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Abstract: The efficient synthesis of novel estradiol-based A-ring-fused oxazole derivatives, which can be considered as benzoxazole-steroid domain-integrated hybrids containing a common benzene structural motif, is described. The target compounds were prepared from steroidal 2-aminophenol precursors by heterocycle formation or functional group interconversion (FGI) strategies. According to 2D projection-based t-distributed stochastic neighbor embedding (t-SNE), the novel molecules were proved to represent a new chemical space among steroid drugs. They were characterized based on critical physicochemical parameters using in silico and experimental data. The performance of the compounds to inhibit cell proliferation was tested on four human cancer cell lines and non-cancerous cells. Further examinations were performed to reveal IC50 and lipophilic ligand efficiency (LLE) values, cancer cell selectivity, and apoptosis-triggering features. Pharmacological tests and LLE metric revealed that some derivatives, especially the A-ring-[2,3]condensed 2-(4-ethylpiperazin-1-yl)oxazole derivative exhibit strong anticancer activity and trigger the apoptosis of cancer cells with relatively low promiscuity risk similarly to the structurally most closely-related and intensively studied anticancer agent, 2-methoxy-estradiol. 
Introduction
Among N-containing heterocycles, naturally occurring and synthetic benzoxazoles are one of the most important candidates for drug design and discovery because of their diverse pharmacological activities.[1,2] Many of them have high therapeutic potential and can be applied in the treatment of various diseases, such as cardiovascular or brain disorders, inflammatory conditions, and different types of microbial infection or cancer (Figure 1).[3,4] The heteroatoms acting as hydrogen bond acceptors as well as the planar aromatic ring of the benzoxazole framework enable a unique interaction and selectivity towards a variety of target biomacromolecules.[5] In addition, due to their structural similarities, the benzoxazole ring is often used in bioisosteric replacement of adenine and guanine nucleobases, and inhibition of nucleic acid synthesis may be a possible mechanism of action responsible for their antimicrobial and anticancer activities.[6] C-2 substituents on the benzoxazole moiety have a significant impact on the quality of biological activity,[7] whereas C-5 substitution tends to affect the potency of the compound.[5] Furthermore, benzoxazoles containing heterocyclic and/or aromatic C-2 substituents are generally more effective than those without such functionalities. 
In view of the significance of benzoxazoles in medicinal chemistry, a large number of synthetic routes were developed using conventional techniques, green protocols, including solid supported methods. The best-known approaches to benzoxazoles probably involve the condensation reactions of 
2-aminophenols with carboxylic acid derivatives or the cyclization of phenolic Schiff base intermediates under oxidative conditions,[8] however multicomponent and metal-catalyzed direct C-H arylation reactions are also often applied.[9]

