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ARTICLE INFO ABSTRACT

Cephalostatin 1, a potent anti-cancer agent, is a natural bis-steroidal alkaloid that causes cell death in the
subnanomolar to picomolar ranges via an atypical apoptosis pathway. Although cephalostatin 1 is a highly
effective anticancer drug, its availability limits its utilization. We previously reported the synthesis of two 12’a-
hydroxy derivatives of cephalostatin 1 that induce cell death by activating the ER stress apoptosis signaling
pathway. For the current work, we synthesized six C;;-functionalized cephalostatin 1 analogues (CAs) to eval-
uate their biological activity. For the cytotoxic compounds, the induced apoptotic pathway was investigated. The
Cy;-functionalized cephalostatin 1 analogues 5 and 6 (CA5 and CA6) were found to exhibit cytotoxic activity
against K-562 leukemia cells, MCF-7 breast cancer cells and DU-145 prostate cancer cells, while the remaining
four analogues did not show anti-tumor activities against any of the cell lines. Our results indicated that CA5 and
CA6 induced cell death via the atypical ER-dependent apoptosis pathway; they increased the expression of
Smac/DIABLO, an inhibitor of inhibitors of apoptosis (IAPs), which in turn facilitated the activation of different
caspases including the ER-caspase 4 without cytochrome c release from mitochondria. CA5 and CA6 are pro-
mising anticancer agents due to their low Glso, the remarkable apoptosis pathway they induce which can
overcome chemoresistance, and their very low toxicity to normal cells making them cephalostatin 1 utilizable
alternatives.
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1. Introduction (mitochondria-dependent pathway). Both pathways converge at a spe-
cific level of caspase cascade [7]. The extrinsic pathway is induced by
binding of specific death ligands with their transmembrane death re-

ceptors which results in quick activation of caspase 8 [8]. This in turn

The discovery of different chemotherapeutic drugs has opened a
new era for the treatment of multiple cancers. However, the efficiency

of most antitumor drugs is often accompanied by toxic side effects and
tumor chemoresistance, which in turn leads to relapse [1,2]. The clas-
sical anticancer agents are the alkylating agents, anti-metabolites, to-
poisomerase inhibitors and tubulin-acting agents (mitotic inhibitors)
[3-5]. However, there is still a need for developing effective anticancer
drugs with more specific action against tumor cells without affecting
normal tissues [6], as well as having new mechanisms of action such as
growth factors, signaling molecules, cell-cycle proteins, modulators of
apoptosis, and molecules that inhibit angiogenesis.

Genetic and biochemical studies have identified two major path-
ways of apoptosis: the extrinsic pathway (mitochondria-independent,
death receptor-mediated pathway) and the intrinsic pathway
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activates downstream effector caspases such as caspase 7, 6 and 3 that
mediates the execution phase of apoptosis with a cascade of proteolytic
activity within the cell.

The key event of the intrinsic pathway is mitochondrial outer
membrane permeabilization (MOMP) which results in the release of
mitochondrial intermembrane proteins such as cytochrome c, second
mitochondria-derived activator of caspase/direct IAP (Inhibitor of
Apoptosis Proteins) binding protein with low isoelectric point (Smac/
DIABLO), apoptosis inducing factor (AIF) and endonuclease D (EndoD)
into the cytosol [9]. Cytosolic cytochrome ¢ binds to ATP, apoptosis-
protease activating factor 1 (Apaf-1) and procaspase 9 to form a com-
plex known as apoptosome which activates procaspase 9. In turn,
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caspase 9 can then activate downstream effector caspases such as cas-
pase 3 [10]. Smac/DIABLO inhibits the action of IAPs [11].

Many studies implicated a regulatory role for the endoplasmic re-
ticulum (ER) in apoptosis. The ER under stress initiates its own apop-
totic signals, and has its own complement of apoptotic accessories that
independently activate caspases [12]. The ER has a specific stress re-
sponse that senses the shortage of Ca®>* within the ER, over production
of proteins and accumulation of unfolded proteins [12,13]. ER stress
response activates expression of ER chaperones and initiates signaling
of the unfolded protein response, which inhibits protein synthesis
through phosphorylation of the eukaryotic translation initiation factor
2 (eIF2) and facilitates protein degradation [12,14].

