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Abstract
The androgen receptor (AR) is a steroid hormone receptor and its high expression and
disruption of its regulation are strongly implicated in prostate cancer (PCa) development. One
of the current therapies includes application of steroidal antiandrogens leading to blockade of
the AR action by the abrogation of AR-mediated signaling. We introduced here novel 4,5,6,7tetrahydropyrazolo[1,5-a]pyridine-fused steroidal compounds, described their synthesis based
on [8+2] cycloaddition reactions of diazafulvenium methides with different steroidal
scaffolds and showed their biological evaluation in different prostate cancer cell lines in vitro.
Our results showed the ability of novel compounds to suppress the expression of known
androgen receptor targets, Nkx3.1 and PSA in two prostate cell lines, 22Rv1 and VCaP.
Candidate compound diminished the transcription of AR-regulated genes in the reporter cell
line in a concentration-dependent manner. Antiproliferative activity of the most promising
steroid was studied by clonogenic assay and induction of apoptosis in treated cells was
documented by immunoblot detection of cleaved PARP.

Graphical abstract

2

Introduction
Castration resistant prostate cancer (PCa) is one of the main causes of male cancer associated
deaths worldwide and the blockade of androgen receptor (AR) action is considered as an
effective way for the treatment. Reactivation of AR transcriptional activity via multiple
mechanisms [1] represents a driving force for ongoing development of castration resistance.
Current therapeutics include steroidal and nonsteroidal antiandrogens (Figure 1) targeting
mostly ligand‐binding domain of AR [2-5]although other modulators targeting another
domains are rapidly investigated and exhibit beneficial preclinical profiles [1,6].
Among steroidal antiandrogens, galeterone is described as a multitargeted molecule that
can antagonize AR, enhance the degradation of AR and its splice variants and inhibit AR
nuclear translocation [7]. Furthermore, galeterone inhibits one of key enzymes in steroidal
biosynthesis,

17α-hydroxylase/17,20-lyase

(CYP17A1),

and

the

targeting

of

two

deubiquitinating enzymes USP12 and USP46 that control AR degradation has been recently
described [8]. Unfortunately, galeterone’s effectivity is attenuated by its metabolism, that
revealed products with diverse biochemical activities [9]. Furthermore, the latest study from
clinical trials in men with AR-V7-expressing CRPC tumors was abandoned due to insufficient
response [1]. All these findings highlighted the need of further AR-interacting molecules for
PCa treatment.

Figure 1. Examples of different types of antiandrogens from clinical trials of prostate cancer
(source: clinicaltrials.gov)
Natural and synthetic steroids are an important class of compounds in which structural
modifications of their basic core is largely used as a strategy to modulate biological properties
[10-13]. In fact, the introduction of side chains/heterocycles or heterocycles fused at positions
16 and 17 of the D-ring led to steroids with interesting biological properties [13-15].
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Successful examples of these transformations are galeterone and abiraterone, which contain a
N-heterocycle at position C17 of the basic structure of steroid.
In this context, we have been interested in the synthetic modulations of the basic core
of steroids, namely through [8+2] cycloaddition reactions of diazafulvenium methides with
different steroidal scaffolds [16,17] and by annulation reactions of a steroidal N-sulfonyl-1azadiene with carbonyl compounds under enamine catalysis [18].
It was demonstrated that diazafulvenium methides 2, generated in situ by the SO2
extrusion of 2,2-dioxo-1H,3H-pyrazolo[1,5-c][1,3]thiazole 1, react via [8+2] cycloaddition
reaction with 16-dehydropregnenolone acetate (16-DPA), 16-dehydropregnenolone (16-DHP)
or 16-dehydroprogesterone to produce chiral 4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine-fused
steroids in a regio- and stereoselective fashion (Scheme 1) [16,17]. The first anticancer
activity screening of these hexacyclic steroids showed that compounds containing a benzyl
group at C-22, derived from 16-DHP (6) and 16-dehydroprogesterone (10), show considerable
cytotoxicity against EL4 (murine T-lymphoma) whereas the corresponding C-22 unsubstituted
steroids show low cytotoxicity [17].
Herein, the biological evaluation in prostate cancer cell lines of hexacyclic steroids 411 whose synthesis has been previously described [16,17], as well as new steroidal
derivatives 12-15 is reported.

O
Me

N

H
2

3a 16-DPA R = Ac
3b 16-DHP R1 = H

Me
Me
Me

2
H R

2

MeO2C
R3
Me O
Me
N N
Me H
2
H R
H
H

CO2Me

3

R3
N N

O2S
2

R

1
O

R1O
1

H

H
H
3c
O
16-Dehydroprogesterone

R2

R

N N

H

Me

TCB

N

Me

-SO2

MeO2C
O

H

H

R

TCB

1

Me

3

MeO2C

H

H
R1O

O

Me

Me

9 R2 = H, R3 = CO2Me
10 R2 = Bn, R3 = CO2Me
11 R2 = R3 = H

3

4 R = Ac, R = Bn, R = CO2Me
5 R1 = R2 = H, R3 = CO2Me
6 R1 = H, R2 = Bn, R3 = CO2Me
7 R1 = Ac, R2 = R3 = H
8 R1 = R2 = R3 = H

