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Abstract

Cell autophagy and apoptosis processes are of interest in drug development
and contribute to the chemotherapy outcomes of patients receiving cancer
treatment. The functional roles of cyclic nucleotides in cells include maintenance
of metabolic homeostasis. cGMP and steroid compounds participate in
apoptotic and autophagic events, and modulate the function of multi-drug
resistance proteins. Endogenous steroid and cyclic nucleotide ratios change
with ageing and this may initiate detrimental changes in cell function. This
study uses a computational chemistry approach to investigate molecular simi-
larity within chemotherapeutic and steroid compound structures. Modulators
of autophagy/apoptosis and endogenous steroid structures all demonstrate
molecular similarity to the structure of cGMP. Relative molecular similarity
within these structures facilitates additive and synergistic treatment effects.
Endogenous steroids are natural modulators of autophagy and apoptosis;
concentration changes consequently have the potential to impact cancer
risks.
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1.

Introduction

The cell phenomena of autophagy and apoptosis are relevant to many medical
conditions but best exploited in cancer chemotherapy. Autophagy is regarded as

a degradative recycling process primarily focused on cell survival and apoptosis
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as a programmed cell death pathway, although there is considerable interplay
with descriptions of an autophagy-apoptosis pathway [1] [2]. Endoplasmic reti-
culum (ER) stress, reactive oxygen species (ROS) and compounds of natural and
synthetic origin initiate both processes [3] [4]. Chemical modulators of autopha-
gy, structurally and functionally heterogeneous and promiscuous in regard to
receptor targets, are classed as activators, inhibitors and dual-modulators [5].
Cellular homeostasis, maintained by a negative-feedback autophagic response
triggered by ROS, may develop into a regulated death response when levels be-
come overwhelming [6]. Calcium signaling is also critical; ryanodine and inosi-
tol 1,4,5-triphosphate receptors (IP3R) modulate autophagic flux [7] [8]. Mito-
chondrial and cell apoptosis result from mitochondrial calcium overload [9].

The second-messenger role of cGMP in cell signal-transduction no longer
adequately describes a compound associated with multi-drug resistance proteins
(MRP), modulation of ROS and SOCE (store-operated calcium entry), apoptosis
and autophagy regulation, and phosphodiesterase (PDE)-targeted chemothera-
py. PDES5 inhibitors and the PDE9A gene biomarker are of interest in the treat-
ment of colorectal cancer [10] [11]. Intracellular cGMP levels are crucial to the
survival of breast cancer cells in vitro [12] [13] and associated with mitochondrial
malfunction in rat Leydig cells [14]. The nitrated nucleotide, 8-nitro-cGMP, in-
duces protective autophagy independently of the mTOR regulator pathway [15]
[16]. The above examples of cGMP properties within the setting of cancer pa-
thogenesis may relate to the observation that compounds initiating cancer or
modulating apoptosis share relative molecular similarity with the structure of
cGMP [17].

The interaction between nucleotides and endogenous steroids is not confined
to the regulation of cell nuclear processes. A non-genomic effect of progesterone
on cyclic nucleotide export from cells is documented. Progesterone blocks cGMP
export by MRP, elevating intracellular cGMP and inhibiting cell growth [18]
[19]. A recent case-cohort study reports a 16% increase in breast cancer risk as-
sociated with elevated progesterone in post-menopausal women [20]. Relative
risk of ER+/PR+ breast cancer increases with higher levels of estradiol, andros-
tenedione, testosterone and dehydroepiandrosterone (DHEA) sulphate [21]. Es-
trogen contributes to gender specific cancers via a common mechanism involv-
ing the formation of catechol estrogen-3,4-quinones and depurinating estro-
gen-DNA adducts [22]. Deprivation of estrogen or androgen supply is effective
in the treatment of breast and prostate cancers [23]. In vitro, androgen-initiated
responses at cell membrane G-protein receptors decrease cancer cell growth and
induce apoptosis [24].

Cancer risk is not solely confined to the gonadal steroids. Glucocorticoids as
well as 11-oxygenated androgen levels are associated with increased breast can-
cer risk in women with a familial history of breast cancer [25]. The well-established
apoptotic effect of glucocorticoids on lymphoid cells is driven by the release of
ER Ca’ and mitochondrial cytochrome ¢ [26]. DHEA is protective against hu-

man granulosa HO23 cell apoptosis in serum-free medium [27] a property that
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is indicative of the need for specific steroids for maintaining cell integrity. DHEA
and cortisol compete for cell receptors and the ratio of these steroids changes
with ageing [28].