The introduction of a benzoxazole ring into a sterane framework in order to achieve bioactivities other than those of the parent compound is not unprecedented in the literature. Several derivatives containing this heterocyclic moiety at C-11, C-16 or C-17 of the steroid core have been synthesized as glucocorticoid receptor antagonists,[10] antibacterial agents[11] or CYP17A1 enzyme inhibitors.[12,13] 
Figure 1. Biologically active benzoxazole derivatives 
However, to the best of our knowledge, the incorporation of the benzoxazole heterocycle into the aromatic A-ring of estrogens in such a way that the two integrated scaffolds have the same benzene substructure has not been carried out yet, although this modification seems logical for several reasons. First, C2–C3 derivatization of estrogens with a condensed heteroring by simultaneously eliminating the phenolic OH group, which plays an important role as an H-donor in estrogen receptor binding,[14] can lead to compounds free of hormonal effects. Even 2-substituted estradiol derivatives, such as the best-known anticancer agent, 2-methoxyestradiol (2ME2) and its structural analogues,[15] in which the phenolic OH group is intact, do not have hormonal activity due to steric and electronic reasons.[15] At the same time, the phenolic OH group is believed to be responsible for the rapid metabolic degradation and short plasma half-life of 2-ME2,[16] therefore the O atom present as part of an oxazole ring can improve the pharmacokinetic properties. In addition, the presence of a heteroring in a lipid-soluble sterane backbone that allows cell membrane penetration may be advantageous as it may interact with targets other than the estrogen receptor through H-bond formation. This concept seems to be supported by the fact that among the various estradiol-heterocycle chimeras we have reported recently,[17–20] several compounds exerted remarkable cancer cell-specific antiproliferative activity and induced apoptosis in cancer cells, and among them, the estradiol-benzizoxazole hybrids[20] were found to be the most effective agents. The main objective of the present study was to expand our compound library with estradiol-benzoxazole derivatives, as well as to compare their biological effect with previously synthesized regioisomeric benzisoxazoles[20] in order to obtain more information about the structure-effect relationships. Since sterane-based molecules may have a very complex mechanism of action in the human body,[21] e.g., at least five different aspects of the anticancer mechanism of action of 2-ME2 have been elucidated so far,[16,22] the identification of the biological target was beyond the scope of the present study. Nevertheless, during molecular design, we took into account that the benzoxazole moiety preferably contains functional groups (e.g. OH, COOH, COOR, NH2, F, aromatic or heterocyclic ring) at C-2 position, which are present in a large percentage of marketed anticancer drugs.[23] Lipinki’s rule of five for drug likeness was also considered and the predicted values are within the limits for most derivatives.	Comment by Windows-felhasználó: Éva, most nem tudom, hogy jól gondolom vagy nem, de a 2ME2 és a 2-ME2 írásmód is előfordul a szövegben. Ennek van valami jelentősége? 
The novel benzoxazole-steroid domain integrated hybrids were tested for their antiproliferative performance in vitro on DU-145 prostate, HeLa cervical, MCF-7 breast as well as A549 alveolar human adenocarcinoma cell lines. To compare the toxicity of the compounds on a non-cancerous cell line, MRC-5 human lung-derived fibroblast cells were also incorporated for the screening. Based on the toxicity screen and on physicochemical properties of the compounds, some test molecules were selected for further investigation, thus their IC50 values were determined, and their apoptosis-inducing potential was examined by evaluating the expression of several apoptotic marker genes using reverse transcription quantitative polymerase chain reaction (RT-qPCR).
Results and Discussion
Synthetic studies 
For the synthesis of diversely substituted estradiol-benzoxazol hybrids, 2-amino-estradiol[17] (1) and its 17β-acetate (2), the latter obtained from estradiol-17β-acetate by nitration and subsequent reduction, were used. Some of the derivatives were synthesized under appropriate conditions from one of the steroidal aminophenols (1 or 2) by direct cyclization, while additional 
2-substituted structural analogues were accessed by the conversion of the functionalities on the preformed N,O-heteroring. Ring-closure of 1 by triethyl orthoformate in tetrahydrofuran (THF) afforded the unsubstituted A-ring fused oxazole (3), while alkyl  



































