.1 It is water soluble, lipophilic (logP=2.3); thus it can 

be administered per os which is an important factor in the adherence of patients.1 It is 

currently investigated in early-phase clinical trials aiming to cure solid tumors.   

Although the mechanism of ONC201 is still not clear, from literature we know that it 

may be able to activate both intrinsic and extrinsic apoptosis.2  

It can trigger apoptosis via p53-dependent ways by increasing the activation of 

caspases.3 By inhibiting the Akt and MAPK intracellular pathways independently from the 

p53-status of the cells, the FOXO3a transcription factor dephosphorylates and its activation 

increases.4 Due to the change in the conformation of this protein, it can easily penetrate into 

the nucleus, where it enhances the expression of the TRAIL protein (TNF-related apoptosis-

inducing ligand). The TRAIL protein can then trigger apoptosis selectively in cancer cells 

upon the greater presence of TRAIL-R1 and TRAIL-R2 in the surface membrane of 

cancerous cells.5  

The reference molecule, ONC201 can be modified with ferrocene, benzyl and halogenated 

benzyl group on the heterocyclic skeleton in order to optimize the pharmacokinetics of the 

molecule and to increase the antitumor effect (Figure 1). 
 

Objectives of the present study were: 

1. to study the antitumor effect of ONC201 and its 30 newly synthesized derivatives in 

PANC-1 and COLO-205 cell lines 

2. to compare the efficacy of the derivatives with the parent molecule 

3. to select the most effective 3 derivatives for further cell cycle analysis 
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Figure 1. Groups of investigated TIC10 derivatives  

 

Results 

After evaluation of the cell viability assays, the IC50 value of the reference molecule 

was not detectable on PANC-1 cells, but on COLO-205 it was 5 M after a 72h long 

incubation (Figure 2). Table 1. shows that three derivatives were identified as more potent 

candidates than the reference molecule upon their lower IC50 values. The most potent 

derivates all belong to the group modified with a halogenated benzyl group.  

 
Figure 2. Normalized data and fitted dose-response curves of the reference molecule for PANC-1 and 

COLO-205 cell lines 
 

As the upregulated TRAIL protein can act through the activation of death receptors, 

e.g. the TRAIL-R1 and TRAIL-R2, the status of the cell lines on these two receptors was 

determined by flow cytometry. The COLO-205 and the PANC-1 cells also seem to express 

both of the receptors, but COLO-205 cells tend to have a higher percentage of TRAIL-R1 and 

TRAIL-R2 than the PANC-1cells (Figure 3). 
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Table 1. IC50 values (M) after 72 hours of treatment 

 
 

 
Figure 3. Levels of expression of TRAIL-R1 and TRAIL-R2 on the surface membrane of PANC-1 

and COLO-205 cells 
 

For further cell cycle analysis, the compounds were tested at 1.5 M concentration. 

This concentration is the IC20 value of the tested reference molecule for both tumorous cell 

lines. ONC201 and its 3 derivatives had a barely significant effect on the cell cycle phase 

distribution of PANC-1. In COLO-205, an increase in the number of the cells in the subG1 

phase was detected after 48h long treatment. This increase correlates with the decrease of the 

cells in the G0/G1 phase. This idea suggests that the compounds can act independently from 

the cell division and can target resting cells in the G0 phase (Figure 4). 
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Figure 4. Cell cycle profile of PANC-1 and COLO-205 cells after 24 and 48 h long treatment with the 

different compounds at a concentration of 1.5 μM 
 

Conclusion 

Our results show that ONC201 had a more potent effect on the colorectal tumor cell 

line COLO-205 than on the pancreatic adenoma cells PANC-1. Our results have a good 

correlation with the previous results of the literature.6 All of the tested compounds induced 

cell cycle arrest in the cell lines after 48 hours of the treatments, although no decrease in the 

cell viability was measured at this time point, which results confirm previous findings of the 

literature.7 As the COLO-205 tumorous cell line expresses a higher percentage of TRAIL-R2 

than TRAIL-R1, our theory is supported that ONC201 can trigger cell death via the activation 

of TRAIL-R2.  

In conclusion, our data suggest that the investigated derivatives are potentially good 

candidates for antitumor therapy of colorectal cancers in the future. 
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Introduction 

Bortezomib (BOZ), a targeted proteasome inhibitor, has become an unavoidable 

medicine in the treatment of multiple myeloma, a hematological malignancy. The U.S. Food 

and Drug Administration (FDA) approved BOZ for the treatment of progressive multiple 

myeloma in 2003. In addition, recently scientists have investigated the potential activity of 

BOZ and its probable combinations with the purpose of curing solid tumor malignancies, e.g. 

melanoma, the malignant transformation of melanocytes.1,2,3 

BOZ is a low molecular weight, hydrophilic dipeptide-boronic acid derivative. It acts 

as a reversible inhibitor of the chymotrypsin-like protease activity of the proteasome.4 It 

blocks the NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) pathway 

via inhibition of the degradation of the IκB protein that binds to the NF-κB and blocks its 

transport to the nucleus.5,6 

In general, chemotherapy-induced peripheral neuropathy (CIPN) is a severe side-effect 

of various chemotherapeutic agents, such as BOZ, cisplatin or paclitaxel.7 Unfortunately, 

bortezomib-induced peripheral neuropathy (BIPN) is a type of CIPN and belongs to the dose-

limiting side effects of BOZ.8,9 The symptoms of BIPN are paresthesia, allodynia, 

hyperalgesia.7 These symptoms are usually presented in stocking-and-glove-shaped 

distribution, and thus dose reduction or discontinuation can be required.8 To optimize the 

quality of life of the patients, different types of CIPN can be treated with antiepileptic agents 

such as gabapentin, antidepressants such as amitriptyline and neuroprotective or antioxidant 

vitamins such as Vitamin C.10,11 These antioxidant vitamins are over-the-counter (OTC) 

products and are part of the cancer supportive care that has a growing market nowadays. 

However, cancer supportive care is aimed to focus on the quality of life during the treatments 

of cancerous illnesses, but many times it may also decrease the antitumor effect of the 

chemotherapeutic agent. 

Other neuroprotective agents, e.g. alpha-lipoic acid (ALA) and Vitamin B1 (vit B1) 

are also applied as advantageous agents for cancer supportive care; previous studies have 
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shown the positive effect of these compounds mentioned above in different neurodegenerative 

conditions, e.g. diabetic neuropathy or anticancer drug-related peripheral neuropathy.12-14 
 

Objectives 

Based on the aforementioned findings, we hypothesized that the antioxidants may 

counteract the antitumor activity of BOZ. In the present work our aim was (i) to verify the 

anti-proliferative effects of BOZ in melanoma and myeloma cell lines, (ii) to test the influence 

of the ALA and vit B1 on the tumor growth inhibitory effect of BOZ, as well as (iii) to study 

the mechanisms of the effects of BOZ + antioxidants co-treatments.  
 

Results 

First, we determined the IC50 values in the 24th hour of the BOZ treatment on both 

cell lines (A2058 - IC50: 158 nM; U266 - IC50: 2.17 nM). Based on these IC50 values, the 

A2058 melanoma cell line showed a 72-fold lower sensitivity to BOZ compared with the 

U266 myeloma cells (Figure 1A and B). In the further experiments with the binary 

combination of BOZ and antioxidant vitamins, these compounds were tested only in 

representative concentrations (BOZ: 20, 100, 300 ng/mL; ALA: 10, 100 µg/mL and vit B1: 

150, 300 nM). 