The steroid compounds that modulate cancer initiation and progression have
the approximate formular weight of cyclic nucleotides. Steroids may conceivably
be the natural modulators of apoptosis and autophagy and it is pertinent to ex-
plore their preventative measures against cancers. The aim of this study is to ob-
tain more evidence for the above hypothesis by investigating the cyclic nucleo-
tide fitting-characteristics of endogenous steroid structures, in comparison to
those of chemotherapeutic drugs and autophagy/apoptosis-modulating com-

pounds.

2. Methods

2.1. Selection of Compound Structures

The literature was searched to identify autophagy-modulating compounds with
general and more specific uses. Compounds were then selected to provide a wide
range of different molecular structures for investigation. Promoters and inhibi-
tors of cancer cell autophagy are listed in Rahman et al [2], Deng et al [4],
Zielke et al. [29], Kocaturk et al [30], Chen et al. [31], Liu et al. [32], Liu et al.
[33]. Chemotherapeutic drugs and natural products with autophagy-inducing
properties on cancer prostate cells and tissue are documented in Yan ef al [34],
Naponelli et al [35], Wang et al. [36], Toepfer et al. [37], Mortezavi et al [38],
Hahm & Singh [39], Safari ef al. [40], Huang et al [41], Cho et al [42], and Lee
et al. [43]. Several compounds are identified as inducers of autophagy-dependent
cell death in apoptosis-resistant cells: Law et al [44], Hu et al [45]. Xaviour ef al.
[46] and Patsos et al. [47]. Compound chemical structures are taken from Pub-

Chem (https://pubchem.ncbi.nlm.nih.gov/) and appropriate chemical company

web-sites.

2.2. Molecular Modeling

The Nemesis software program (Oxford Molecular version 2.1) is used to build
molecular structures from contents of the program fragment file and minimise
structures by conformational analysis. Compound structures used for fitting are
minimum energy conformers in an uncharged form. The conformation of the
cGMP structure is described by the torsion angle C8N9C1’0O9 -33° (see Figure 1,
1). The computational program fits paired molecular structures on a three-point
basis. Fitting-points, comprised of atoms of similar type and partial charge within
compound and nucleotide structures, are identified in the text and Table 1 with
respect to the nucleotide labels. Colour-coded atoms in the figures identify ligand
fitting-points: carbon-green, nitrogen-blue, oxygen-red, sulphur-yellow. Bond or-
der within the molecular structures is not shown, to improve on presentation.
The Nemesis program computes goodness-of-fit values, in respect of inter-atomic

distance at each fitting-point and root mean square (RMS) value.
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3. Results

3.1. Plant Derivatives and Drugs

In addition to a substantial number of identified plant derivatives, recognised
modulators of autophagy include current drugs that were not designed for cancer
treatment. Minimum energy conformations of the larger autophagy-inducing
compounds (Figure 1, 2 - 14) superimpose almost linearly on the cGMP tem-
plate with a range of fitting-points on the guanine and ribose-phosphate moie-
ties. Structures (2 - 9) provide at least one fitting-point on cGMP 08, 06 or C6.
The fitting-points of smaller compound structures (15 - 20) are not able to en-
gage with both guanine and ribose-phosphate nucleotide rings unless one struc-
ture is superimposed on each component, as illustrated. The smaller molecular

structures then superimpose on an equivalent area of the nucleotide template

Figure 1. Autophagy stimulators: fitting of structures to the cGMP tem-
plate (grey). 1 cGMP, 2 desatinib, 3 pimozide, 4 ginsenoside, 5 berberine, 6
epigallocatechingallate, 7 obatoclax, 8 curcumin, 9 loperamide, 10 8-nitro-
c¢GMP, 11 tetrandrine, 12 erlotinib, 13 y-tocotrienol, 14 schizandrin A, 15
matrine, 16 allicin; 17 dihydroartemisinin, 18 STF-62247, 19 acetylcarni-
tine; 20 ML-9.
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covered by the larger structures. The primary feature shared by these autopha-
gy-stimulating structures is their relative similarity to the cGMP structure. In
contrast to the stimulator structures, fitting points of the autophagy inhibitors
(Figure 2) are confined to the nucleotide guanine ring with little impact on the
ribose-phosphate moiety. The inhibitors all provide similar fits to the smallest
structure, autophagy inhibitor 3-methyladenine (1 - 3). Of the alternative fits
provided by 3-methyladenine, template (3) relates best to the other inhibitors;
fitting points are confined to the deoxyuracil moiety of the guanine ring with a
negatively charged atom adjacent to O6. Templates (11) and (14) give the fits of
17- B estradiol and resveratrol structures as autophagy inhibitors, the latter con-
trasting with resveratrol structures (16) and (17) that are more in keeping with
the autophagy-stimulating structures of Figure 1. The structures of camptothe-

cin (4) and the E1-3,4-quinone of guanine (18) are not included as autophagy

inhibitors, as is explained within the discussion section.