Scheme 1. Divergent synthesis of A-ring condensed oxazoles (3-8). Reagents and conditions: (i) (EtO)3CH, Na2SO4, THF, reflux, overnight; (ii) AcCl (for 4a), EtC(O)Cl (for 4b), iPrC(O)Cl (for 4c), PivCl (for 4d), TFAA (for 4e), pyridine, THF, 0 °C to RT, 40 min; (iii) PTSA, toluene, reflux, overnight; (iv) CS2, KOH, EtOH/H2O (4:1), reflux, 1.5 h; (v) BrCN, EtOAc, reflux, overnight; (vi) (MeO)4C, AcOH, 1,4-dioxane, reflux, 2 h; (vii) (MeO)4C, amines, AcOH, 1,4-dioxane, reflux, 2 h.
and CF3-substituted derivatives (5ae) were produced in moderate to good yields via the cyclocondensation reaction of the corresponding acylamino phenols (4ae) synthesized from 1 with acyl chlorides (for 4ad) or trifluoroacetic anhydride (TFAA) (for 4e) (Scheme 1). 
The one-step transformations of compound 1 to the 2-thiolo- (6), 2-amino- (7) or 2-methoxy-substituted steroidal oxazole (8) with carbon disulfide, cyanogen bromide and tetramethyl orthocarbonate were also carried out, respectively (Scheme 1). In the presence of N-nucleophiles, further amino-derivatives (9a–h) were also prepared from 1 via the non-isolated 8, which readily underwent aromatic nucleophilic substitution with various cyclic secondary amines.[24] 
Next, 2-aryl and 2-heteroaryl benzoxazole-estradiol hybrids were synthesized by oxidative cyclization of imines obtained from the reaction of 1 with various substituted aldehydes (Scheme 2). Potassium cyanide was used as a nucleophilic reagent to form an addition product with the imine and thus promote an 5-exo-tet cyclization over an unfavoured 5-endo-trig ring-closure, which is not allowed by the Baldwin’s rule.[25] Subsequent aerobic oxidation by air led to the desired compounds (10a–k) in moderate yields (Scheme 2).
In the following, an ethylcarboxy benzoxazole (13a) was prepared, which served as a precursor for the synthesis of additional compounds using the functional group interconversion (FGI) strategy (Scheme 3). The reaction of 1 with ethyl chlorooxoacetate led to 11, but the previously used p-toluenesulfonic acid (PTSA) catalyzed cyclization of this amide gave an unwanted benzoxazine-2,3-dione product[26] supported by TLC-MS instead of the benzoxazole 13b. To overcome this problem, we carried out the heterocyclization from 2 under Mitsunobu conditions, which furnished compound 13a exclusively. KCN catalyzed amidation[27]  and simultaneous deprotection of the 17β-acetate gave 14, whereas reduction with NaBH4 afforded 15a, which was then mildly oxidized with Dess-Martin periodinane (DMP) to yield 16. Then, 15a and 16 were transformed to 17a and 18a in moderate yields by deoxofluorination reactions using diethylaminosulfur trifluoride (DAST). In the case of 15a, 17a and 18a, the final deprotections of the 17β-OH group were also carried out. Ring opening occurred using LiOH as a base for deacetylation, and several by-products were formed. Replacing LiOH with NaOH containing a softer metal ion significantly reduced the potential for side reactions, and the desired products (15b, 17b, and 18b) were obtained in moderate to good yields.
The structure of all novel compounds was determined by 1H, 13C NMR (APT) and MS measurements (Supporting Information p15–5860). The fact of heterocycle formation was confirmed by the disappearance of the aromatic NH2 and phenolic OH peaks of 1 and 2. In the case of the unsubstituted derivative 3, the peak of the 2'-H was found at 7.98 ppm, whereas the 2'-CH peak was unexpectedly observed at 152.2 ppm as a negative signal. This anomaly was clarified by recording a 2D HSQC spectrum in which a cross peak was detected between the two aforementioned signals. In the case of 2'-substituted benzoxazoles the C-2' peaks were observed in the range of 149–175 ppm. For all compounds the MS spectra were in good agreement with the predicted values based on their molecular formulas.





















Scheme 2. Synthesis of A-ring condensed 2'-aryl and 2'-heteroaryl substituted benzoxazoles (10). Reagents and conditions: (i) R1-CHO, molecular sieves, EtOH, reflux, 3 h; (ii) KCN, air, DMF, overnight.











Scheme 3. Synthesis of A-ring condensed oxazoles (1318) by FGI. Reagents and conditions: (i) EtO(CO)2Cl, TEA, THF, 0 °C, 10 min, then RT, 30 min; (ii) PTSA, toluene, reflux, overnight; (iii) PPh3, diisopropyl azodicarboxylate (DIAD), THF, 1 h; (iv) NH3/MeOH (6 M), cat. KCN, RT, 30 min; (v) NaBH4, MeOH/THF (2:1), RT, 30 min; (vi) DMP, CH2Cl2, RT, 30 min; (vii) DAST, CH2Cl2, 0 °C, 5 min, then RT, 2 h; (viii) DAST, CH2Cl2, RT, 2 h; (ix) NaOH, MeOH/CH2Cl2 (1:9), RT, 1 h.