Figure 1C-D shows the BOZ-induced anti-proliferation on myeloma and melanoma 

cells following 24 h exposure with 20, 100 and 300 ng/mL BOZ. The BOZ was anti-

proliferative on the melanoma cell line A2058 in a dose-dependent manner (Figure 1C), while 

on the myeloma cell line U266, in all tested concentrations with the same extent (Figure 1D). 

It is clearly shown in Figure 1C that the number of viable melanoma cells was significantly 

increased following 20 ng/mL BOZ + 100 µg/mL ALA co-treatment compared to the only-

BOZ treated cells. In the case of U266 cells, the antioxidants could not influence the 

antitumor effect of any BOZ treatment (Figure 1D).  

As shown in Figure 1E, dose-escalated BOZ treatment induced remarkable p53-

activation (phosphorylation of p53) even at lower concentrations on melanoma cell line 

compared to the control group (RFI = BOZ treated cells p53 MFI/control cells p53 MFI; RFI: 

ratio of the mean fluorescence intensity; MFI: mean fluorescence intensity). However, BOZ 

did not stimulate p53-activation in U266 cells.  
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Figure 1. Concentration-response curves for (A) A2058 and (B) U266 cells treated with BOZ for 

24 h. The data are normalized to the control wells. The IC50 value of BOZ was determined by fitting a 
sigmoidal dose-response curve to the data, using Origin Pro 8.0. Influence of alpha-lipoic acid and 

vitamin B1 on bortezomib mediated cell death on A2058 (C) and U266 cells (D) after 24 h incubation. 
(E) Analysis of the level of the activated p53 of A2058 and U266 cells after 24 h incubation with 20, 
100 and 300 ng/mL bortezomib (BOZ). The levels of significance are shown as follows: x: P < 0.05; 

y: P < 0.01; z: P < 0.001, determined by the One-way ANOVA test followed by Fishers LSD post hoc 
test. 
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As it can be seen in Figure 2, the percentage of the Annexin V (Ax V) positive cells 

was increased by every BOZ treatment in both cell lines. Surprisingly, the antioxidants were 

able to further increase the percentage of the early apoptotic cells compared to the matching 

BOZ-treated control in many instances, e.g. A2058 cell: 100 ng/mL BOZ + 100 µg/mL ALA 

or 150 nM vit B1; U266 cell: 20, 100, 300 ng/mL BOZ + 10 or 100 µg/mL ALA, 

respectively. Both concentrations of vit B1 could reduce the percentage of Ax V positive 

A2058 cells, however, no significant decrease was observed in the 20 ng/mL BOZ + 100 

µg/mL ALA combination compared to the 20 ng/mL BOZ-treated cells (Figure 2A). 

 
Figure 2. Apoptosis in A2058 (A) and in U266 (B) cells after 24 h long incubation with 20, 100 

and 300 ng/mL bortezomib and combinations of BOZ + 10 or 100 µg/mL ALA and 150 or 300 nM vit 
B1 analyzed by Annexin V assay. Data are given as mean values ± standard deviation (SD) (n=2). The 
levels of significance are shown as follows: x: P < 0.05; y: P < 0.01; z: P < 0.001, determined by the 

One-way ANOVA test followed by Fishers LSD post hoc test. 
 

We then hypothesized that BOZ may affect the cell cycle of the myeloma and 

melanoma cells. The cell cycle profile was evaluated after 24 h in the presence of BOZ 

(Figure 3). The percentage of A2058 cells in the sub G1 phase increased following the 

treatment with all the BOZ concentrations, along with a decrease in the proportion of the 

resting cells from G0/G1 phase (Fig. 3A). The treatment with 20, 100 and 300 ng/mL BOZ 

resulted in a tendentious increase in the proportion of cells in the S phase and G2/M phase. In 

contrast to our cell viability results, ALA could not significantly inhibit the effect of 20 

ng/mL BOZ on the sub G1 phase (Figure 3B). The effect of the antioxidant co-treatments was 

insignificant on the G2/M arrest induced by 20 ng/mL BOZ treatment.  
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Figure 3. Cell cycle analysis of A2058 (A-B) and U266 (C-D) cell lines after 24 h long incubation 

with 20, 100 and 300 ng/mL bortezomib (BOZ) and combinations of 20 ng/mL BOZ + 10 or 100 
µg/mL alpha-lipoic acid (ALA) and 150 or 300 nM vitamin B1 (vit B1) analyzed by NucleoCounter. 
The levels of significance are shown as follows: x: P < 0.05; y: P < 0.01; z: P < 0.001, determined by 

the One-way ANOVA test followed by Fishers LSD post hoc test. 
 

Conclusions 

Bortezomib, the first FDA approved proteasome inhibitor drug, is very important for 

the first-line therapy of multiple myeloma.15 There is a large volume of studies attempting to 

explain the effects of BOZ on U266 myeloma cells.16-18 As Chen pointed out, BOZ increased 

Ax V positivity and inhibited the growth of the U266 cells. In 2013, Selimovic et al. 

published a paper in which they described BOZ induced apoptosis- and autophagy-related 

pathways in melanoma cells, too.19  

According to Larsson et al.,20 the IC50 values of drugs are suitable drug response 

metrics to predict the sensitivity of cells. In the present work, we report that U266 myeloma 

cells were (IC50: 2.17 nM) more sensitive to BOZ than A2058 melanoma cells (IC50: 158 nM). 

Our data demonstrate a tumor-specific antitumor effect of BOZ, because p53 activation was 

observed only on melanoma but not on myeloma cell lines. These results are consistent with 

other studies and suggest that, depending on the tumor type, BOZ may act independently of 

p53 phosphorylation.21  

The detection of the early apoptotic cells developed by the BOZ treatments confirms 

our initial results on the cell viability of both cell lines. Dose-dependent apoptotic effect of 

BOZ was observed in the melanoma cells, whereas dose-dependency could not be detected in 

the myeloma cells. In contrast, other experiments carried out in this field,22,23 we could detect 
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a cell cycle arresting effect of BOZ on myeloma cells in the S-phase, while our results showed 

a G2/M-phase arrest on melanoma.  

This work calls the attention that BOZ may alter different pathways in the investigated 

melanoma and myeloma cell lines in vitro. Further data collection is required to unfold the 

dose-dependent correlation, how ALA affects the antitumor effect of BOZ. To sum up, the 

fact that 100 g/mL ALA was able to disrupt the antineoplastic effect of 20 ng/mL BOZ in 

melanoma cells in vitro, should point towards the proper use of cancer supportive care that 

must be in accordance with evidence-based medicine and must be under medical control. 
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Introduction 

During the last 10 years, ComInnex specialized on developing high-quality drug-like 

molecules in order to cover novel chemical space of potential biological targets. ComInnex’s 

original strategy focuses on non-flat 3-dimensional templates. The new compounds are 

prepared via hydrogenation of diverse heterocycles resulting in screening libraries with more 

favorable physicochemical properties and various functionalities. That approach, which was 

combined with up to date, in silico methods to generate focused Target Oriented Libraries via 

a complex platform (Figure 1), was an excellent starting point to synthesize novel compounds 

that might be applied as original drug leads alone or in combination with carrier compounds 

to develop novel Small Molecule Targeting Drug Conjugates (SMTDCs).  