S IR ok o

14

16 iq\g 18%\

Figure 2. Autophagy inhibitors: fitting of structures to cGMP template (grey). 1
3-methyladenine, 2 3-methyladenine, 3 3-methyladenine, 4 camptothecin, 5 spau-
tin-1, 6 wortmannin, 7 quinacrine, 8 SAR405, 9 LY294002, 10 4-acetylantroquinolol
B, 11 17-f estradiol, 12 cycloheximide, 13 bafilomycin, 14 resveratrol, 15 dauri-
cine, 16 resveratrol, 17 resveratrol, 18 4-OH(E1)-1-N7Gua.
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Figure 3 (1 - 12) provides the fits of compounds that induce autophagy-de-
pendent cell death in apoptosis-resistant cells. The structures demonstrate a
propensity for paired-fits that either block the nucleotide cyclized ring or leave it
unobstructed. Several compounds (4), (7), (9), (10), (11) have fitting points that
are more focused on the furan ring moiety, including ryanodine (14 - 17) a
compound that gives at least 4 different fits. Template (14) best approximates to
the fit of dantrolene (2) a ryanodine receptor inhibitor. Glutathione (13), a com-
pound involved in maintenance of cell redox potential, also provides a close fit
to the nucleotide template. Goodness of fit values for compound structures in
Figure 1 and Figure 3 (n = 43) range from 0.01 - 0.16 A (intermolecular dis-
tance) and 0.0007 - 0.0232 A (RMS). Equivalent values for the more simple fits
of Figure 2 structures (n = 18) are 0.01 - 0.12 A and 0.0001 - 0.0166 A.

Figure 3. Autophagy modulators: fitting of structures to cGMP template (grey).
1 and 2 dantrolene, 3 and 4 ursolic acid, 5 and 6 neferine, 7 and 8 anandamide,
9 and 10 benzo[a]phenolazine, 11 and 12 dihydrotanshinone, 13 glutathione, 14
ryanodine, 15 ryanodine, 16 ryanodine, 17 ryanodine.
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In respect of molecular size and fitting, compound structures used in prostate
chemotherapy (Figure 4) differ little from those given in Figure 1 and Figure 3.
Template fitting-points relate to both guanine and ribose-phosphate ring moie-
ties and structures (1-15) leave the nucleotide cyclized ring relatively unob-
structed. Aspirin (4) and psoralidin (17, 18) are included in this figure to illu-
strate how two compound structures, represented by the combination of aspirin
with atorvastin [5] or two structures of psoralidin, fit the cGMP template to in-
duce an additive or synergistic effect on a nucleotide receptor. The respective
template fits of psoralidin (17) and (18) are similar to those of autophagy and
ryanodine inhibitors in Figure 2 and Figure 3. RY10-4 (16), a compound effec-
tive against breast cancer cells, provides the same fit as its less potent parent
compound protoapigenone (data not given). Individual fitting values for the

structures in Figure 4 are provided in Table 1.

#

3 r 5
r"“?

14 15 16 18

Figure 4. Prostate cancer medication: fitting of structures to cGMP template
(grey). 1 auriculasin, 2 sunitinib, 3 piperine, 4 aspirin, 5 atorvastin, 6 withafer-
rin A, 7 abiraterone, 8 apogossypolone, 9 emodin, 10 rottlerin, 11 piperlongu-
mine, 12 pipernonaline, 13 arbutin, 14 mefloquine, 15 cordycepin, 16 RY10-4,
17 psoralidin, 18 psoralidin.
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Table 1. Values for fitting drug and steroid structures to the cGMP template.