Severe ER-stress has the ability to induce apoptosis through a mi-
tochondria- independent pathway. Caspase 4, the main player in the
ER-dependent apoptosis, is synthesized and localized to the ER mem-
brane. After being activated, caspase 4 cleaves and activates caspase 9
independently of cytochrome ¢ and Apaf-1; caspase 9 in turn activates
caspase 3 [15]. ER-stress also might provide a pathway for the accu-
mulation of Smac/DIABLO which in turn inhibits IAP contributing to
the activation of caspases [12].

Cephalostatin 1 is a member of structurally related bis-steroidal
compounds (cephalostatins 1-20) which were identified and isolated
from extracts of the tunicate Cephalodiscus gilchristi, a small Southeast
African marine worm. Cephalostatin 1, the most active member, was
reported to have an anti-proliferative activity in the range of sub-
nanomolar to picomolar concentrations [16,17]. In addition, cepha-
lostatin 1 induces apoptosis through the ER-mediated pathway in-
dependent of cytochrome c release and caspase 8 activation, and it
selectively uses Smac/DIABLO as a mitochondrial signaling molecule
[16]. This in turn gives cephalostatin 1 the ability to overcome che-
moresistance [18].

However, the availability of cephalostatin 1 from its natural source
is extremely limited (138.38 mg out of 166 kg tunicate, 8.4x107 yield
(w/w), [19]) and its total synthesis was found to be very complicated
[more than 65 steps with about 1-9 x 10~ * overall yield (w/w) from
hecogenin acetate] [20,21]. Combination of its lack of availability
along with its exceptional anti-proliferative activity led to a strong in-
terest in the synthesis of cephalostatin 1 analogues (cephalostatin 1-
related compounds) as potential antitumor agents, and to evaluate their
biological activities looking for utilizable alternatives to cephalostatin 1
[22-28].

Previously, our group reported the synthesis of two 12’a-hydroxy
derivatives of cephalostatin 1 and their ability to induce cell death by
activating the atypical ER stress apoptosis signaling pathway [28]. As
part of our continuous investigation into developing active synthetic
analogues of cephalostatin 1, we modified position C-11 by functiona-
lization with an -OX group (X = Me, Et, H) of the bis-steroidal dimer 2
(Schemes 1, 2). Six cephalostatin 1 analogues that have an ~OR or -OH
functionality at C-11 were synthesized and their anti-tumor activities
were evaluated in order to further understand how their biological
activity would vary. This in turn should help in designing and synthe-
sizing more powerful tumor inhibitory drugs.

2. Experimental
2.1. Compounds

Caspase 4 inhibitor (Ac-LEVD-CHO), etoposide (ET), diacetoxy io-
dobenzene (PhI(OAc),), sodium borohydride (NaBH,), absolute ethanol
and isopropanol (HPLC grade) were purchased from Sigma-Aldrich
(MO, USA), broad spectrum pan-caspase inhibitor (benzyloxycarbonyl-
Val-Ala-Asp(OMe)-fluoromethlketone; zVAD-fmk) was purchased from
Bachem Americas, Inc. (CA, USA), thapsigargin (TG) was purchased
from LC Laboratories (MA, USA). The bis-steroidal diketone (compound
2, Scheme 1) was synthesized in our laboratory using standard proce-
dure [29].
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1) ROH/KOH (a;R =Me, b; R= Et, 0°C,30 min)
2) 1.5 eq Phl(OAc)  for R = Me,

or2.2 eq when R = Et)

it/ 2h

(65-70)% corrected yield

5 R= Me
6; R =Et

Scheme 1. Alkoxylation of position-11 of 2 followed by reduction with NaBH,.