 
Figure 1. Target Oriented Library platform (TOL) general workflow and steps 

 

Cancer is still one of the most challenging lethal diseases in medicinal chemistry with 

no or reduced surviving rate. Albeit some types of tumors already have potential treatment, 

there are still many tumor types without effective therapy. Our focus turned to pancreatic 

cancer, since it has a particularly high mortality rate (the general 5-year survival rate for 
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people with pancreatic cancer is 9%). The applied chemotherapies have several problems such 

as high resistance factor for anticancer drugs and low tolerability. The cytotoxic compounds 

applied in tumor treatment typically induce necrosis with toxic side-effects and inflammation, 

which is in contrast with the natural control mechanism of elimination and utilization of the 

malfunctioning cells regulated by programmed cell death (apoptosis) (Figure 2).1 

 

 

Figure 2. Main differences in necrotic and 
apoptotic elimination of cells 

Figure 3. Apoptosis signalling pathways 

 

Cancer is associated with the damage of the programmed cell death regulation, 

resulting in blocked elimination of the tumor cells, together with the resistance developed to 

chemotherapy. In cancer, the apoptotic signaling is de-regulated, particularly by the activation 

of an anti-apoptotic system, which allows cancer cells to escape this program leading to 

uncontrolled proliferation and tumor survival.2  

Apoptosis has a complex regulation mechanism (Figure 3), since on one hand, it has a 

vital role in removing malignant cells, on the other hand, the uncontrolled or released 

apoptosis might result finally in killing the patient. The goal we targeted was, therefore, to 

develop novel apoptosis-inducing or regulating cytotoxic lead compounds, which might also 

be conjugated with specific carrier molecules to ensure selectivity only on cancer cells. Our 

strategy can be summarized as Triple Action Magic Bullet approach (Figure 4).  
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Figure 4. Triple Action Magic Bullet strategy 

 
Design, synthesis and filtration of a diversified focused library 

Several hundred diverse compounds were designed applying the ComInnex TOL 

platform. The compounds were filtered via chemical feasibility and physicochemical 

properties. The parameters were set according to the ADME properties characteristic to the 

existing small molecule drug developments:  

MW <350 

clogP <3.5 

HBD <5 

HBA <9 
Finally, more than 200 compounds of different heterocycles were delivered and screened for 

cytotoxic activity on various cancer cell lines in the focus of two pancreatic cancer cell lines, 

PANC-1, and MiaPaCa-2. Six structures having cytotoxic activity higher than 10-4 were 

found from which 5 skeletons are illustrated in Figure 5. Two molecule cores which had more 

hits were picked for further development as starting points.  

 
Figure 5. 1st round in vitro cytotoxicity screening: best hits/ in silico protein target prediction  

XIAP, cIAP1/2 antagonists

CI1-24 CI1-25CI1-4 CI1-7

10-5 – 10-6 M 10-5 M 10-5 – 10-4 M

CI2-13

2D similarity screening

Hit rate: 6.2 %
325.000 active compounds
annotated with protein 
targets

Sigma 1 affinity: 17 nM
Sigma 2 affinity: 0.12 nM

Siramesine (Lu 28-179)

XIAP: 35 nM; cIAP: 0.4 nMXIAP: 500 nM

Sigma 1/2 ligands
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2D similarity search based on the structure of active compounds applying annotated 

databases (e.g. BindingDB) confirmed the biological potency and revealed the potential 

proteins targets. Compound group of CI1-7/CI2-13 and CI1-25 showed similarity to existing 

bioactive compounds in development as XIAP antagonists (member of the Inhibitor of 

Apoptosis Protein family) and sigma-1,2 ligands, respectively.  
 

The physiological function of Inhibitor of Apoptosis Protein family (IAP) and their 

antagonists3,4 

Natural anti-apoptotic proteins play an important role in the regulation of the 

programmed cell death (apoptosis). Those proteins regulate (inhibit) the activation of 

caspases. One of the most important protein groups in that regulation pathway is the Inhibitors 

of Apoptosis Proteins, comprising various proteins with high similarity (XIAP: X-linked IAP, 

cIAP1/2: cellular IAP1/2). XIAP inhibits initiator (Caspase-9) and effector caspases (Caspase-

3 and -7), through the interaction of its BIR domains (BIR3 and BIR2) with the N-terminal 

tetrapeptide (AVPI) of the SMAC (Second Mitochondria-derived Activator of Caspases) or in 

other term, DIABLO (direct IAP-binding protein with low pI) protein. (Figure 6) 

The IAP or XIAP antagonists such as SMAC/DIABLO and their mimetics temporarily 

suspend the inhibition of caspases. Intensive research activity is going on the field. Several 

SMAC mimetics were developed in the last couple of years,5,6 and 7 of them reached clinical 

phases. One of the first compounds, the Novartis’ LCL161 (Figure 6) is particularly 

promising and has recently entered Phase II. clinical trials. That compound has not only hung 

up the inhibition of apoptosis but in parallel directly induces apoptosis by activating TNFα. 

The compound mimics the AVPI tetrapeptide, which is the protein binding motif of the 

natural SMAC peptide.  

SMAC/AVPI is able to bind to the BIR3 domain of cIAPs as well and this interaction 

induces auto-degradation of the protein through E3 ligase mediated ubiquitination by the 

UBA/RING domain. However, if SMAC mimetics (compounds having AVPI-like structural 

motifs) are linked to specific binders of a POI (Protein of Interest) the conjugate could induce 

ubiquitination and degradation of this protein. Auto-ubiquitination and targeted ubiquitination 

can be balanced by achieving binding selectivity towards XIAP vs. cIAPs. 
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Figure 6. The role of IAP ligands in apoptotic signaling pathways 

 

Major physiological roles of sigma receptor1 and 2 (1R, 2R) and their ligands 

Sigma receptors play important roles in various diseases such as CNS-linked 

neurodegenerative diseases (e.g. Alzheimer Disease) and neuropathic pain; malfunction of 

ion-channels; the abnormal regulation of the cell proliferation and apoptosis induction (Figure 

7). Based on their role in the latter regulation pathways, sigma receptors have become 

potential targets in anti-cancer therapy.7 Sigma receptors exist in two major forms (sigma-1 

and sigma-2). While the crystal structure of the sigma-1 receptor has been recently elucidated, 

the 3D structure of the sigma-2 receptor is not known yet. Recent studies (cloning and 

sequencing) revealed that sigma-2 is an endoplasmic reticulum (ER)-resident membrane 

protein (TMEM97).8 It is a four-transmembrane protein which regulates the cholesterol 

transport and increases the rate of internalization of LDL.9 The downstream effect of the 

sigma-2 receptor binding results in the activation of the caspase-3 enzymes. Up to now sigma-

1 and -2 receptors lack natural ligands identified.10 In addition, the agonist or antagonist 

nature of the ligands is rather ambiguous, therefore the compounds that have affinities 

towards the receptors are simply referred to as Sigma receptor ligands.   

According to numerous studies, the sigma-2 receptor is overexpressed in solid tumors, 

therefore it could serve as a tumor marker and could be considered as a potential anticancer 

drug target. The activity pattern, the binding mode and the nature of the ligands are 

particularly important for designing such agents, since while S2R agonist and S1R antagonist 

induce apoptosis, Pentazocine, a sigma-1 agonist, promotes cell proliferation.11   

Sigma ligands could also serve as targeting elements in small molecule drug 

conjugates (SMDCs) (as an analogy to the peptide drug conjugates (PDCs). Interestingly, 
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sigma ligands conjugated to various IAP antagonists showed increased cytotoxic activities in 

several cell-lines compared to the parent, separate small molecules.12 While in these small-

molecule drug conjugates the IAP antagonist serves as a cytotoxic “warhead”, attachment of 

the targeting sigma ligand has multiple actions:  

a.) increases the internalization of the conjugate into the cell,  

b.) contributes with its intrinsic antiproliferative effects.   