Scheme 1. Synthesis of chiral hexacyclic steroids by [8+2] cycloaddition reactions of
diazafulvenium methides 2 with different steroidal scaffolds.
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Results and discussion
Chemistry
Hexacyclic steroids 5, 6 and 8 were synthetized by [8+2] cycloaddition reaction of
diazafulvenium methides 2 with 16-DHP, following the procedure described previously [17].
In order to modulate their hydrophilicity, steroids 5, 6 and 8 were reduced to the corresponding
hydroxymethyl derivatives (Scheme 2). Carrying out the reaction of steroid 5 with an excess
of lithium aluminium hydride (3 equivalents per carbonyl group) in tetrahydrofuran at reflux,
the expected hydroxymethyl derivative 12b was obtained in 50% yield, together with the Oacetylated derivative 12a, isolated in 21% yield (Scheme 2).
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Scheme 2. Reduction of the steroid derivatives.
As expected, the acetyl substituent at C20 also underwent reduction to the corresponding
alcohol along with the reduction of the two ester groups. Interestingly, the reduction of the
acetyl group occurs diastereoselectively. Only one diastereoisomer was formed, whose
molecular structure was unambiguously established by X-ray crystallography (Figure 2). This
derivative crystallized as colourless needles in the orthorhombic system within P212121 space
group, showing one molecule per asymmetric unit. Its molecular structure consists of a steroid
5

derivative fused to 2,3-dihydroxymethyl-4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine by the
C16–C17 bond. Chiral centres C10, C13 and C3 retain the original configuration, whereas the
newly formed chiral centres at positions C16, C17 and C20 display R, S and R configurations,
respectively. All distances and angles are within the expected values for similar compounds
[19].

Figure 2. ORTEP-3 diagram of compound 12b, using 30% probability level ellipsoids. Selected
bond lengths (Å): C16−C17, 1.528(11); C17−C20, 1.535(11); C20−C21, 1.534(12); O33−C20,
1.432(11); N23−N24, 1.376(9); N23−C27, 1.308(9); N24−C25, 1.308(10); N23−C22,
1.447(10); C25−C26, 1.409(11); C26−C27, 1.378(11); Selected bond angles (º): C22–C16–C15
111.2(6); C16–C17–C20 112.3(7); C28–C17–C13, 110.8(6).

The acetyloxymethyl steroid derivative 12a was formed by the reaction of 12b with ethyl
acetate which was added to destroy the unreacted lithium aluminium hydride before the
isolation procedure. The presence of an acetyl group was easily identified in the 1H NMR (H
= 2.03 ppm) and 13C NMR (C = 172.8 ppm) spectra of compound 12a. The selective protection
of one hydroxyl was confirmed based on two-dimensional spectra (see Supporting
Information). Cross peaks were observed in the NOESY spectrum between protons H29 and
protons H28, and the HMBC spectrum shows coupling between H29 and carbon C35.
Moreover, the treatment of a methanol solution of compound 12a with NaOH 2 M for 6 hours
at room temperature, gave compound 12b in quantitative yield (Scheme 3).

6

Scheme 3. Conversion of derivative 12a into 12b.
The reduction of the carbonyl groups of steroid 6, which contain a benzyl group at C22, gave
steroid 13b in 39% yield, along with the formation of the acetyloxymethyl derivative 13a in
29% yield. A similar reactivity was observed in the reduction of monocarboxylate steroid 8,
affording compounds 14a (12%) and 14b (66%) in 78% overall yield (Scheme 2).
Finally, the hydrolysis of the ester group of hexacyclic steroid 11 [17], prepared by [8+2]
cycloaddition reaction of diazafulvenium methide 2 (R2 = R3 = H) with 16dehydroprogesterone, was carried out using an aqueous potassium hydroxide solution in
ethanol at room temperature for 2 hours. The acid derivative 15 was obtained in 55% yield
(Scheme 4).
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Scheme 4. Hydrolysis of steroid 11.
Antiproliferative effect of studied compounds
All presented steroids were tested for their antiproliferative properties against five prostate
cancer cell lines including androgen receptor positive vs negative cell lines and also
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representatives of metastatic or CRPC cell lines; the resulting data are presented in Table 1.
The results clearly show that most compounds do not reached measurable GI50 values (GI50 >
40 µM). Nevertheless, we evaluated residual viability in the presence of 40 µM compound that
showed partial antiproliferative activities of the studied steroids (Table 1). Reduced viability
in treated cells was almost comparable for all tested cell lines, only steroids’ efficacy was
significantly impaired in PC3 cell line. This trend is possibly linked with the absence androgen
receptor in PC3 cells, that therefore become more resistant to the tested compounds as also
documented for galeterone [20,21].
Table 1. Antiproliferative activities of novel steroids.
Viability (40 µM)*
22Rv1

Steroids

LNCaP

LAPC-4

PC-3

4

89.7

>100

>100

15.0

85.9

5

-

-

71.7

88.0

>100

6

83.5

81.3

64.7

28.4

57.0

7

-

-

>100

83.3

84.9

8

-

-

89.6

78.5

90.4

9

-

-

94.0

73.5

80.3

10

80.6

97.2

>100

63.3

80.7

11

77.3

95.1

98.3

80.4

85.1

12b

92.8

97.5

>100

95.8

96.3

13b

89.7

85.9

>100

55.8

43.0

14b

82.8

92.2

>100

96.3

96.7

15

-

-

>100

92.4

95.7

Galeterone

91.6

92.8

>100

25.14

57.2

Enzalutamide

94.2

80.3

>100

98.1

61.2

ARE14

VCaP

* viability in the presence of 40 µM compound (10 µM for galeterone), measured at least in triplicate.