Interatomic

Compound Fitting points distances (&) RMS (A)
abiraterone C6C407 0.01, 0.12,0.12 0.0039
apogossypolone 06C208 0.04, 0.06, 0.02 0.0091
arbutin C8C2’09 0.04, 0.04, 0.08 0.0006
aspirin 05C3°03 0.12, 0.10, 0.06 0.0112
atorvastatin N7C807 0.10, 0.10, 0.03 0.0092
auriculasin C6C207 0.08, 0.04, 0.05 0.0084
cordycepin N7C4°C2’ 0.02, 0.03, 0.04 0.0034
emodin C2N307 0.05, 0.05, 0.01 0.0034
mefloquine c3Ccc2 0.05, 0.06, 0.09 0.0047
piperine C2C3°08 0.04, 0.01, 0.05 0.0036
piperlongumine 0503C5 0.12,0.12,0.04 0.0074
pipernonaline C4C207 0.09, 0.08, 0.05 0.0072
psoralidin C4C3°08 0.09, 0.10, 0.14 0.0059
psoralidin C2C4Ce6 0.05, 0.06, 0.01 0.0051
rottlerin C6C503 0.05, 0.02, 0.03 0.0034
RY10-4 N9C1’0O3 0.04, 0.05, 0.02 0.0070
sunitinib C6C208 0.09, 0.10, 0.12 0.0102
withaferin A N1C207 0.10, 0.07, 0.05 0.0012
11-ketotestosterone 06C607 0.13,0.13, 0.07 0.0084
11-ketotestosterone C8N9C2’ 0.10, 0.05, 0.05 0.0008
11-ketotestosterone C4’C1r’c2 0.06, 0.05, 0.01 0.0040
11-ketodihydrotestosterone N9C1’03 0.07, 0.07, 0.05 0.0097
11-ketodihydrotestosterone. 06C607 0.11,0.14,0.18 0.0061
11-p-hydroxyandrostenedione 06C607 0.07, 0.10, 0.07 0.0054
11-p-hydroxyandrostenedione C4Crez 0.02, 0.06, 0.05 0.0066
17 f-estradiol CLC3C2 0.12,0.13, 0.04 0.0149
17 B-estradiol C3C2’C2 0.09, 0.11, 0.08 0.0158
17 B-estradiol 03C2’C5 0.02, 0.05, 0.03 0.0047
17 f-estradiol 08C3’C2 0.09, 0.08, 0.09 0.0132
17 f-estradiol 03C3’C5 0.07, 0.12, 0.05 0.0121
2-hydroxyestrone C4’C1’C2 0.04, 0.02, 0.03 0.0042
2-hydroxyestrone C2C4°08 0.05, 0.08, 0.11 0.0147
2-hydroxyestrone C2’C3°06 0.09, 0.14, 0.07 0.0136
2-hydroxyestrone 03C2’C5 0.09, 0.08, 0.03 0.0114
2-methoxyestradiol N9C1’03 0.07, 0.05, 0.05 0.0061
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Continued

2-methoxyestradiol
27-hydroxycholesterol
3-a-DHP
3-a-DHP
4-hydroxyestrone
4-hydroxyestrone
4-hydroxyestrone
4-hydroxyestrone
4-hydroxyestrone
4-pregnene
5-androstenediol
5-androstenediol
5-a-DHP
androstenedione
cortisol
cortisol
cortisol
cortisol
dexamethasone
dexamethasone
DHEA
DHEA
DHEA
progesterone
progesterone
progesterone
progesterone
pregnanolone
testosterone
testosterone

testosterone

c4Cc2C2
C3’C2’06
C4Crez
C6C5C2’
C3C2’C2
C4C3C2
07C3°06
N9C103
08C3’C2
C3°C2°C5
N9CI’O3
06C607
c4c2c2
06C607
06C608
0308C2
0803C6
C6C5C2’
06C203
050306
06C1°C3
C3°C2°06
c4c2Cr
06C608
05C4’C2
C6C5C2’
C4Crez
C6C5C2’
N9CI’03
c4Cc2’C2
06C607

0.02, 0.02, 0.01
0.02, 0.02, 0.04
0.03, 0.06, 0.03
0.08, 0.09, 0.04
0.08, 0.10, 0.07
0.11, 0.13, 0.03
0.07, 0.07, 0.01
0.03, 0.06, 0.04
0.18, 0.15, 0.12
0.11, 0.11, 0.06
0.07, 0.06, 0.05
0.18, 0.03, 0.16
0.08, 0.05, 0.03
0.09, 0.11, 0.04
0.05, 0.06, 0.02
0.01, 0.04, 0.04
0.08, 0.04, 0.10
0.08, 0.04, 0.04
0.05, 0.02, 0.05
0.08, 0.11, 0.03
0.08, 0.11, 0.02
0.02, 0.02, 0.04
0.07, 0.11, 0.10
0.10, 0.10, 0.09
0.06, 0.07, 0.04
0.06, 0.06, 0.01
0.04, 0.06, 0.02
0.07, 0.04, 0.03
0.07, 0.06, 0.05
0.05, 0.02, 0.04
0.10, 0.10, 0.07