On the other hand, recent TMEM97 knock-out studies revealed that the 

transmembrane receptor is not needed for the cytotoxic effects of sigma-2 ligands,13 thus, 

further studies are required to elucidate the molecular mechanism of the exact mode of action. 

The synergistic effect could also be attributed to the IAP antagonist’s protein degradation 

capability, therefore such conjugates were defined as SNIPERs (Specific and Non-genetic 

Inhibitor of apoptosis protein (IAP)-dependent Protein Erasers).14  

 
Figure 7. A hypothetical scheme of sigma-2 receptor/PGRMC1 signaling pathways in cancer cells15  

 

Rational analog design of XIAP antagonist compounds 

During the last couple of years, several structure – activity caveats were revealed. 

Looking at the structure of the natural ligand AVPI (alanine-valine-proline-isoleucine) 

tetrapeptide, 4 structural motifs (amino acids) were (P1, P2, P3, P4) determined.16 The 

relevance and the optional structural replacement for each motif is summarized in Figure 8. 
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As it was also reported, the P1, P2 dipeptide plays a critical role in binding to BIR3, thus, it 

acts as an “anchor”. The ring-embedded structure of the P2, P3 interface is similarly 

important and only isosteric replacements are allowed. Thus, P4 module offers the highest 

variability for novel compound design. During our rational design process, we identified the 

common or similar structural elements with LCL161 and applied the above modular approach 

for successively change the P3 and P4 motifs. In summary, we preferred changing the thiazole 

ring at 2,4 and 5 position. (Figure 9) 

 
Figure 8. AVPI-based structure – activity relationships 

 

 
Figure 9. Rational design of novel XIAP antagonists 

 

2D/3D chemoinformatics approaches. Virtual screening of the thiazole library 

Based on the above rational design approach, a substituted thiazole library was 

generated (Figure 10).  

Figure 10. Major structural variations of the thiazole virtual library 
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The virtual library was first filtered for drug-likeness using the standard 

physicochemical parameter ranges followed by docking to the 3D structure of XIAP BIR3 

domain. The available crystal structures of XIAP BIR3 (3HL5, 3CM2, 2OPY, 2JK7, 4HY0) 

allowed to generate 3D models in order to identify the major interactions of the known hit 

compounds and allowing to select the most effective XIAP antagonists.  

For 3D modelling Schrödinger "Small Molecule Drug Discovery Suite" software 

package was used. Based on the results of cross docking calculations, the 4HY0 crystal 

structure was selected leading to the best performing model of XIAP BIR3 domain. To 

incorporate flexibility of the receptor, the Induced Fit Docking module was applied, followed 

by MM-GBSA binding free energy calculations.  

The ΔG free energy values correlated with the biological activities of the reference 

compounds (XIAP-BIR3 Kd values: AVPI: 580 nM; AVPF (AVPI Ile -> Phe) 290 nM; 

LCL161: 52.7 nM).  Some of the library members (e.g. Lead 1 (S)) showed lower free energy 

values (Figure 11).   

 

Figure 11. a.) 3D modelling for virtual screening (AVPI- and AVPF-XIAP complex – 4hy0) b.) ΔG 
free energy values (kcal/mol) of the reference and CIX lead compounds. (Note: Lead 1 = CI6_7 see 

later) 
 

In vitro screening later confirmed that even the R/S diastereomeric mixture of Lead1 

(CI6-7) showed increased cytotoxicity compared to LCL161. Additional chemoinformatics 

methods were applied to improve the performance of the virtual screening. The possible 

binding features of the small molecules can be assessed by their 3D conformational flexibility 

and shape (ChemAxon MarvinSketch Screen3D).17 Applying flexible alignment analysis and 

molecular dynamics, the statistically average conformations generated allows to rapidly 

compare the 3D similarity between two compounds. The 3D similarity measures are 

expressed in 3D Tanimoto coefficient (T3D). 3D similarity helps the analog design revealing 

close 3D shape between the active compounds and the candidates in rational design (3D 

similarity of LCL161 and AVPF, T3D= 0.7) as it is illustrated in Figure 12.  

# CompoundIsomer 4hy0 XIAP MMGBSA 4lge cIAP1 4kmn CIAP1

1 AVPI S -64.5 -62.75 -62.75

2 AVPI R -63.3 -55.40 -55.40
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4 AVPF R -58.8 -62.31 -62.31

5 LCL161 S -75.7 -75.71 -75.71

6 LCL161 R -77.0 -56.20 -64.96

7 Lead1 S -79.1 -65.57 -66.38

8 Lead1 R -72.1 -47.74 -66.98

9 Lead2 S -80.6 -72.53 -72.53

10 LeAD2 R -72.8 -65.72 -65.72
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Figure 12. 3D similarity of LCL161 vs. AVPF 3D similarity (T3D = 0.7) 
 

In addition, based on the structure of available XIAP-BIR3 binding ligands (20) a 

consensus pharmacophore model was developed. For model validation, LCL161 was used as 

a “required match”. The ADHHR_4 model was selected as the best performing consensus 

pharmacophore arrangement (BEDROC α 160.9: 0.98) (Figure 13).  This model has sufficient 

capacity for in silico screening of an extended virtual thiazole library (72k).  

 

 
Figure 13. Generation of pharmacophore models for XIAP BIR3 binding ligands: Matching 20 
compounds; identification of the major pharmacophoric features; ADHHR_4 as best performing 

model (LCL161 is shown as the best match). 
 

Scaffold hopping  

Using our established pharmacophore model and 3D similarity comparisons of known 

IAP ligands applying MarvinSketch Screen 3D, novel compounds were designed (Figure 14). 
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Figure 14. 3D similarity correlations of IAP ligands 

 

Based on the similarity results, the substitution and the modification of the position of 

the phenyl group in the thiazole ring showed further possibility. Increasing the freedom on the 

phenyl ring by inserting a methylene group had even better fitting and potential, as shown by 

the respective Tanimoto coefficients: T3D=0.86 vs 0.78 as illustrated in Figure 15. 

 
Figure 15. Scaffold hopping via 3D similarity of phenyl and benzyl substituted thiazole  

 

The possibility of the modifications was confirmed by the biological results (Tables 1 

and 7). The introduction of a new functional group in the molecule allowed us to develop new 

derivatives and a new possibility to conjugate the molecule with linkers and carrier 

compounds. 
 

Cytotoxicity of novel XIAP antagonists  

The best-fitting compounds were prepared and tested. The results confirmed the 

expected binding and cytotoxicity. The results are summarized in Table 1.  

The following conclusions have been drawn from the biological data:  

1. There is a long-lasting dogma in the publications that replacement of the pyrrolidine ring to 

piperidine decreases the XIAP antagonist activity. „At the proline position (of AVPI), 
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replacement with a variety of amino acids leads to a dramatic loss in binding affinity. 

…piperidine, bearing a six-membered ring, exhibits …10-fold decreases in the Kd value….” 

(Cong et al.).6 We found that such replacement (LCL161 → CI6_7) led to 2-4-fold cytotoxic 

activity increase and with this “irrational” modification we entered a patent-free area. Our 

modification was supported by the 3D modelling studies.  

2. We identified a novel substitution pattern on the thiazole ring (CI12_3 and CI12_7) that 

showed improved or equal cytotoxic activities compared with LCL161. These novel analogs 

opened new opportunities for further analog design.  