The effect of steroids on the transcriptional activity of androgen receptor
Despite the fact that all studied steroids did not potently influence antiproliferative properties
of examined PCa cell lines, we further investigated their influence on i) some AR-regulated
genes via immunoblotting and ii) the transcriptional activity of androgen receptor using an ARdependent reporter cell line, 22Rv1-ARE14 [22]. As shown in Figure 2, immunoblot analysis
revealed that protein expression of known AR-targets, Nkx3.1 and PSA were decreased in the
presence of some steroids compared to untreated cells, while the protein expression of androgen
8

receptor with its V7 variant did not changed markedly. The most significant downregulation of
Nkx3.1 was observed for steroids 8 and 11 that was also comparable to the effect of standards
galeterone and enzalutamide. Notably, some compounds (7, 8, 10, 11 and 13b) actively
decreased the expression of PSA more than the used standard. Whereas the expression of PSA
remained unchanged under the defined conditions, expression of the AR transcription target
Nkx3.1 was suppressed upon treatment with some steroids (e.g. 9, 12b) probably due to low
stability of the Nkx3.1 protein [23]. Finally, steroids 4-6 and 15 did not affect any of both
proteins.
Further, we compared the effects of the studied steroids (10 µM sub-lethal
concentration, 24h treatment) on AR-transcriptional activity using 22Rv1-ARE14 cells in the
presence of R1881. As shown in Figure 2B, most of the studied compounds did not abolish
R1881-induced luciferase activity in 22Rv1-ARE14 cells. As expected, luciferase activity was
blocked in the presence of antiandrogen enzalutamide and galeterone. Only steroid 11 markedly
diminished the activity to 40% in comparison to R1881-stimulated control cells. This effect
was comparable with the value obtained after the treatment of cells with antiandrogen
galeterone.
Next, the activity of 11, the most potent steroid compound in the series, was studied in
more detail. To evaluate whether increasing treatment time would improve the relative
antiproliferative effect of 11 we studied 22Rv1 colony development during 10 days. Our data
(see Figure 2C) showed the ability of 11 to significantly inhibit colony formation in the studied
cells.

9

Figure 2. The influence of steroids derivatives on the AR-mediated transcription in the 22Rv1ARE14 reporter cell line. (A) The cells were treated with the studied steroids (10 µM, 24 hours)
and galeterone and enzalutamide (as a standard). Lysates were blotted for detection of
appropriate proteins; α-tubulin was included as control for protein loading. (B) Cells were
stimulated with 1 nM R1881 (R) alone (black column) or with different doses of steroids (10
µM, grey columns) for 24 h in charcoal-stripped serum medium (CSS), and then, the luciferase
activity in the cell lysate was measured. Enzalutamide and galeterone were served as positive
controls (white columns). (C) 22Rv1-ARE14 cells seeded in six-well plates were treated with
indicated concentrations of 11 for 10 days; media were replaced once in 5th day.
Biological evaluation of steroidal compound 11
In the reporter cell line we showed that the treatment of 22Rv1-ARE14 cells with different
concentrations of 11 reduced luciferase activity in a dose-dependent manner (Figure 3A). We
further performed an immunoblotting analysis to monitor whether 11 can influence the
expression of the known AR transcriptional targets in treated 22Rv1 cells. Our results showed
10

that steroid 11 decreased levels of both proteins in dose-dependent manner, which clearly
correlated with the luciferase activity in these cells. Similar trends were observed after the
treatment of cells with galeterone that showed to increase apoptosis more effectively than 11 as
documented by stronger cleavage of PARP, a known caspase-3 substrate (see Figure 3B).
Immunoblotting analysis of AR-regulated proteins was also performed in VCaP cells
(metastatic model of vertebral cancer of the prostate), but no significant changes in Nkx3.1 and
PSA were observed upon 24 h treatment (Figure 3C). We only detected the cleaved PARP
pointed at ingoing apoptosis which was weaker than in VCaP cells treated with galeterone. We
therefore evaluated whether 11 is able to affect AR-target expression during the longer period.
As documented in Figure 3D, protein expression of Nkx3.1 and PSA continuously decreased,
which in the case of the expression of PSA was already detected after two days of treatment.