0.0023
0.0001
0.0001
0.0119
0.0147
0.0143
0.0067
0.0020
0.0203
0.0183
0.0067
0.0041
0.0008
0.0069
0.0034
0.0019
0.0048
0.0065
0.0011
0.0112
0.0015
0.0010
0.0062
0.0054
0.0116
0.0067
0.0020
0.0060
0.0074
0.0028
0.0065

3.2. Endogenous Steroids

Individual steroid structures provide multiple fits to the nucleotide template

with fitting-points linking the purine and ribose-phosphate rings. The structures

are sequenced according to their oxygen fitting-points in Figure 5 and com-

pound fitting values are listed in Table 1. Fitting values of some steroid struc-
tures, 5-androstenediol, 3-a-DHP (3-a-dihydroprogesterone), 5-a-DHP, 11-ke-

todihydrotestosterone, 11-p-hydroxyandrostenedione, 27-hydroxycholesterol,
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Figure 5. Steroids: fitting of structures to cGMP template (grey). 1 cortisol, 2
cortisol, 3 cortisol, 4 cortisol, 5 dexamethasone, 6 dexamethasone, 7 proge-
sterone, 8 testosterone, 9 4-hydroxyestrone, 10 DHEA, 11 estradiol, 12 es-
tradiol, 13 testosterone, 14 progesterone, 15 2-hydroxyestrone, 16 estradiol,
17 4-pregnene, 18 4-hydroxyestrone, 19 testosterone, 20 11-ketotestosterone.
21 11-ketotestosterone, 22 Z20OHTPE, 23 Z20OHTPE, 24 flutamide.

androstenedione and pregnanolone are given but not their structures. Planarity
within the steroid structures enables fits to the planar structure of cGMP, al-
though some fits are more asymmetric, for example cortisol (1) and (3). Proge-
sterone, testosterone, 4-pregnene and 4-hydroxyestrone also provide asymmetric
fits. In common with the autophagy modulators above, steroid compounds pro-
vide alternative fits that block the nucleotide cyclized ring or leave it unobstructed.
The template fits of cortisol (4) and dexamethasone (5) that do not occlude the
nucleotide cyclized ring use different fitting points. The O6C608 sequence pro-
vides distinctive fits for cortisol (1) and progesterone (7), whereas dexametha-
sone (6) is the only structure to provide 3 oxygen fitting-points. Testosterone
(8), androstenedione and 11-A-hydroxyandrostenedione structures fit at O7 in
place of O8, whereas O7 provides a less successful fitting-point for 11-ketodihy-

drotestosterone and 5-androstenediol. The catechol estrogens (2-hydroxyestro-
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ne, 4-hydroxyestrone) also use the O7 fitting point (9) and provide superior fits
to estradiol (only one catechol estrogen is listed in Table 1 when fitting-values
are very similar). The C6C5C2’ fit of cortisol (2) is replicated by 3-a-DHP, proge-
sterone and pregnanolone but not by 5-a-DHP; testosterone provides a similar
fit with the sequence C5N9C2’. DHEA (10) provides fits that differ only in the
use of fitting points C1’ and C2’. Compounds that share the C3’C2°06 fitting
sequence of DHEA (estrone and the steroid precursor 27-hydroxycholesterol)
also block the nucleotide cyclized ring.

Ring carbons provide the fitting-points of steroid structures (16 - 22). Estra-
diol (11, 12, 16) and testosterone (8, 13, 19) provide fits that leave the nucleotide
cyclized ring either occluded or unblocked. Estradiol and estriol provide similar
fits to template (11) in which C3’ replaces C2’. Several compounds replicate tes-
tosterone fits: template (13) (N9C1°0O3) 11-ketodihydrotestosterone, estradiol, ca-
techol estrogens, 2-methoxyestradiol; template (19) (C4'C2’C2) and 20 (C4'CI’C2)
11-p-hydroxyandrostendione, 11-ketotestosterone, 2-hydroxyestrone, 2-metho-
xyestradiol, 4-hydroxyestrone, progesterone, 3-a-DHP and 5-a-DHP. Templates
(19) and (20) respectively include C2’ and CI’ fitting-points to accommodate the
180° horizontal and vertical rotations of the fitted steroid nucleus. Template fit-
ting values of 5-a-DHP, 2-methoxyestradiol and testosterone are approximately
equivalent when fitting-point sequences include either C1’ or C2’, whereas other
steroid structures give better fits with C1’ (11-ketotestosterone in Table 1). The
catechol estrogens provide estradiol template fits (11) and (16) but not (12) and
also replicate the fits of DHEA and 11-ketotestosterone. Estradiol, 4-hydroxye-
strone and testosterone structures are unable to provide an oxygen atom at O8
to replicate the fit of 2-hydroxyestrone (15). Cortisol template fit (2) is similar to
one provided by DHEAS (not shown), in which the sulphate group provides an
oxygen at O6, with carbon fits at C4 and C1’ (fitting values 0.15 A, 0.06 A, 0.114;
0.0124 A). Cortisol fit (2) is also provided by estradiol, androstenedione, testos-
terone and testosterone derivatives.