 

 
 

Table 1 shows that the different forms of the CIX Lead1 (CI6-7) are 2-4-fold more 

active than LCL161, particularly on pancreatic tumor cells, the IC50 value of CI6-7 2xTFA 

(SSS) on PANC-1 cell line is 11 μM – 72 h, while LCL161 base is cytotoxic at 58 μM 

concentration on the same cell line and 72 h incubation period. 
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Table 1. The IC50 values are shown in μM concentration 

 

 
 

Property forecast and drug likeliness of the lead compound18 

The measured and calculated physicochemical parameters listed in Table 2 were 

similar to the reference compounds, thus the predicted character of the lead compound is 

conformed with the drug-likeliness criteria needed for further development.  
 

Table 2. Drug likeliness of Lead 1 compared with relevant drug in clinical trials  

Parameter LCL161 Lead 1 (CI6-7) AST660 
Mw 500.63 514.66 539.70 
HBD 2 2 2 
HBA 5 5 7 
TPSA 91.4 91.4 81.17 
CLogP (calculated) 3.78 4.22 2.62 
ChromLogD (measured) 3.0 3.1 3.1* 
Property Forecast Index19 5.0 5.1 5.1 

*Literature data20 
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Development of further XIAP antagonist hit compounds 

The new molecules have potential modification possibilities in the P3 and P4 

positions.  

The key elements as the chirality and the size of the P3 ring, as well as the substitution 

possibilities of the thiazole ring were systematically checked. The potential development 

directions are shown in Figure 16. 

 
Figure 16. Development possibilities of the Lead 1 compound 

 

Effect of the chirality and extension of the P3 ring 

The piperidine ring was enlarged to azepane and the epimers of the stereoisomers of 

the molecules were docked in our in silico model. Both compound pairs fit in the receptor 

with high binding energy.  
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Figure 17. In silico binding values of the epimers and the ring extension 

 

The results listed in Figure 17 showed that the new compounds and epimers were 

fitting well in the model; therefore the molecules were prepared and tested. The results 

summarized in Table 7 confirmed that the modification is possible, serving a novel set of 

compounds. 

 

Rational analog design and development of Sigma 1/2 ligands 

Rational analog design of Sigma-1 or Sigma-2 receptor ligands started from the initial 

hit compound CI1-25. 

 
Figure 18. Development scheme of novel Sigma Receptor ligands 

 

Retaining the spiro ring system, R1 (alkyl, aryl) and R2 substituents were varied and 

systemically designed applying the TOL platform. 

 
Figure 19. Rational design of dihydrospiro[piperidine‐4,4'‐thieno[3,2‐c]pyran] library 

 

# Compound Isomer XIAP BIR3 (4HY0) MMGBSA (Kcal/mol)

1 AVPI 1 -64.5

2 AVPI 2 -63.3

3 AVPF 1 -75.8

4 AVPF 2 -58.8

5 LCL161 1 -75.7

6 LCL161 2 -77.0

7 Lead1 1 -79.1 

8 Lead1 2 -72.1

9 Lead2 1 -80.6

10 Lead2 2 -72.8
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A two-dimensional compound library was generated applying in silico methods and 

compound development based on the cytotoxicity screen results.  
 

Chemoinformatics methods to support the rational design of the sigma-1,2 ligands  

The 3D modelling is very challenging, since crystal structure is only available for 

sigma-1 proteins, furthermore, similar structures could act as agonists or antagonists and often 

allosteric interactions could also be predominant. Therefore, 3D and homology methods were 

only used for fragment screening or confirmation of the biological activities. The 5HK1 

sigma-1 receptor crystal structure was selected for the 3D model building based on the results 

of cross-docking experiments of sigma-1 ligands with various receptors. The binding site was 

optimized by using Induced Fit Docking calculation with selected ligands. The fragment 

library was docked to the optimized binding site using the Schrödinger Glide SP program.   

The best-performing fragments were selected and used in analog design. The novel 

virtual structures were first filtered for drug-like properties and synthetic feasibility, and 

followed by virtual screening using pharmacophore models (Figure 20). After ranking the 

compounds, the promising virtual hits were docked to 5HK1 (Figure 21) and ranked again 

based on the free energy values. 

 

 

Figure 20. Pharmacophore model based 
on the structure of Haloperidol 

Figure 21. Binding model of CI7-8 lead compound to 
5HK1 S1 receptor 

 

Development of Sigma receptor ligands 

Based on the rational analog design strategy and virtual screening, more than 50 

compounds were synthesized and pre-screened for cytotoxicity (Figure 22).  
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Figure 22. Cytotoxicity results of the first rounds of sigma-1,2 ligands (PANC1 cell line; cell viability 

%, 72 h, at 10-4 M concentration) 
 

Based on the results, a second analog set was prepared according to the original 

rational design plan. The pyridine-substituted dihydrospiro[piperidine-4,4’-thieno[3,2-

c]pyran] series, by removing the N atom and the amino group from the pyridinyl-methyl side 

chain; plus saturating the aromatic ring, led to the identification CI7_8 as a potential lead 

compound.   

 
The cytotoxic effect of the new compounds was tested on different cell lines (Table 3). The 

modifications showed a robust correlation with the in silico model (Table 4). For hit 

validation, a new batch of CI7_8 was synthesized (ID: CI9_1); the concentration dependency 

was measured and the IC50 values were determined. (Table 5)  

 
Table 3. Cytotoxicity results of selected sigma 1-2 ligands (various cell lines; cell viability %, 

at 24, 48, 72 h, in 10-4 M concentration). 

  

Table 4. The free energy values and the physicochemical parameters of sigma lead 
compounds (PDB: 5HK1) 

CI4_16
7 %

CI4_9
17 %

CI4_5
35 %

CI4_13
36 %

CI4_53
51 %

ID
Time 24 48 72 24 48 72 24 48 72 24 48 72

CI7_1 53 62 80 68 67 67 78 44 26 72 39 23
CI7_7 17 16 16 23 11 9 62 23 14 39 18 14
CI7_8 11 10 9 27 15 13 48 22 14 37 18 14
CI7_9 69 76 41 30 35 37 55 31 34 88 53 64

EBC1 - Lung Colo205- ColonA2058 - MelanomaPANC1
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Table 5. IC50 values of CI9_1 lead compound using various cancer cell lines measured at 24, 
48 and 72 hrs (values are in μM). 

 
 

CI9_1 was particularly efficient in melanoma, lung cancer and colon cancer cell lines, 

showing low micromolar cytotoxicity. Although the scaffold was the same, these compounds 

were significantly different from the Esteve compounds, which were reported earlier as sigma 

ligands.21,22 Depending on the substituent pattern around the above core the compounds show 

affinities to both Sigma-1 and Sigma-2 receptors with varying ratio. The synthesized novel 

dihydrospiro[piperidine-4,4'-thieno[3,2-c]pyran] derivatives (CI7_8 or CI9_1) showed equal 

cytotoxicity to the reference XIAP antagonist LCL161.   
 

Generating Small Molecule Targeting Drug Conjugates by linking novel XIAP 

antagonists and novel sigma-1,2 ligands 

Since one of the major objectives of the project was to connect the apoptosis inducer 

“warhead” to targeting molecules, the CI6-7 compound was extended with a linker at the P1 

alanine site (CI12-2).   

Hawkins and his coworkers previously reported sigma-2 conjugates with XIAP 

antagonists. Since sigma-2 receptors are overexpressed in many proliferating tumor cells and 

the complexed ligands were internalized in the cancer cells, they assumed that sigma-2 

receptor was an attractive target for drug delivery.12 They attempted to conjugate apoptosis-

inducing compounds (“warheads”) such as XIAP antagonists with sigma-2 ligands as a 

targeting or delivering tool. They constructed a typical Small Molecule Targeting Drug 

Conjugate compound.  