Figure 3. (A) The influence of steroid 11 on the AR-mediated transcription in the 22Rv1ARE14 reporter cell line. Cells were stimulated with 1 nM R1881 (R) alone (black column) or
11

with different doses of 11 (grey columns) for 24 h in charcoal-stripped serum medium (CSS),
and then, the luciferase activity in the cell lysate was measured. (B) The 22Rv1-ARE14 cells
were cultivated in charcoal-stripped serum medium (CSS) for 24 h and then treated with
different concentrations of 11 or galeterone (as a standard) in the presence of 1 nM R1881 for
24 hours. Lysates were blotted for detection of appropriate proteins. (C) The VCaP cells were
treated with different concentrations of 11 or galeterone (as a standard) for 24 hours or (D) with
20 µM 11 for the indicated times and then lysates were blotted for detection of appropriate
proteins. α-Tubulin was included as control for protein loading.
Binding mode of steroid 11 in the androgen receptor ligand binding domain
Protein flexibility plays an important role in determining receptor/ligand recognition. While
critical to understanding receptor−ligand interactions, it is nontrivial to model these effects in
the protein active site [24,25]. More than 70 ternary structures of AR available a human
androgen receptor with a resolution < 2Å.
The binding modes of steroidal-core ligands revealed key elements to understand
receptor flexibility and elucidate induced fit effects. AR structures have a 12 α-helices that
define a central, mainly hydrophobic cavity where binding interactions are primarily guided by
residues in helices 3, 5, 7,9, and 11 and in a β-strand located between helices 5 and 6 [26].
Induced fit docking of compound 11 into the AR ligand binding domain (PDB: 1T7T)
reveals binding similar to galeterone and DHT. Key interaction in the AR structure, two
residues (Arg752 and Gln711) located in the immediate vicinity of α9 of the steroid ligand are
the most likely to create an interaction with the carboxyl group (Figure 4A). However, because
of its strong positive charge, Arg752 is likely to be the one able to establish the strongest
interaction with the ketone group. The position of its side chain is perfectly conserved in the
AR structure in the complex with the three ligands studied, thus suggesting that it is particularly
important for the binding of androgens by this receptor. At the other extremity of the steroid
nucleus, Thr877 is well positioned for contacting the carboxyl group and for maintaining the
steroid firmly inside the LBP (Figure 4B). The tetrahydropyrazolo ring of compound 11 makes
hydrophobic contact with several hydrophobic residues.
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Conclusion
In this article we evaluated twelve tetrahydropyrazolo[1,5-a]pyridine-fused steroids in several
prostate cancer models. We showed their ability to suppress expression of known androgen
receptor targets, Nkx3.1 and PSA, respectively. The candidate compound diminished
transcription of AR-regulated genes in the reporter cell line in a concentration-dependent
manner and also downregulated PSA and Nkx3.1 in two prostate cell lines. Finally, we showed
that our candidate inhibits colony formation and induces apoptosis during the PCa treatment.
Our results will contribute to finding further, effective steroidal antiandrogens for the treatment
of CRPC.
Experimental
Chemistry
General. 1H NMR spectra were recorded on an instrument operating at 400 MHz. 13C NMR
spectra were recorded on an instrument operating at 100 MHz. The solvent was
tetradeuteromethanol unless otherwise indicated. Chemical shifts are expressed in parts per
million relative to internal TMS, and coupling constants (J) are in Hz. Infrared spectra (IR)
were recorded on a Fourier transform spectrometer. High-resolution mass spectra (HRMS) were
obtained on an electrospray (ESI) TOF mass spectrometer. Melting points were determined in
open glass capillaries and are uncorrected. Optical rotations were measured on an Optical
Activity AA-5 electrical polarimeter. Thin-layer chromatography (TLC) analyses were
13

performed using precoated silica gel plates. Flash column chromatography was performed with
silica gel 60 as the stationary phase.
General procedure for the synthesis of hydroxyl steroid derivatives 12, 13 and 14. A solution
of appropriate hexacyclic steroid 5, 6 or 8 [17] (0.20 mmol) in dry tetrahydrofuran (6 mL) was
added dropwise to a suspension of lithium aluminium hydride (1.8 mmol for 5 and 6, 1.2 mmol
for 8) in dry tetrahydrofuran (9 mL) at 0 ºC. The reaction mixture was stirred at this temperature
for 15 minutes and then at reflux for 1.5 hours. The excess of lithium aluminium hydride was
carefully decomposed by the addition of ethyl acetate followed by slow addition of water (0.1
mL), NaOH 15% (0.1 mL) and water (0.3 mL). The mixture was kept stirring for 1 hour. After
this time, the mixture was filtered through celite and the inorganic residue washed with several
portions of hot ethyl acetate. The filtrate was dried (Na2SO4) and the solvent evaporated off.
The crude product was purified by flash chromatography.
3-Acetyloxymethyl-2-hydroxymethyl-4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine fused to
20β-hydroxypregnenolone

(12a)

and

2,3-Dihydroxymethyl-4,5,6,7-

tetrahydropyrazolo[1,5-a]pyridine fused to 20β-hydroxypregnenolone (12b): Obtained
from steroid 5 (105 mg, 0.20 mmol). Purification of the crude product by flash chromatography
[ethyl acetate/methanol (95:5)] gave, in order of elution, 12a as a white solid (20.7 mg, 21%)
and 12b as a white solid (47 mg, 50%).
Compound 12a: mp > 120 ºC (with decomposition) (from diethyl ether). [𝛼]