Within the above group of steroid structures, some template fits are com-
pound specific: cortisol (3 and 4), dexamethasone (5 and 6), progesterone (14),
2-hydroxyestrone (15), 4-pregnene (17) and 11-ketotestosterone (21). In addi-
tion to the molecular similarity evident within steroid structures and cGMP,
several steroids relate to autophagy modulators and prostate cancer drugs. Ste-
roids with 06, O8/07 nucleotide fitting-points relate directly to the fits of gin-
senoside (Figure 1), dantrolene and ursolic acid (Figure 3), auriculasin and
apogossypolone (Figure 4). 4-hydroxyestrone (Figure 5, 18) relates to the fit of
resveratrol (Figure 2, 16) and mefloquine (Figure 4, 14). Testosterone (19) and
benzo[a]phenolazine (Figure 3, 9) share the same template fit. The estrogen re-
ceptor ligand Z2OHTPE (Figure 5, 22 and 23), a derivative of diethylstilbestrol,
illustrates the blocking effect of its phenol group on the cyclized ring of cGMP
with a change in only one fitting-point (C8 to C4). Template (24) gives the fit of

the anti-androgen structure flutamide.
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4. Discussion

The phytochemicals of interest in the field of cancer therapy are recognized as
pleiotropic compounds of low specificity (3). Their general properties, modulat-
ing ROS and Ca”™ signaling, are associated with ER stress and mitochondrial
dysfunction in cancer cells and link to apoptosis and autophagy responses. The
data generated by this study reveal that phytochemical and synthetic drug struc-
tures with the same functional properties on cancer cells have the same cGMP-
fitting tendencies. Allicin, loperamide, pimozide and STF-62247 initiate auto-
phagy-dependent cell death in apoptosis resistant cancer cell lines [2] [29] [48].
Allicin fits to the same regions of the cGMP template as ML-9, acetylcarnitine
and STF-62247; the latter is marketed as in vitro autophagy inducer. ML-9 in-
itiates apoptosis and autophagy in cancer cell lines by inhibiting STIM1 and
SOCE function, modulating ROS and ER stress [49]. Curcumin, ursolic acid, di-
hydroartemisinin and resveratrol modulate autophagy in cancer cells via the
constitutively active AKT/mTORC pathway; various studies also associate these
compounds with apoptosis, ROS generation and ER stress [4]. The same path-
way features in autophagic cell death initiated by berberine, tetrandrine and ma-
trine, although it may contribute less to the apoptotic properties of schizandrin
A [32] [50] [51] [52]. The tetrandrin-related compound thalidezine eliminates
apoptosis-resistant cancer cells via AMPK activation of autophagy and neferine,
a similar alkaloid, initiates Ca®* release via ryanodine receptors [53] [54]. Dif-
ferences in the autophagic roles of cGMP and 8-nitro-cGMP may relate to mo-
lecular forms that exist in syn- and anti-conformers by rotation around the
N9-C1’ bond. The low energy planar anti-conformer of cGMP is used as the fit-
ting template, whereas the syn-conformer of 8-nitro-cGMP has the lower energy
value, permitting the given fit to the guanine and ribose-phosphate rings of
c¢GMP. Superimposition and fitting of the autophagy modulator structures to the
c¢GMP template implicate the ribose-phosphate moiety or entire nucleotide struc-
ture in the process of autophagy stimulation, and the guanine base in respect of
autophagy inhibition. The observed discrepancy in the fitting characteristics of
the large and small stimulator structures is otherwise difficult to explain.
Research findings are being applied to cancer treatment in respect of the use
of autophagy inhibitors for sensitizing tumor cells to chemotherapy or radiothe-
rapy, and the induction of autophagic death in apoptosis resistant cells [30]. In
regard to the former strategy, several of the compounds given in Figure 2 have
been tested successfully on tumor cells. Structures (3), (4) and (15) illustrate how
autophagy blockers such as 3-methyladenine and dauricine may increase the cy-
totoxicity of camptothecin [55] [56] by more fully targeting the cGMP molecule
or a cGMP receptor. Cycloheximide is another compound with an inhibitory ef-
fect on starvation-induced autophagy [57]. Such drug combinations are expected
to provide a strategy for future cancer treatment [33]. Drug-induced inhibition
of one of the cellular processes of autophagy or apoptosis may accelerate the