Structural diversity evaluation 
[bookmark: _Hlk108698566]For the evaluation of internal diversity and similarity to existing drug molecules – especially steroids - we co-clustered our library with approved drugs derived from the Drugbank database.[28] The clustering was performed using t-distributed stochastic neighbour embedding (t-SNE) algorithm[29] using the Chemplot python library.[30] The molecules were represented with their ECFP4 fingerprints.[31] The algorithm defines a probabilistic distribution of the datapoints in the high dimensional fingerprint space then defines a similar probability distribution in the low dimensional space. In the last step it minimizes the Kullback-Leibler divergence between the two distributions and results a 2D projection of the high-dimensional space. In this projection, we can state that structurally similar molecules of the high dimensional space will appear close to each other in the low dimensional space.
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Figure 2. The t-SNE representation of the co-clustered compound libraries. All approved non-steroidal small molecule drugs, approved drugs with steroid substructure and compounds of the current library are represented with grey, red and green colours, respectively. The magnifier was enlarged as Figure B where compound members of the library and drug molecules falling closest to it were labelled. The approved drugs are estradiol (E2) and 2-methoxyestradiol (2ME2) while further analogues labelled with letters a to f are fluoroestradiol, estriol, estetrol, estramustine phosphate, estradiol acetate, estradiol benzoate, respectively. Cluster I contains compounds 3, 5ae, 6, 7, 8, 14, 15b, 17b, 18b. Cluster II contains compounds 10ak and finally Cluster III contains 9ah.
Table 1. Tanimoto similarities between the clusters and closest approved drugs.
	
	Distance to 2ME2
	Distance to closest non-steroid drug

	Cluster I
	Minimum:
	0.588
	0.204

	
	Average:
	0.612
	0.213

	Cluster II
	Minimum:
	0.564
	0.217

	
	Average:
	0.583
	0.221

	Cluster III
	Minimum:
	0.549
	0.241

	
	Average:
	0.556
	0.243


The structural similarities were further calculated to estimate the orthogonality and diversity of the synthesized library from the chemical space of known drugs. Tanimoto similarity to 2ME2 and the closest non-steroid drug (Methohexital) are summarized in Table 1. The results correlate with the ones obtained in t-SNE method. From the numerical values, each cluster is highly diverse from the non-steroid approved drugs, and does not show high level of similarity (TS < 0.8) with the closest steroid drug (2ME2).
Characterization using physicochemical and early ADME parameters
In addition to the classic Lipinski’s rule of five parameters related to the early ADME criteria, the topological polar surface area (TPSA) and Caco-2 permeability values were considered in the physicochemical characterization of the compounds (Table 2). In addition, the kinetic solubility and in vitro non-cellular intestinal permeability values were also determined for those benzoxazole-steroid derivatives (asterisked in Table 2), which exhibited promising effect in the parallelly run in vitro biological screen.
	According to predictions, the newly synthesized compounds satisfy the drug-likeness criteria, except for the 2'-aryl and 2'-heteroaryl substituted benzoxazole derivatives, which usually have increased lipophilicity (logP > 5: violation for Lipinski’s rule of five).[32] Among the selected compounds, with the exception of 6 and 7, the experiments show reduced kinetic solubility. The poor solubility and increased lipophilicity prevented the determination of permeability (Pe) in the case of several compounds, and for 5d and 10j, no Pe data could be provided due to the increased lipid membrane retention (MR). Based on our early AMDE tests, it can be concluded that it is worth selecting from the compounds with lower lipophilicity and TPSA > 60, ensuring the appropriate solubility, permeability and drug-likeness.

Pharmacological studies

For the pharmacological examinations, 10 mM stock solutions of the molecules obtained upon the various synthetic reactions were prepared using DMSO. In case of molecule 9f 5mM, for 9a and 10k 2.5 mM and for 9h, 10e, 17b 1.25 mM stock solutions were prepared due to lower solubility. One compound (18b) was insoluble in the applied solvent thus was excluded from the pharmacological evaluations. 
Cancer cell-specific growth inhibition of the benzoxazole-steroid domain integrated hybrids was assessed by applying the compounds in 2.5 as well as 5 µM concentrations on various human cells, and their effect on the viability of DU-145 prostate, MCF-7 breast, HeLa cervical and A549 lung adenocarcinoma cells as well as on the non-cancerous MRC-5 fibroblasts were tested. The obtained viability data are represented in the form of a heat map (Figure 3, Supporting Information p59p60–6061). The results reveal differing anti-proliferative activities exhibited by the compounds depending on the tested cell type (represented as viability in %). Generally, the molecules showed concentration-dependent performance since they were usually more effective at 5 than at 2.5 µM concentration, however, in some cases, non-cancerous fibroblasts were also affected by a given compound, when it was applied at higher concentration. The screen revealed that at 2.5 as well as 5 µM concentrations, most test molecules 

Table 2. In silico and experimental physicochemical and early ADME parameters of benzoxazole-steroid hybrids for classification. 
	