Similarly, novel conjugates were rational to design and test since we identified both 

novel XIAP antagonist and sigma receptor ligands. Based on the above analogy we assume 

that our sigma ligands act also as at least partially sigma-2 binding ligands. (Figure 22) 

Compound       MM-GBSA DDG 
(kcal/mol) MW HBA HBD LogP Fsp3 TPSA Rotable Bonds

CI7-7 -81.8 391.5 4 1 3.07 0.35 51.4 3

CI7-8 -89.0 382.6 3 0 4.29 0.61 25.4 3

Haloperidol -84.4 375.9 3 1 3.66 0.38 40.5 6

ID
Time 24 48 72 24 48 72 24 48 72 24 48 72

CI9_1 (CI7_8) 76.6 71.2 53.1 55 48.1 3.37 66.2 8.3 66.2 24 8.7

PANC1 A2058 - Melanoma EBC1 - Lung Colo205- Colon
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Figure 23. General structure of the XIAP 
antagonist sigma-2 ligand conjugates 

Figure 24. Possible conjugation sites in CI6-7 

 

it has been established that the XIAP antagonist sigma-2 ligand conjugate exhibited 

higher cytotoxic activities than either of the parent (monomeric) compounds. More significant 

cytotoxicity increase was observed with the XIAP antagonist portion, while the cytotoxic 

activity was doubled for the sigma-2 ligand. In order to design a XIAP antagonist sigma-2 

ligand conjugate, the optimal linker position should be identified. For the XIAP antagonist 

portion there were several options based on literature analogies:  

Since previously we have already synthesized CI12-2 for possible multipurpose 

conjugation and the compound showed reasonable activity, we have the A-variation in hand. 

For the sigma-2 ligand portion, only limited connection site was feasible through the spiro-

piperidine substructure. These two linkers, containing compounds with the dioxolane masked 

aldehyde functionality, are shown in Figure 25. Surprisingly, CI11_4 had poor cytotoxic 

activity, which accounted for some uncertainty for the expected activity of the conjugate. The 

linker length was predicted by in silico modelling studies as 5 carbons. (Figure 26) 

The biological activity of the SMDT conjugate showed excellent cytotoxic activities 

on several cell lines, interestingly, with little time dependency. The conjugate doubled the 

biological activity towards the XIAP antagonist and showed more than one order of 

magnitude cytotoxicity increase compared with the sigma-2 ligands (Table 6).  

 
Figure 25. Two halves of the linker-containing portion as potential compounds for assembly 
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Figure 26. The XIAP antagonist sigma-2 ligand conjugate (CI12_1) 

 

Table 6. Comparative IC50 (μM) of the Chimera compound on tumor cells  

 
 

Cytotoxicity screening of XIAP antagonists and sigma-1,2 ligands 

Impedimetric assay 

Biological tests were performed on different tumor cell lines, PANC1 (pancreatic 

adenocarcinoma), COLO-205 (colon cancer), A2058 (melanoma), EBC1 (lung cancer), 

Miapaca (pancreatic ductal adenocarcinoma) and MDA MB231 (breast cancer). Cytotoxicity 

was measured by impedance-based technique23 in an xCELLigence SP (ACEA) system.  

Colorimetric assay 

In the case of COLO-205, A2058 and EBC-1 cell lines, a colorimetric assay 

(alamarBlue- or MTT-test) was used to determine the antiproliferative/cytotoxic effects of the 

ONC201 derivatives as references. These colorimetric assays were chosen because for these 

cell lines there was no stable plateau phase (A2058) or there was only a weak/negligible 

adhesion (COLO-205 and EBC-1), therefore detection with the xCELLigence System was not 

feasible.  
 

Summary of the cytotoxicity results 

The results of the representative compounds are listed in Table 7.  

ID
Time 24 48 72 24 48 72 24 48 72 24 48 72

XIAP antagonist CI10-3 11.7 14.6 13.3
XIAP antagonist with linker CI12-2 18.2 17.6 19.9 22 46.4 12.8 30.3 34.7 41.1 15 15

Sigma ligand
CI9_1 
(CI7_8)

76.6 71.2 53.1 55 48.1 3.37 66.2 8.3 66.2 24 8.7

Sigma - XIAP ant. Conjugate CI12_1 6.5 6.71 6.56 5.18 5.54 3.44 6.85 6.97 6.58 6.73 5.93 3.17

PANC1
A2058 - 

Melanoma EBC1 - Lung Colo205- Colon
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Table 7. The IC50 results of selected IAP binders indicating the sensitive cells among the 6 
tested cancer lines (Pancreas, lung, breast, colon and melanoma) 

 
 

Collateral sensitivity determination of XIAP antagonists and sigma-1,2 ligands 

Collateral sensitivity was identified by Gottesman and Szakács in the early 2010s. 

Collateral sensitivity is a “phenomenon in drug-resistant cells whereby the development of 

resistance in cells to one agent can confer higher sensitivity to an alternate agent than seen in 

the original (parental) line”. In other words, the resistant cell line is more sensitive to a 

cytotoxin than the parental line from which it is derived.24 Abate and co-workers reported that 

the cytotoxicity of sigma-2 ligands25 is increased in multi-drug resistant cells, thus the 

multiresistant cells are sensitized to the cytotoxic agents. Based on these findings we initiated 

to test our hit compounds in cancer cells together with their multidrug-resistant counterparts. 

In order to identify the cytotoxicity difference, two cell lines were selected: Mes-Sa parental 

and Mes-Sa/Dx5 multidrug-resistant uterine sarcoma cell lines.  
 

Code R1 R2 R3 R5 n * isomer Salt
IC50 M 

(72h)
Cell line

CI6-7 Me cHex pFPh H 1 RS HCl 14 Melanoma
CI9-4 Me cHex pFPh H 1 RS Base 2 Brest
CI10-2 Me cHex pFPh H 1 RS TFA 7 MiaPaca
CI10-3 Me cHex pFPh H 1 S TFA 6 MiaPaca
CI10-4 Me cHex pFPh H 1 R TFA 10 MiaPaca
CI11-1 H cHex pFPh H 1 S HCl 40 Panc1
CI11-2 H cHex pFPh H 1 RS HCl 33 Panc1
CI12-5 Me cHex NHEt Ph 0 RS Base 35 Panc1
CI12-1 -(CH2)5-SR ligand cHex pFPh H 1 S Base 0.8 Melanoma

CI12-2 -(CH2)5-2-dioxolane cHex pFPh H 1 S Base 20 Panc1
CI12-3 H cHex NHEt Bn 1 RS Base 25 Colo205
CI12-4 H cHex OH Bn 1 RS Base >100
CI12-7 H cHex OEt Bn 1 RS Base 8 Melanoma
CI12-6 H BuNH2 pFPh H 1 S Base 54 Melanoma
CI14-1 -CH2(CH2)2CO2CH3 cHex pFPh H 1 S Base 7 Brest

CI14-2 -CH2(CH2)4CH2OH cHex pFPh H 1 S Base 6 Brest

CI14-3 -(CH 2 ) 5 -SR ligand cHex pFPh H 1 R Base 0.8 Melanoma

CI15-3 -(CH2)3-CO2-(CH2)6-SR ligand cHex pFPh H 1 S Base 25 Colo205

CI15-4 Me cHex O'-(CH2)5-SR ligand Bn 1 S Base 2 Colo205

CI15-6 Me CH2(CH2)2CO2CH3 pFPh H 1 S Base >100

CI15-5 Me CH2CH2SCH3 pFPh H 1 S Base 34 Colo205
CI15-7 Me cHex pFPh H 2 RS Base 14 Colo205
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Cytotoxicity measurements on MES-SA and MES-SA/Dx5 multiresistant cell lines  