other in a concentration dependent manner [58].
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Resveratrol (Figure 2, 16 and 17) and ryanodine (Figure 3, 14) structures
provide similar fits and block the cyclized ring of cGMP. Resveratrol influences
ryanodine channel function, elevating cytoplasmic Ca®" levels and inducing au-
tophagy [7] [59]. Ryanodine and dantrolene inhibit IP3R and ryanodine recep-
tor-initiated intracellular Ca®* fluxes associated with autophagy [8]. Although
dantrolene and ryanodine use different fitting points on the nucleotide template,
their focus is on the ribose-phosphate ring and the respective positions of nitro-
phenyl and pyrrole-carboxylate functions are similar. ROS has a fundamental
role in balancing redox levels and initiating survival or death pathways, and glu-
tathione (GSH) participates in this process by providing protection against oxida-
tive stress and the unfolded protein response [3] [60] [61]. GSH also induces
autophagy in the absence of other autophagic stimuli [6]. Following ROS gener-
ation GSH is excluded from cells via MRP, thereby contributing to apoptosis in
several cell models.

Prostate chemotherapeutics are known for their apoptosis-inducing effects,
usually implicating ROS. Arbutin and auriculasin induce apoptosis in prostate
cancer cells [40] [42]. Apoptosis by high concentrations of arbutin, an anti-oxi-
dant, is associated with a decrease in ROS [40]; a finding of relevance to other
anti-oxidants with apoptosis-inducing properties. The positive and negative as-
sociations of ROS levels and apoptosis reduce the likelihood of a direct link be-
tween them. However, the anti-oxidant property of a compound may not be re-
sponsible for initiating apoptosis; molecular similarity to the cyclic nucleotide
structure may be more relevant. ROS generation by emodin increases cytotoxic-
ity by suppressing multi-drug resistance in prostate cancer cells [41]. Autopha-
gy-specific proteins are associated with high Gleason scores in over one-third of
prostate cancers [62]. Inhibition of the autophagy pathway increases apoptotic
prostate cancer cell death by apogossypolone, piperlongumine, piperine, rottle-
rin and withaferrin A [35] [39]. Cordycepin, an adenosine derivative, targets
several significant receptors and enzymes involved in apoptosis and autophagy
induction [31]. Mefloquine, sunitinib, atorvastatin and aspirin initiate the auto-
phagy pathway [34] [36] [37] [63]. Combinations of atorvastin and aspirin are
more potent in inhibiting prostate cancer cell growth and initiating apoptosis
than either drug alone [64]. The nucleotide template fittings of atorvastin and
aspirin depict the potential for compound interaction (Figure 4, 4 and 5). Inte-
restingly, autophagy induction is necessary for the development of cadmium-
induced prostate cancer, and psoralidin (Figure 4, 17 and 18) is preventative in
this process [65]. Psoralidin (17) fits the guanine ring in a similar manner to
other autophagy inhibitors and psoralidin (18) also has a ryanodine-like fit (14).
The initial target of cadmium in inducing prostate cancer could be the phos-
phate group of the nucleotide cyclized ring. Compound RY10-4 (16) induces
apoptosis of breast cancer cells by effecting mitochondrial Ca** influx [9] [66].
RY10-4 (a derivative of protoapigenone in which the chromone moiety is re-

placed by a smaller y-pyrone ring) reverses multi-drug resistance, whereas pro-
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toapigenone induces apoptosis in prostate cancer cells [66] [67]. In regard to
their equivalent fits to the cGMP template, RY10-4 provides the same fitting
values as protoapigenone with less occlusion of the nucleotide cyclized ring.