	Predicted parameters [a]
	Experimental data

	Compound
	Strongest pKa [b]
(base/acid)
	logP / logD7.4 [b]
	HBD / HBA
	TPSA
	Caco-2 permeability Pe 
(10-6 cm/s)
	Kin.Sol.
(M) [c]
	Int-PAMPA
Pe / MR
(10-6 cm/s / %) [d]

	3
	2.5 / -
	3.9 / 3.9
	1 / 3
	46.3
	107.1
	-
	-

	5a* 
	3.0 / -
	4.0 / 4.0
	1 / 3
	46.3
	100.8
	13.91.7
	ND / ND

	5b*
	2.9 / -
	4.3 / 4.3
	1 / 3
	46.3
	90.3
	15.23.2
	ND / ND

	5c
	2.9 / -
	4.5 / 4.5
	1 / 3
	46.3
	78.3
	-
	-

	5d
	3.0 / -
	5.1 / 5.1 
	1 / 3
	46.3
	53.5
	2.90.9
	ND / 87.90.9

	5e
	1.3 / -
	4.3 / 4.3
	1 / 3
	46.3
	90.8
	-
	-

	6*
	5.4 / 1.0
	4.5 / 1.5
	1 / 3
	85.1
	39.8
	188.38.5
	20.83.0 / 2.01.7

	7*
	4.1 / -
	3.9 / 3.9
	3 / 4
	72.3
	36.9
	157.86.8
	14.32.4 / 95.40.4

	8
	3.2 / -
	4.1 / 4.1
	1 / 4
	55.5
	97.9
	-
	-

	9a
	4.3 / -
	4.7 / 4.7
	1 / 4
	49.5
	69.8
	-
	-

	9b
	4.8 / -
	5.2 / 5.2 
	1 / 4
	49.5
	47.8
	5.21.1
	ND / ND

	9c
	4.7 / -
	3.7 / 3.7
	1 / 5
	58.7
	107.9
	-
	-

	9d
	4.7 / -
	4.7 / 4.7
	1 / 4
	74.8
	70.8
	-
	-

	9e
	8.6 / -
	3.9 / 2.9
	2 / 5
	61.5
	82.3
	-
	-

	9f
	7.2 / -
	4.1 / 4.0
	1 / 5
	52.7
	102.3
	-
	-

	9g*
	7.7 / -
	4.5 / 4.3
	1 / 5
	52.7
	95.4
	39.96.4
	ND / 60.05.9

	9h
	8.1 / -
	4.9 / 4.5
	1 / 5
	52.7
	91.8
	-
	-

	10a
	2.5 / -
	5.5 / 5.5 
	1 / 3
	46.3
	37.1
	-
	-

	10b
	2.6 / -
	6.1 / 6.1 
	1 / 3
	46.3
	21.0
	-
	-

	10c
	2.4 / -
	5.8 / 5.8 
	1 / 3
	46.3
	29.8
	-
	-

	10d
	2.3 / -
	6.1 / 6.1 
	1 / 3
	46.3
	21.4
	-
	-

	10e*
	2.3 / -
	6.2 / 6.2 
	1 / 3
	46.3
	19.7
	ND
	ND / ND

	10f
	2.7 / 8.9
	5.3 / 5.2 
	2 / 4
	66.5
	22.6
	-
	-

	10g*
	2.7 / -
	5.6 / 5.6 
	1 / 4
	55.5
	35.5
	ND
	ND / ND

	10h
	2.3 / 9.0
	5.2 / 5.1 
	2 / 5
	75.7
	24.2
	-
	-

	10i
	2.0 / -
	5.3 / 5.3 
	1 / 4
	70.1
	43.4
	-
	-

	10j*
	1.5 / -
	4.6 / 4.6
	1 / 4
	59.2
	75.5
	5.91.3
	ND / 78.31.8

	10k
	2.6 / -
	5.2 / 5.2 
	1 / 3
	74.5
	50.4
	-
	-

	13a
	1.5 / -
	5.1 / 5.1 
	0 / 6
	78.6
	87.3
	ND
	ND / ND

	14
	1.7 / -
	3.0 / 3.0
	3 / 5
	89.4
	50.6
	-
	-

	15a
	2.4 / -
	4.1 / 4.1
	1 / 5
	72.6
	96.8
	-
	-

	15b
	2.4 / -
	3.2 / 3.2
	2 / 4
	66.5
	85.6
	-
	-

	17a
	2.3 / -
	4.7 / 4.7
	0 / 4
	52.3
	106.8
	-
	-

	17b
	2.3 / -
	4.0 / 4.0
	1 / 3
	46.3
	103.2
	-
	-

	18a
	1.8 / -
	5.1 / 5.1 
	0 / 4
	52.3
	90.6
	-
	-

	18b
	1.8 / -
	4.4 / 4.4
	1 / 3
	46.3
	84.9
	-
	-

	2ME2
	- / 10.3
	3.4 / 3.4
	2 / 3
	49.7
	83.8
	-
	-


[a] ACD/Percepta Software[33] was used for profiling of investigated compounds. [b] Calculated data using strongest pKa (Classic) and logP/logD7.4 (Consensus) settings within ACD/Percepta package. In the case of logP/D values, red coloring indicates a violation of Lipinski's rule. [c] Kinetic solubility values after 2 h, at 37 °C in PBS, pH 7.4, ND: filtrated aqueous solution of compound was below the limit of detection (LOD, λ = 240nm) – LOD for 10e, 10g and 13a were < 3.8, < 8.6 and < 6.5 μM respectively. [d] ND for Pe: not determined (the compound cannot be detected in the acceptor side). ND for MR: not determined (the compound cannot be detected in both the acceptor side and donor side).