-60 (c 0.5 in

MeOH). IR (ATR) ν 1016, 1226, 1376, 1457, 1734, 2931 and 3342 cm−1. 1H NMR δ: 0.79-0.89
(m, 2H), 1.03 (s, 3H), 1.05 (s, 3H), 1.16 (d, J = 6.4 Hz, 3H), 1.18-1.20 (m, 2H), 143-1.60 (m,
4H), 1.64-1.96 (m, 7H), 2.03 (s, 3H), 2.18-2.23 (m, 2H), 2.45-2.49 (m, 1H), 2.75 (d, J = 17.6
Hz, 1H), 3.12 (d, J = 17.6 Hz, 1H), 3.34-3.40 (m, 1H), 3.99 (dd, J = 13.2 and 3.2 Hz, 1H), 4.06
(dd, J = 13.2 and 4.0 Hz, 1H), 4.24 (q, J = 6.4 Hz, 1H), 4.59 (d, J = 12.4 Hz, 1H), 4.65 (d, J =
12.4 Hz, 1H), 5.12 (d, J = 12.8 Hz, 1H), 5.16 (d, J = 12.8 Hz, 1H), 5.27 (br d, J = 4.8 Hz, 1H).
13

C NMR δ: 16.5, 19.8, 20.1, 20.8, 21.2, 22.0, 32.3, 33.3, 33.5, 34.6, 35.2, 37.7, 38.5, 40.6,

43.0, 50.1, 51.1, 52.2, 52.8, 54.8, 57.1, 57.4, 72.4, 72.7, 110.5, 122.2, 142.3, 143.8, 151.5,
172.8. HRMS (ESI-TOF) m/z for C30H45N2O5 [M+H]+ calcd 513.3323, found 513.3324.
Compound 12b: mp > 250 ºC (with decomposition) (from diethyl ether). [𝛼]

-50 (c 0.5 in

MeOH). IR (ATR) ν 1010, 1060, 1373, 1458, 2928, 3228 cm−1. 1H NMR δ: 0.82-0.95 (m, 2H),
14

1.03 (s, 3H), 1.05 (s, 3H), 1.13 (d, J = 6.4 Hz, 3H), 1.22-1.32 (m, 2H), 1.42-1.96 (m, 11H),
2.18-2.23 (m, 2H), 2.44-2.48 (m, 1H), 2.80 (d, J = 17.2 Hz, 1H), 3.06 (d, J = 17.2 Hz, 1H),
3.36-3.41 (m, 1H), 3.96 (dd, J = 13.2 and 3.2 Hz, 1H), 4.08 (dd, J = 13.2 and 4.4 Hz, 1H), 4.22
(q, J = 6.4 Hz, 1H), 4.59 (br s, 2H), 4.62 (s, 2H), 5.27 (br d, J = 4.4 Hz, 1H). 13C NMR δ: 16.3,
19.8, 20.3, 20.7, 22.0, 32.3, 33.1, 33.5, 34.7, 35.3, 37.6, 38.5, 40.4, 43.0, 50.0, 51.1, 52.1, 52.6,
54.3, 54.6, 57.4, 72.4, 72.8, 115.2, 122.3, 142.2, 142.6, 150.9. HRMS (ESI-TOF) m/z for
C28H43N2O4 [M+H]+ calcd 471.3217, found 471.3208.
(7S)-3-Acetyloxymethyl-7-benzyl-2-hydroxymethyl-4,5,6,7-tetrahydropyrazolo[1,5a]pyridine fused to 20β-hydroxypregnenolone (13a) and (7S)-2,3-Dihydroxymethyl-7benzyl-4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine fused to 20β-hydroxypregnenolone
(13b): Obtained from steroid 6 (124 mg, 0.20 mmol). Purification of the crude product by flash
chromatography [ethyl acetate/methanol (95:5)] gave, in order of elution, 13a as a white solid
(34.8 mg, 29%) and 13b as a white solid (43.8 mg, 39%).
Compound 13a: mp > 160 ºC (with decomposition) (from diethyl ether). [𝛼]

-70 (c 0.5 in

MeOH). IR (ATR) ν 1018, 1044, 1231, 1375, 1455, 1716, 2930 and 3361 cm−1. 1H NMR δ:
0.71-0.82 (m, 1H), 0.88 (s, 3H), 1.01 (s, 3H), 1.03 (d, J = 6.4 Hz, 3H), 1.07-1.20 (m, 2H), 1.281.32 (m, 2H), 1.36-1.73 (m, 7H), 1.77-1.93 (m, 4H), 2.01 (s, 3H), 2.13-2.24 (m, 2H), 2.56-2.65
(m, 1H), 2.96-3.07 (m, 1H), 3.25 (dd, J = 16.8 and 4.0 Hz, 1H), 3.36-3.40 (m, 1H), 3.78-3.87
(m, 1H), 4.05 (q, J = 6.4 Hz, 1H), 4.31-4.36 (m, 1H), 4.57-4.73 (m, 2H), 5.14-5.21 (m, 2H),
5.24-5.27 (m, 1H), 7.26-7.31 (m, 3H), 7.34-7.38 (m, 2H). 13C NMR δ: 16.9, 19.5, 19.7, 20.9,
21.3, 22.0, 28.3, 32.3, 33.4, 33.6, 35.4, 36.7, 37.7, 38.5, 42.9, 43.9, 51.0, 52.8, 55.8, 56.1, 57.3,
57.5, 61.3, 72.4, 110.4, 122.3, 127.8, 129.8, 130.4, 139.0, 142.3, 144.3, 151.3, 172.8. HRMS
(ESI-TOF) m/z for C37H51N2O5 [M+H]+ calcd 603.3792, found 603.3771.
Compound 13b: mp > 190 ºC (with decomposition) (from diethyl ether). [𝛼]