In the co-culture system, after trypsinization, suspensions of MES-SA mCherry26 and 

MES-SA/Dx5 eGFP were tested. Measurements were also performed with MES-SA/Dx5 (in 

the Tables ‘Dx5’) cell lines in the presence of the P-gp inhibitor tariquidar (TQ) in order to 

identify whether the selective toxicity of the compounds (the collateral sensitivity) is linked to 

the glycoprotein P (P-gp) efflux pump Our compounds are presumably not interacting with 

ABCB1, since no significant change in IC50 occurs in the case of tests against cancer cell lines 

when TQ is present, compared with LCL161, where a significant effect was detected. The two 

XIAP antagonists – the reference compound LCL161 and particularly our lead compound 

(CI6-7 SSS) – showed increased sensitivity towards the multidrug-resistant cell line. Notably, 

the cytotoxicity of CI6-7 SSS on DX5 cell line was 4.14 μM.  
 

Table 8. IC50 measurements on MES-SA and MES-SA/Dx5 cell lines (in μM). 

 
 

Table 9. Collateral sensitivity determination on MES-SA and MES-SA/Dx5 cell lines (IC50 
values are shown in μM). 

 
 

Collateral sensitivity measurements revealed that the two sigma 1,2 ligands show 

moderate collateral sensitivity (Selectivity Ratio - Mes/Dx5 = 1.2-1.5). While the two sigma 

ligands show moderate collateral sensitivity, our XIAP antagonist lead compound (CI6-7 

SSS) indicated increased sensitivity towards the multidrug-resistant cell line (Selectivity 

Ratio - Mes/Dx5 = 3.64). 

Mes-Sa-
mCherry

Mes-Sa-
mCherry

Mes-Sa-
mCherry

Mes-Sa 
average IC50

Messa-
mCh(TQ)

Dx5-
eGFP

Dx5-
eGFP

Dx5-
eGFP

Dx5     
average IC50

Dx5-
eGFP(TQ)

Compound 72h 120h 144h 72-120-144h 144h 72h 120h 144h 72-120-144h 144h
CI7-8 2HCl 12.95 13.40 14.34 13.56 12.65 9.04 7.22 10.01 8.75 8.52
LCL161 19.53 21.97 34.61 25.37 16.69 16.95 17.19 17.10 17.08 13.18
CI12-1 1.93 1.98 1.39 1.77 1.96 2.33 2.21 2.11 2.22 1.82
CI7-7 HCl 18.33 19.39 20.78 19.50 18.11 15.54 15.84 17.01 16.13 16.41
CI6-7 SSS 14.96 16.28 13.95 15.06 11.11 3.04 3.25 6.12 4.14 5.65
Values: IC50 in [uM]
Mes: Human uterus sarcoma drug sensitive cell line
Dx5: multidrug resistant cell line
TQ: tariquidar, ABCB1 inhibitor

Mes-Sa 
average IC50

Dx5 average 
IC50

Selectivity Ratio 
(Mes/Dx5)

Dx5-eGFP Dx5-eGFP(TQ)
Selectivity Ratio 
(Dx5/Dx5)(TQ)

72-120-144h 72-120-144h 72-120-144h 144h 144h 144h
CI7-8 2 HCl 13.6 8.75 1.55 10 8.523 1.17
CI7-7 HCl 19.5 16.13 1.21 17.1 13.2 1.29
LCL161 25.4 17.1 1.85 17 16.4 1.04
CI6-7 SSS 15.06 4.136 3.64 6.123 5.649 1.08
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The presence of the P-gp inhibitor tariquidar (TQ) in a multidrug-resistant cell line 

(Dx5) does not influence the selective toxicity of the compounds (Selectivity Ratio = 

(Dx5/Dx5)(TQ) ~ 1), which suggests that the observed collateral sensitivity could be linked to 

other, cell line-specific factor(s).  
 

PAMPA modelling assay 

The potential absorption of the compounds was tested by PAMPA test. 27 

Table 10. Permeability test results of lead compounds 

 
 

The results showed that CI7-7, CI7-8 and CI12-1 had high, CI6-7 medium and 

LCL161 low permeability compared to caffeine as a reference compound. That means that the 

permeability of our IAP antagonist was increased significantly and the sigma ligand serves as 

a carrier molecule which might exploit the active transport in the sigma receptor. It is also 

interesting that LCL161 has lower penetration than our lead CI6-7. 
 

 

Synthesis of the compounds by applying innovative procedures 

The reactions were carried out according to the best practice of comprehensive organic 

chemistry in standard chemical laboratory environment following the general rules and 

conditions of compound preparations.  
 

Analytical methods 

Purity analyses and molecular weight determination of the samples were performed on 

a Waters 2695 HPLC/ Waters ZQ MS system or on a Waters Acquity H-class/ Qda MS 

system. The optical purity was determined by chiral HPLC tests applying YMC 

CELLULOSE-SB 250*4.6, 5 µM column and Heptane-IPA 95-5 eluent at ambient 

temperature. The structures were confirmed by 1H, 13C and 2D NMR tests at ambient or 

elevated temperatures.  

Compound Calc (nm) C0 (M) Cd (M) Ca (M) Ce (M) Pe(cm/s*10-6) R (%)
Caffeine 270 50 42.4 11.2 29.9 10.4 0.33
LCL161 270 50 40.9 8.6 28 8.2 6.64
CI7-8 310 50 23.7 9.9 18.2 17.5 39.34
CI12-1 295 50 10.4 0.6 6.5 2.3 78.38
CI7-7 310 50 20.5 8.7 15.8 17.8 47.29
CI6-7 275 50 33.1 14.3 25.5 18.2 14.85
Calc: the characteristical absorbtion peak in UV
Pe: permeability
R: recovery
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Preparation -halo-aminoketones in flow reactor 

The first active compound contained -CH2- derived structure of amino acids. These 

types of compounds were prepared by coupling -halo-aminoketons with the piperidine ring 

of the intermediate 7d. 

 
The direct preparation of the reagent from amino acids utilizes Arndt-Eistert reaction, 

which requires dry diazomethane. The safe and effective method worked out by Kappe’s 

group at University Graz28 was adapted in our laboratory for the derivatization of 

oligopeptides as well.29 

 
The key to the reaction was the special membrane coil Teflon AF-2400, which was 

permeable for diazomethane and delivered dry diazomethane in the activated amino acid 

solution. Reaction in continuous conditions gave the required halo-ketone in a safe and simple 

way, which is illustrated in Figure 27. 

 
Figure 27. Simplified scheme of the diazomethane flow reactor 

 

Synthesis of XIAP antagonists 

Albeit the synthesis of the LCL161 was published by the Novartis researchers,30 

several synthetic steps and novel reactions were worked out and used in the preparation of the 

novel molecules. The synthesis of the compounds is summarized in Figure 28.  

The individual routes could be combined since they had several common 

intermediates. The versatility of the syntheses allowed us to the get a high number of different 

derivatives and complex libraries. The optical isomers of the starting amino acids 1 were 
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commercially available in pure form and were convenient starting points of the synthesis. The 

synthetic steps were carried out both with the S and the R optical isomers in a similar way to 

get finally the two epimers of the target compounds 10 and 10a.  