reduced the viability of MCF-7 breast cancer cells, therefore, this cell line seems to be the most sensitive to the toxic effects of our compound set, at least according to the primary screening. When the toxicity of each molecule was considered individually, we observed that compounds 9g, 10e, 10g were the most efficient, among these - despite a weak toxic effect on MRC-5 cells - molecules 9g and 10e showed the outmost antiproliferative activity on all cancerous cells. Based on the best cancer-selective performance at both concentrations of the screen, compounds 7 and 10j were also regarded as positive hits. Given the results of the primary toxicity screens and based on some promising physicochemical features described in the previous section, the minimal inhibitory concentration values of compounds 5a, 5b, 6, 7, 9g, 10e, 10g, and 10j were assessed on A549, DU-145, HeLa, MCF-7 and MRC-5 cells (Table 3) using MTT cell viability data and the resulting dose-response curves (Supporting Information p612–623). For comparison, the IC50 values of 2ME2 and cisplatin on these cell lines were also obtained. 
As it was anticipated, the compounds with the lowest IC50 values on A549, DU-145 cells were 9g, 10e, 10g and 10j. Furthermore, on HeLa cells compounds 6, 7, 9g, 10e, 10g, 10j and on MCF-7 breast cancer cells compounds 5b, 9g, 10g resulted to be highly effective. Supporting the results of the primary screen, a remarkable toxic performance as well as an obvious cancer cell selectivity could be verified for many of the selected compounds, especially for 7, 9g, 10g and 10j. The IC50 values of these molecules were at least one but sometimes even two magnitudes higher on non-cancerous MRC-5 cells than on malignant cells. The most potent test compounds exhibiting a remarkable cancer cell killing effect were 9g and 10g. It is also noteworthy that some of the estradiol A-ring fused oxazole derivatives were more effective than cisplatin on certain cancer cell lines.



[image: ]
Figure 3. Representative heat map obtained based on the results of the primary toxicity screen of novel A-ring condensed oxazoles on cancerous A549, DU-145, HeLa, MCF-7 cell lines as well as on non-cancerous human fibroblasts (MRC-5) (compound concentration = 5 µM; incubation time = 72 h). Control represents the viability of untreated cells.