-100 (c 0.5 in

MeOH). IR (ATR) ν 1002, 1043, 1376, 1454, 2928 and 3311 cm−1. 1H NMR δ: 0.50-0.58 (m,
1H), 0.72-0.80 (m, 1H), 0.85 (s, 3H), 0.98 (s, 3H), 1.01 (d, J = 6.4 Hz, 3H), 1.05-1.16 (m, 2H),
1.25-1.58 (m, 6H), 1.64-1.96 (m, 6H), 2.15-2.18 (m, 2H), 2.58 (d, J = 17.2 Hz, 1H), 2.99 (dd,
J = 13.2 and 11.2 Hz, 1H). 3.23 (d, J = 17.2 Hz, 1H), 3.33-3.38 (m, 1H), 3.18 (dd, J = 13.2 and
4.4 Hz, 1H), 4.02 (q, J = 6.4 Hz, 1H), 4.28-4.32 (m, 1H), 4.57 (d, J = 12.4 Hz, 1H), 4.62 (d, J
= 12.4 Hz, 1H), 4.66 (s, 2H), 5.23 (br d, J = 4.4 Hz, 1H), 7.24-7.28 (m, 3H), 7.32-7.36 (m, 2H).
13

C NMR δ: 16.8, 19.6, 19.8, 20.8, 22.1, 28.2, 32.3, 33.1, 33.6, 35.6, 36.7, 37.5, 38.4, 43.0,
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44.0, 49.6, 51.0, 52.7, 54.5, 55.8, 57.5, 61.3, 72.4, 72.5, 115.1, 122.3, 127.8, 129.7, 130.3,
139.1, 142.0, 143.2, 150.6. HRMS (ESI-TOF) m/z for C35H49N2O4 [M+H]+ calcd 561.3687,
found 561.3678.
3-Acetyloxymethyl-4,5,6,7-tetrahydropyrazolo[1,5-a]pyridine
hydroxypregnenolone

(14a)

and

fused

to

20β-

3-Hydroxymethyl-4,5,6,7-tetrahydropyrazolo[1,5-

a]pyridine fused to 20β-hydroxypregnenolone (14b): Obtained from steroid 8 (93.3 mg, 0.20
mmol). Purification of the crude product by flash chromatography [ethyl acetate/methanol
(95:5)] gave, in order of elution, 14a as a white solid (11.5 mg, 12%) and 14b as a white solid
(58.2 mg, 66%).
Compound 14a: mp > 87.0 °C (with decomposition) (from diethyl ether). [𝛼]

-50 (c 0.5 in

MeOH). IR (ATR) ν 1018, 1043, 1227, 1376, 1458, 1735, 2924 and 3345 cm−1. 1H NMR δ:
0.68-0.75 (m, 1H), 0.78-0.85 (m, 1H), 1.01 (s, 3H), 1.02 (s, 3H), 1.10-1.15 (m, 1H), 1.17 (d, J
= 6.4 Hz, 3H), 1.18-1.20 (m, 1H), 1.41-1.70 (m, 9H), 1.88-1.95 (m, 2H), 2.00 (s, 3H), 2.162.19 (m, 2H), 2.72 (d, J = 17.2 Hz, 1H), 3.13 (d, J = 17.2 Hz, 1H), 3.34-3.38 (m, 1H), 4.01 (dd,
J = 13.6 and 3.2 Hz, 1H), 4.06 (dd, J = 11.6 and 4.0 Hz, 1H), 4.24 (q, J = 6.4 Hz, 1H), 5.03 (s,
2H), 5.24 (br d, J = 4.8 Hz, 1H), 7.42 (s, 1H). 13C NMR δ: 16.5, 19.8, 19.9, 20.7, 21.2, 22.0,
32.2, 33.3, 33.4, 34.5, 35.3, 37.6, 38.5, 40.9, 42.9, 50.1, 51.1, 52.5, 53.0, 55.1, 57.7, 72.4, 72.7,
112.5, 122.1, 141.1, 142.3, 142.7, 172.7. HRMS (ESI-TOF) m/z for C29H43N2O4 [M+H]+ calcd
483.3217, found 483.3220.
Compound 14b: mp > 218 ºC (with decomposition) (from diethyl ether). [𝛼]