 

Figure 28. General synthetic scheme of XIAP antagonist library 
 

Stereoselective synthetic methodology was applied to isolate the compounds in 

optically pure forms, which were confirmed during the synthesis by continuous analytical 

monitoring and structure confirmations applying chiral HPLC, LCMS and NMR methods. 

The amide bond was prone to form stable tautomer/rotamer forms, which were elucidated by 

2D and heated NMR tests. The syntheses of individual target compounds were basically linear 

and had around 8 linear steps, thus it had to be started in a relatively big scale to ensure the 

needed amount of the final compounds. T3P (Propylphosphonic anhydride) as reagent was 

selected for amidation, which proved to be optimal, since using it in dichloromethane showed 

high enantio- and diastereo-selectivity and could be washed out from the reaction mixture by 
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extraction. The products were purified by crystallization or in smaller scale by flash or by 

preparative HPLC chromatography.  
 

Novel reactions and methodologies for the preparation of substituted thiazoles 

Key intermediate thiazole ester 4 was prepared by the reproduction of the LCL161 

synthesis; however, the published route was not appropriate for expanding the preparation to 

get compound libraries, therefore novel reactions were worked out for the substitution of the 

thiazole-4-carboxylate ring either at C2 or C5 position. 

 

In the described approach31 compound 1 was transformed to the corresponding amide 

2 by applying routine amidation reaction. The formation of thioamide 3 needed careful 

operation, since over 50 oC the molecule racemized. Ring closure of thioamide 3 had to be 

carried out in neutral conditions otherwise the compound racemized again or lost the Boc 

protecting group. The classical methodology to transfer intermediate 4 to 4a thiazole 

derivatives was based on lithiation reaction.32  

 
The reaction published in the literature was hardly reproducible since both the 

lithiation and the transformation of the lithium salt requested quick operations at low 

temperature, otherwise the sensitive intermediates decomposed. Applying IceCube continuous 

reactor supplied by ThalesNano, the reaction was carried out stereoselectively in good yields. 

The reactor set-up is illustrated in Figures 29 and 30. 
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Figure 29. Continuous preparation of 5 substituted thiazole carboxylates using IceCube 

 

 

Figure 30. ThalesNano IceCube and PhotoCube reactor 
 

Starting from intermediate 4 a novel reaction was worked out for the direct 

substitution of the thiazole ring in position C5 to get the new derivative.33  

 

Activation of compound 4 using palladium catalyst then substitution with benzyl-

halide gave 4a, which delivered the acid 5 after hydrolysis using mild conditions. The isolated 

compounds had over 90% ee. Fortunately, after coupling the acid with chiral amino acids the 

formed diastereomers could be separated and optically pure compounds were isolated. 

To increase the chemical possibilities a new route was worked out for the substitution 

of thiazole ring in C2 position as well. The reaction was developed by applying the Minisci 

photo-redox reaction34 using the photoreactor supplied by ThalesNano Inc (Figure 30). For 

the successful reaction, 5-bromo-thiazolate 1a had to be converted to aryl-substituted 

derivative 2a applying classical coupling reactions.  

 
The stereoselective conversion of optically active pipecolinic acid reagent still needs 

further development. 
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Synthesis of Sigma receptor ligands 

The core structure of the active Sigma Receptor ligand of compound 11 was 

systematically derivatized and tested to have SAR data and to find correlations to confirm the 

in silico modelling results.  

 
Albeit the general core structure was known and published,35 we worked out a simple 

method for the synthesis of the skeleton which allowed us to generate a two-dimensional 

compound library. 

 
Starting from piperidone 12 the spiro-condensation was carried out in acidic 

conditions with thiophene-ethanol 13. The thiophene ring was then selectively brominated 

with N-bromosuccinimide forming the key intermediate 16, which was transformed in two 

steps to the 11 derivatives via cross-coupling and N-substitution reactions. The free amine 

function of compound 16 allowed us to connect the compound to linkers and IAP binding 

warheads. 
 

Conjugation of Sigma and IAP binding ligands, preparation the conjugated chimeras  

The two types of compounds were connected with linkers to bridge the two active sites 

resulting in bifunctional chimeras, where the sigma ligand served as a carrier molecule and 

the IAP antagonist as an apoptosis inducer “warhead”. The IAP molecule had two connection 

points to conjugate either at the N-terminal function in the peptide chain or at the C-terminal 

functional group on the thiazole ring. The compounds were stable both in base or salt forms. 

The solubility of the compounds was good, however, when it was possible, the salt form was 

preferred to prepare to increase their physicochemical and ADME properties. 
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The IAP binding ligands had several asymmetric centers and potential substitution 

points, thus reductive amination was applied to get the N-alkylated chimeras. Reductive 

amination proved to be the most effective and selective method. The linker-conjugated and 

protected sigma ligand 11c-1 was then deprotected in acidic conditions and reacted 

immediately with the IAP ligand in reductive media.  

 

The C-terminal compounds, esters or amides, were prepared by coupling the protected 

thiazol-4-carboxylic acid derivative 9d with the corresponding amine or alcohol 11c-1. In the 

case of the esters mild conditions were applied to avoid the hydrolysis. The prepared 

conjugates showed high potency and proved the concept that the Lead compound is actively 

transported and internalized in the cancer cells. 

 
 

Summary and conclusions 

Based on the preliminary cytotoxic screening results and applying our Target Oriented 

Library platform, we identified novel compounds for two protein targets which play important 

role in cancer development. The selected targets, the Inhibitor of Apoptosis Protein family 
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(cIAP1/2 and XIAP) and the Sigma-1,2 receptors are key elements of the apoptosis 

regulation. 

Our best IAP antagonist compound (31 μM, 72 h, PANC-1) showed two-fold higher 

cytotoxic activity than the structurally related Novartis compound LCL161, which is under 

clinical trials. The replacement of the pyrrolidine ring of the referenence compound to 

piperidine (LCL161 → CI6_7) resulted in the increase of cytotoxic activity even though 

previous reports argued against such change.   

We also identified and developed novel sigma receptor ligands with promising 

cytotoxic activities (51 μM, 72 h, PANC-1). Sigma receptors have also important roles in 

apoptosis regulation and cell proliferation. They are characteristic motifs on the cancer cell 

surfaces, thus, are targeted as tumor markers in the cancer diagnosis. 

Both structure groups have proper physicochemical properties and were promising 

starting points for the development of novel anticancer drug leads. 

Based on the role played by sigma receptors in the active internalization of the 

complexed compounds, we connected the apoptosis-inducing XIAP antagonist compound 

(“warhead”) with sigma-2 ligands serving as a targeting or delivering tool forming a Small 

Molecule Targeting Drug Conjugate compound. The resulting chimeras, comprising the in-

house discovered best IAP antagonist compound and the novel sigma ligand, multiplied the 

biological activity compared to the parent XIAP antagonist and showed more than one order 

of magnitude cytotoxicity increase compared to the reference compounds (3.0-6.6 μM, 72 h, 

COLO-205, A2058, PANC-1). The results proved our concept that the targeted transport is 

feasible. The preliminary in vivo data showed positive signs of activity, however, further 

studies are planned to confirm the results. For the novel compound family a patent has already 

been filed. 

During the project execution, we developed a novel 3D docking and virtual screening 

technology to identify potential IAP antagonists and sigma ligands based on the available 

protein structures. During the preparation of the novel structures, innovative synthesis 

technologies were developed and applied, such as novel CH activation reaction, flow 

chemistry, flow photochemistry and membrane technology.  

In summary, by the integration of the biology, chemistry and chemoinformatics we set 

the foundation of a novel integrated drug discovery platform. 
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