Furthermore, the expected higher selectivity and lower risk of promiscuity/side effects, a two-parametric classification system was also introduced, where in addition to the IC50 values, the tested benzoxazole-steroid derivatives were also weighted by the lipophilic ligand efficiency (LLE = pIC50-logP) values.[34] The compounds were thus divided into two main (green - LLE ≥ 2.0 and orange - 2.0 > LLE ≥ 1.5) and two sub (dark - IC50 ≤ 5 and light – 10 ≥ IC50 > 5) groups, and the uncoloured values represent the insufficient fifth group. Accordingly, on average, compounds 5a, 7, 9g and the positive control 2ME2 represent a lower risk of promiscuity, while compounds 10g and 10j carry a higher risk for adverse effect. At the same time, it is worth reviewing the colour map from the point of view of selectivity, considering the effect of the tested molecules against heathy cell line MRC-5. In this regard, the selectivity of 5b for MCF-7, 6 for HeLa and 7 partially for HeLa with a low risk of promiscuity should also be highlighted. The increased effect against the HeLa cell line should also be emphasized separately compared to 2ME2, as five new benzoxazole-steroid hybrids (6, 7, 9g, 10g and 10j) can also be considered identified candidates. 
As we found potent and cancer-selective compounds, next it was aimed to delineate whether their anticancer performance involves the induction of apoptosis. For this examination, MCF-7, DU-145 and HeLa cells were treated with either of molecules 7, 9g, 10e, 10g, 10j in different concentrations. After a 72-h treatment, total cellular RNA was extracted, reverse transcribed, and by real-time qPCR the relative expression levels of some fundamental apoptotic marker genes (Bax, caspase-3, p21, p53, survivin) were determined (Figure 4). In case of MCF-7 cells the expression of caspase-3 was not analysed since this cell line is known to be deficient in functional caspase-3 owing to a gene deletion.[35] We found that the relative expression levels of the most relevant apoptosis-related genes were altered when cancer cells were exposed to the selected estradiol-benzoxazole hybrids. 
Table 3. In silico and experimental physicochemical and early ADME parameters of benzoxazole-steroid hybrids for classification.
	 Compound
	IC50[a](μM) ± SD / LLE [b]

	 
	A549
	DU-145
	HeLa
	MCF-7
	MRC-5

	5a
	7.2±0.6 / 2.1
	11.4±1.2 / 1.9
	9.7±0.9 / 2.0
	33.0±8.4 / 1.5
	>50

	5b
	9.6±1.0 / 1.8
	11.6±2.0 / 1.7
	9.7±0.8 / 1.7
	2.0±0.2 / 2.4
	>50

	6
	10.4±1.5 / 1.5
	9.3±1.1 / 1.6
	0.4± 0.1 / 3.0
	28.6±7.7 / 1.1
	>50

	7
	6.3±0.5 / 2.3
	6.8±0.7 / 2.3
	2.7±0.4 / 2.7
	6.7±1.1 / 2.3
	>50

	9g
	2.4±0.2 / 2.1
	2.4±0.3 / 2.1
	1.5±0.2 / 2.3
	2.6±0.2 / 2.1
	29.4±8.1 / 1.0

	10e
	3.0±0.4 / 0.3
	2.1±0.4 / 0.5
	1.7±0.3 / 0.6
	5.4±0.9 / 0.1
	9.8±2.3 / -0.2

	10g
	1.0± 0.1 / 1.4
	0.8±0.1 / 1.5
	0.9±0.2 / 1.5
	2.3±0.3 / 1.1
	13.9±1.5 / 0.3

	10j
	3.7±0.3 / 1.9
	4.0±0.5 / 1.8
	3.8±0.8 / 1.8
	5.8±1.1 / 1.7
	>50

	2ME2
	1.6±0.3 / 3.4
	0.7±0.1 / 3.8
	11.2±3.3 / 2.6
	1.1±0.2 / 3.6
	19.4±3.1 / 2.3

	cisplatin
	5.4±0.8
	0.3±0.02
	1.4±0.1
	2.1±0.2
	7.4±1.4


[a] MTT assays were repeated at least three times using four independent biological replicates. [b] Lipophilic ligand efficiency (LLE) parameters were calculated by the following equation: LLE = pIC50 – logP (using Table 2. data). Classification system for antiproliferative effect: dark green (elevated effect and lower promiscuity risk): IC50 ≤ 5 and LLE ≥ 2.0, light green (moderate effect and lower promiscuity risk): 10 ≥ IC50 > 5 and LLE ≥ 2.0, dark orange (elevated effect and higher promiscuity risk): IC50 ≤ 5 and 2.0 > LLE ≥ 1.5, light orange (moderate effect and higher promiscuity risk): 10 ≥ IC50 > 5 and 2.0 > LLE ≥ 1.5. Values not marked with a colour do not fulfil any of the classification criteria.