ROS and autophagy inhibitors negate an increase in osteoblast autophagy and
viability resulting from low dose dexamethasone, whereas high dose dexame-
thasone accelerates apoptosis [68]. Cortisone, or prednisolone, suppresses corti-
sol-induced apoptosis of mitogen-stimulated mononuclear blood cells [69]. Re-
levant nucleotide template fits are given in Figure 5 for dexamethasone (5 and
6), cortisol (4) and 11-ketotestosterone (22) where the latter structure fits a C8
keto-group common to cortisone and prednisolone. Templates (10) and (13) re-
late respectively to the inhibitory action of DHEA on serum deprivation-induced
apoptosis and the action of testosterone as an antagonist of DHEA [70]. In con-
trast, testosterone template (8) is more in keeping with the fit of an autophagy
stimulator (Figure 1, 4) and the observed autophagic promotion of prostate can-
cer cell growth [71]. In patients with recurrent prostate cancer, high levels of es-
trone, estradiol, and increased levels of DHEA and androsterone are associated
with more rapid progression to castration-resistant cancer [72]. Templates fits of
DHEA (10), estradiol (16), as well as estrone and androsterone all block the nuc-
leotide cyclized ring. Unlike estrone, 4-hydroxyestrone and 16a-hydroxyestrone
compounds, 2-hydroxyestrone has anti-estrogenic activity and decreases the risks
of breast and cervical cancer [73] [74]. 16a-hydroxyestrone provides a similar
nucleotide template fit to 4-hydroxyestrone (Figure 5, 9) with C4 as a fitting
point in place of C3’.

Dexamethasone and progestins with glucocorticoid activity block estradiol-
induced apoptosis in long-term estrogen-deprived breast cancer cells [75], prop-
erties represented by dexamethasone (6) and estradiol (11) templates in Figure
5. Maximov and co-workers [76] report that several diethylstilbestrol derivatives,
including Z20OHTPE, demonstrate agonist or partial-agonist apoptosis-inducing
activity on estrogen-deprived breast cancer cells. These diethylstilbestrol struc-
tures give the same duplicate fits to the cGMP template as Z2OHTPE (Figure 5,
22 and 23) and are replicated by the estradiol structure. Endogenous estrogens
cause most human cancers and pathogenesis is attributed to the formation of
depurinating estrogen-DNA adducts by estrogen-3, 4-quinones; those based on
4-hydroxyestrone being most reactive [22]. Estrogen-DNA adduct formation is
suppressed in adults taking resveratrol or N-acetylcysteine [22]. Figure 2 (18)
provides the nucleotide fit of the adduct 4-OH(E1)-1-N7Gua and relevant tem-
plates for the blocking action of resveratrol (16 and 17).

The differences in vitro apoptosis protection conferred on cells by different
steroid ratios [77] [78] [79] imply that changes in steroid levels influence cancer
development and treatment. Steroid levels are influenced by ageing and lifestyle;
cortisol:DHEAS ratios are raised in the very young and elderly [28] and breast
cancer risk is influenced by hormone replacement therapy and obesity [80]. Ste-

roid compounds compete at enzyme and receptor sites, such as 5a-reductase
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[81] and the ATPase of P-glycoprotein [82] [83]. Progesterone and deoxycorti-
costerone influence the P-glycoprotein ATPase, ROS generation and mitochon-
drial electron transport chain of multi-drug resistant cells [82]. Progesterone
membrane receptors participate in the regulation of cell proliferation, apoptosis
and drug resistance via interaction with nucleotide-binding domains [83] [84].
This study has considered the initiation of autophagy and apoptosis in cells
before these processes cascade along their specific and complex biochemical
pathways with nuclear involvement. Direct evidence of a role for cGMP in events
involving ROS generation, oxidative stress and MRP is limited [17]. One recent
study reports the mitigation of doxorubicin induced ROS/oxidative stress, apop-
tosis and enhanced autophagy in cardiomyocytes by an activator of soluble gua-
nylyl cyclase [85]. Although limited by restriction to computational methodolo-
gy, the data presented here infers that cGMP has a functional role in the auto-
phagic process. Stimulator compounds relate to the complete nucleotide struc-
ture, whereas autophagy inhibitors show similarity to the purine base. Auto-
phagic compounds causing apoptosis in apoptosis-resistant cells demonstrate
two modes of fit to the cGMP structure, differentiated by the extent of com-
pound superimposition on the nucleotide cyclized ring. One mode, the open
form, is characteristic of the fits given by prostate cancer drugs and contrasts
with those of autophagy inducers, STF-62247, ML-9 and acetylcarnitine. Endo-
genous steroids demonstrate general and specific fits to the cGMP structure,
again with two modes of superimposition on the nucleotide cyclized ring. The
steroid structures are natural modulators of autophagy and apoptosis, their im-
pact on cancer risk may relate to additive effects rather than to one individual
cancer-causing compound or metabolite. The cellular homeostatic role of cGMP,
in regulating ROS and Ca’* levels, is likely to be disrupted by changes in endo-
genous steroid levels and compounds sharing molecular similarity with the nuc-
leotide, thereby increasing susceptibility to the sequence of events leading to car-

cinogenesis.
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