-40 (c 0.5 in

MeOH). IR (ATR) ν 999, 1050, 1354, 1376, 1420, 2930 and 3276 cm−1. 1H NMR δ: 0.77-0.84
(m, 2H), 1.01 (s, 3H), 1.03 (s, 3H), 1.07-1.08 (m, 1H), 1.12 (d, J = 6.4 Hz, 3H), 1.18-1.25 (m,
2H), 1.47-1.52 (m, 4H), 1.62-1.69 (m, 2H), 1.76-1.86 (m, 3H), 1.91-1.94 (m, 1H), 2.16-2.19
(m, 2H), 2.43-2.45 (m, 1H), 2.78 (d, J = 17.2 Hz, 1H), 3.07 (d, J = 17.2 Hz, 1H), 3.35-3.40 (m,
1H), 3.98 (dd, J = 13.2 and 3.2 Hz, 1H), 4.08 (dd, J = 13.2 and 4.4 Hz, 1H), 4.21 (q, J = 6.4 Hz,
1H), 4.51 (s, 2H), 5.24 (br d, J = 0.4 Hz, 1H), 7.37 (s, 1H). 13C NMR δ: 16.3, 19.8, 20.2, 20.6,
22.1, 32.3, 33.2, 33.4, 34.7, 35.4, 37.6, 38.5, 40.7, 43.0, 50.0, 51.2, 52.4, 52.7, 54.9, 55.2, 72.4,
72.8, 117.3, 122.2, 139.0, 141.4, 142.2. HRMS (ESI-TOF) m/z for C27H41N2O3 [M+H]+ calcd
441.3112, found 441.3106.
Procedure for conversion of 12a into 12b:
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Aqueous solution of NaOH 1M (0.3 mL) was added to a solution of compound 12a (20 mg,
0.039 mmol) in methanol (3 mL). The mixture was stirried at room temperature for 6 hours.
After this time, H2O (10 mL) was added and the mixture extracted with ethyl acetate (3 x 10
mL). The organic extracts were dried (Na2SO4) and the solvent evaporated off. Compound 12b
was obtained as a white solid (18.3 mg, 99%) and was identified by comparison with the
specimen previously isolated (see above).
4,5,6,7-Tetrahydropyrazolo[1,5-a]pyridine-3-carboxylic acid fused to progesterone, (15):
A solution of compound 11 (41 mg, 0.0883 mmol) in ethanol (3 mL) was treated with a KOH
saturated solution at room temperature for 2 h. After the reaction was complete (TLC control),
the mixture was acidified with HCl 1M and extracted with ethyl acetate (3 x 15 mL). The
organic phase was dried (Na2SO4) and the solvent evaporated off. Purification of the crude
product by flash chromatography [chloroform/methanol (90:10)] gave compound 15 as a white
solid (21.8 mg, 55%): mp >215 °C (with decomposition) (from diethyl ether). [𝛼]

+20 (c 0.5

in CHCl3). IR (ATR) ν 1199, 1223, 1248, 1560, 1655, 1686, 1693 and 2939 cm−1. 1H NMR
(CDCl3) δ: 0.81 (s, 3H), 1.16 (s, 3H), 1.31-1.37 (m, 3H), 1.52-1.73 (m, 3H), 1.84-2.07 (m, 7H),
2.13-2.18 (m, 1H), 2.23 (s, 3H), 2.47-2.64 (m, 3H), 3.31 (d, J = 16.4 Hz, 1H), 3.43 (d, J = 16.4
Hz, 1H), 3.71-3.77 (m, 1H), 3.89 (dd, J = 13.2 and 6.4 Hz, 1H), 4.30 (dd, J = 13.2 and 6.4 Hz,
1H), 6.18 (s, 1H), 7.86 (s, 1H). 13C NMR (CDCl3) δ: 16.7, 17.6, 20.5, 24.7, 27.7, 30.8, 32.7,
33.8, 33.9, 35.4, 36.4, 39.4, 46.2, 46.3, 50.1, 51.0, 52.3, 66.1, 109.3, 126.0, 141.2, 142.7, 159.9,
167.9, 199.1, 200.8, 207.3. HRMS (ESI-TOF) m/z for C27H35N2O4 [M+H]+ calcd 451.2591,
found 451.2583.
Crystallographic