Figure 4. The relative mRNA levels of pro-apoptotic markers Bax, p53, caspase-3, p21, survivin in HeLa, DU-145, and MCF-7 cells treated with various benzoxazole-steroid domain integrated hybrids. Treatments: 7 (HeLa: 1.6 μM, DU-145: 2 μM, MCF-7: 2 μM), 9g (HeLa: 1.2 μM, DU-145: 1.2 μM, MCF-7: 1.2 μM), 10e (HeLa: 1.2 μM, DU-145: 1.2 μM, MCF-7: 2.4 μM), 10g (HeLa: 0.8 μM, DU-145: 0.4 μM MCF-7: 0.8 μM), 10j (HeLa: 2 μM, DU-145: 3 μM, MCF-7: 2 μM). Fisher’s LSD test, *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.


Interestingly, in DU-145 cells the relative mRNA levels of p21 were not affected by the treatments, however, in case of HeLa cells this apoptosis marker gene reacted strongly and showed elevated expression levels upon treatments with compounds 9g, 10e, 10g, 10j (Figure 4). Apart from p21, the relative expression of Bax was also significantly raised upon treatment of HeLa cervical cancer cells with 9g, 10e, 10g, 10j. In DU-145 cells p53 and caspase-3 expression was induced by the selected derivatives. Despite the observation based on the toxicity screen revealing that MCF-7 cells were the most sensitive to many of the estradiol-benzoxazole hybrids, the degree of apoptosis induced by the selected compounds was rather low in case of this cell line. Therefore, it is possible that other cell death mechanisms contribute more significantly to the cytotoxic performance of the compounds in MCF-7 breast cancer cells.

Conclusion
A compound library containing 32 novel oxazolo-steroids variously substituted at C-2 of the heteroring was designed. The syntheses were carried out from 2-amino-estadiol precursors by different heterocyclization or FGI strategies. The molecules thus obtained can be viewed as estradiol-benzoxazole chimeras comprising a common benzene domain. Cancer cell-specific growth inhibition of the hybrid compounds was assessed on various human cancer cells as well as on the non-cancerous MRC-5 fibroblast. Compounds 9g, 10e, 10g exhibited outstanding antiproliferative activity, and together with 7 and 10j were selected for detailed pharmacological examination. The lowest IC50 values on cancer cells were obtained for 10g, 9g, 10e, 10j and an impressive cancer selective performance could be verified for compounds 7, 9g, 10g and 10j. Real-time qPCR experiments revealed altered expression levels of apoptosis-related genes following treatments with compounds 9g, 10e, 10g and 10j. The most potent test compound in triggering apoptosis in the tested cancer cell lines was 10e. Using a two-parametric (IC50 - LLE) classification system, 5b, 6, 7 and 9g were identified as primary candidates with low promiscuity risk and relatively selective anticancer effects, while 10g and 10j were identified as secondary hits. By comparing the results of the in vitro and in silico tests of our screening system, compound 9g can be identified as a final hit. Based on these findings, this compound should be subjected to selectively targeted in vivo evaluation for its anti-cancer effects, for a detailed examination of its mechanism of action and ultimately for the identification of potential protein targets.
Experimental Section
See the Supporting Information for experimental details. 
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A series of diversely substituted benzoxazole-estradiol chimeras were prepared and characterized based on critical physicochemical parameters. The performance of the compounds to inhibit cell proliferation was tested on human cancer cell lines and non-cancerous cells. Pharmacological tests (IC50 values, cancer cell selectivity, apoptosis-triggering features) and LLE metric revealed that the anticancer activity of some derivatives was stronger or comparable to that of 2-methoxy-estradiol and cisplatin.
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