data

for

2,3-dihydroxymethyl-4,5,6,7-tetrahydropyrazolo[1,5-

a]pyridine fused to 20β-hydroxypregnenolone (12b) X-ray diffraction. Crystals suitable for
single-crystal X-ray analysis of compound 12b were selected and covered with Fomblin
(polyfluoro ether oil) and mounted on a nylon loop. The data was collected at room temperature
on a Bruker D8 Venture diffractometer equipped with a Photon 100 detector and an Oxford
Cryosystem Cooler, using graphite monochromated Mo-Kα radiation (λ = 0.71073 Å). The data
was processed using the APEX3 suite software package, which includes integration and scaling
(SAINT), absorption corrections (SADABS) and space group determination (XPREP).
Structure solution and refinement were done using direct methods with the programs SHELXT
2014/5 and SHELXL (version 2018/3) [27,28] inbuilt in APEX and WinGX-Version 2018.3
[29] software packages. Despite the crystal of compound 12b showing poor diffracting power,
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and crystal quality (Rint of 0.2144), the structure refined to a good convergence. All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were inserted in idealized
positions, and allowed to refine riding on the parent carbon or oxygen atom with C–H distances
of 0.93 Å, 0.96 Å, 0.97 Å, and 0.98 Å for aromatic, methyl, methylene and methine H atoms,
respectively, and O–H distance of 0.82 Å. The molecular diagrams were drawn with ORTEP3 (version 2014.1)[27,28], included in the software package. The data for 12b was deposited
in the CCDC under deposit number CCDC 1909726.
Experimental section
Cell lines
LNCaP cells were purchased from ECACC. LAPC-4 and VCaP were kindly provided by Dr.
Frederic R. Santer from Innsbruck Medical University (Austria). The 22Rv1-ARE14 reporter
cell line [22] was a generous gift from Prof. Zdeněk Dvořák (Department of Cell Biology and
Genetics, Palacký University). The VCaP and LNCaP cell lines were grown in 25 mM HEPESmodified RPMI-1640 medium, The LAPC-4 cell line was grown in Iscove´s Modified
Dulbecco´s medium, and the 22Rv1-ARE14 cell line was grown in RPMI-1640 medium. All
media were supplemented with 10 % normal or charcoal-stripped fetal bovine serum, 4 mM
glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin and 1 mM sodium pyruvate. Cells
were maintained in a humidified CO2 incubator at 37 °C.
Chemicals
Specific reagents were purchased from PerkinElmer (R1881) and Merck (galeterone).
Enzalutamide was kindly provided by Dr. Frederic R. Santer from Innsbruck Medical
University.
AR-transcriptional reporter assay
22Rv1-ARE14 cells were seeded into a 96-well plate. The next day, the cultivation medium
was discarded and the cells were incubated in the absence or presence of the tested compounds
dissolved in RPMI-1640 medium supplemented with charcoal-stripped serum and 1 nM R1881
for 7 hours. After an incubation period, the cells were washed with PBS and lysed for 10 min
in a lysis buffer (10 mM Tris pH = 7.4, 2 mM DCTA, 1 % nonidet P40, 2 mM DTT). After
lysing, a reaction buffer (20 mM tricin pH = 7.8, 1.07 mM MgSO4. 7H20, 5 mM ATP, 9.4 µM
luciferine) was added to the wells and the luminescence of the samples was measured using a
Tecan M200Pro microplate reader (Biotek).
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Cell viability assays
For the cytotoxicity assays, cells were treated in triplicate with six different doses of each
compound for 72 h. After treatment, the resazurin (Merck) solution was added for 4 h, and then
the fluorescence of resorufin was measured at 544 nm / 590 nm (excitation / emission) using a
Fluoroskan Ascent microplate reader (Labsystems). The GI50 value, the drug concentration
lethal to 50% of the cells, was calculated from the dose response curves that resulted from the
assays.
Immunoblotting
Cell lysates were prepared, and then proteins were separated on SDS-polyacrylamide gels and
electroblotted onto nitrocellulose membranes. After blocking, overnight incubation with
specific primary antibodies, and incubation with peroxidase-conjugated secondary antibodies,
peroxidase activity was detected with SuperSignal West Pico reagents (Thermo Scientific)
using a CCD camera LAS-4000 (Fujifilm). The following specific antibodies were purchased
from Cell Signaling Technology (anti-PARP, clone 46D11; anti-androgen receptor, clone
D6F11; anti-PSA/KLK3, clone D6B1; anti-NKX3.1, clone D2Y1A; peroxidase conjugated
secondary antibodies) and Merck (anti-α-tubulin, clone DM1A). All primary antibodies were
diluted in TBS containing 3% BSA; 0.1% Tween 20.
22Rv1-ARE14 colony formation assay
2000 cells per well were seeded into 6-well plates. The following day the medium was removed
and replaced with fresh medium containing different concentration of compound. Media
containing compounds were replaced on the 5th day. Then, medium was discarded and colonies
were fixed with 70% ethanol for 15 min, washed with PBS and stained by crystal violet (1%
solution in 96% ethanol) for 1 hour. Finally, plates were distained until the colonies were visible
and digitized by camera.
Induced-fit (Flexible) Docking
All ligands were prepared using LigPrep and were optimized with the OPLS3 force field in the
MacroModel module in Schrödinger [30-32]. The protein structure of 1T7T was applied with
the flexible docking refinement method in the ICM. The correct atom types were assigned
according to a modified version of ECEPP/3 force field [33]. Hydrogen atoms and missing
heavy atoms were added. Tautomeric states of histidines and the positions of asparagine and
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glutamine side chain amide groups were optimized to improve the hydrogen bond pattern. The
cognate ligands were deleted from the complexes only after hydrogen optimization. The
ICMPocketFinder function was used to identify the binding pocket in the crystal structures of
Androgen receptor. The algorithm builds a grid map of a binding potential, and the position and
size of the ligand-binding pocket are determined based on the construction of equipotential
surfaces along those maps [34]. We applied the flexible ligand and receptor complex
refinement implemented in ICM-Pro, followed by a global optimization of the flexible ligand
in the receptor field, so that both the intramolecular ligand energy and the ligand–receptor
interaction energy were optimized during the calculation.
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