2.2. Synthesis and analysis methods of cephalostatin analogues

2.2.1. Preparation and characterization of compounds 3, 4 and 7

To prepare the three analogues (3, 4 and 7), the following standard
procedure was followed using as alcohols methanol (3), ethanol (4) and
isopropanol (7). To a solution of 0.08 g of KOH in the 3 mL of the
appropriate alcohol (MeOH, EtOH and i-PrOH) in 50 mL dry round
bottom at 0 °C, a solution of the diketone 2 formed from 0.21 g
(0.249 mmol, 1 eq) in 3 mL of dichloromethane was gradually added
and stirred for 30 min. The resulting yellowish enolate solutions of the
substrate was then treated with diacetoxy iodobenzene PhI(OAc),
(0.120 g (1.5 eq), 0.176 g (2.2 eq) and 0.241 g (3.0 eq) respectively,
depending on the alcohol type) and stirred at room temperature for two
hours (Schemes 1 and 2). Each reaction mixture was extracted between
brine solution and dichloromethane twice. The resulting crude material
of each reaction was chromatographed on a silica gel column and eluted
with a gradient of ethyl acetate: petroleum ether mixture (EA/Pt) in-
creasing from 5 to 50% EA. Each one of the three compounds 3, 4 and 7
was characterized using NMR and MS spectroscopic techniques. The MS
spectrum of compound 3 showed a molecular ion peak [MH*] at m/z
875 as a base peak (formula CssH4N»0-), the structure of compound 3,
was confirmed from the "H NMR spectrum by the appearance of a sharp
singlet resonating at 3.73 ppm corresponding to the methoxy group
(~OCH5). In addition, its *3C NMR spectrum showed that the carbonyl
carbon adjacent to the methoxy group (6§ 174.6 ppm) is shifted up-field
by about 36 ppm compared to its unmethoxylated counterpart (§
210.9 ppm). A similar feature was noticed in **C NMR for the carbonyl
carbon of the ethoxy compound 4. Additionally, the existence of the
ethoxy group appeared clearly in 'H NMR which showed two multiplets
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1) ROH/KOH (R =i-Pr, 0 °C, 30 min)

2) 3.0 eq Phi(OAc) »
it/ 2h
45% corrected yield

+ diketone 2 + side-product

5eqNaBH 4
0 °C/ 45 min

65%

Scheme 2. Hydroxylation of position-11 of 2 followed by reduction with
NaBH,.

resonating at § 4.26 and § 4.10 ppm corresponding to the methylene
protons (-OCH>) of the ethoxy group. Moreover, the mass spectrum of
compound 4 showed the molecular ion peak at m/z 889 [MH*] as a
base peak corresponding to the formula Cs¢H,¢N>O, which showed the
additional ethyl group. The structure of compound 7 was deduced from
the appearance of the molecular ion peak at m/z 861 (formula
Cs4H75N50,) corresponding to MH™ ion as a base peak in its mass
spectrum. In addition, the carbonyl group adjacent to the 11-hydroxy
group resonates at § 176.5 ppm compared to the carbonyl carbon in the
other half which resonates at § 210.7 ppm. Moreover, the IR spectrum
of compound 7 showed the appearance of a broad peak at v 3517 cm ™!
corresponding to —~OH group. This peak didn't appear in either com-
pound 3 or 4. The configuration of the hydroxyl group at C-11 was not
specified in compound 7 due to its existence as a mixture of epimers.

2.2.2. Preparation and characterization of compounds 5, 6 and 8

After dissolving 60 mg of each of the compounds 3, 4 and 7 in three
separate flasks containing 4 mL of CH,Cl,/MeOH (1:1) mixture, each
solution was cooled down to 0 °C. Each solution of compounds 3, 4 and
7 was treated with 13 mg of NaBH, (about 5 eq) and stirred for 45 min
at 0 °C each yielding a single major. The reaction mixture of each was
quenched with 1 mL acetaldehyde and extracted between di-
chloromethane and brine twice. The collected organic phase was dried
and the resulting crude material of each reaction was purified using
silica gel column chromatography yielding the analogues 5, 6 and 8
respectively (Schemes 1, 2). The structure of each purified analogue
was deduced using different spectroscopic techniques such as '"H NMR,
13C NMR, MS and HR-MS. Since the three compounds 5, 6 and 8 are
sharing the left half of the dimer (Schemes 1 and 2), the H NMR
spectra of the three compounds showed the methine proton (CHOH) at

Steroids 158 (2020) 108602

C-12’ appearing as a multiplet resonating at § 3.25 ppm. Moreover, the
carbonyl group adjacent to the methoxy and ethoxy groups in both 5
and 6 respectively (Scheme 1) was protected against the sodium bor-
ohydride reagent which led to a chemoselective reduction. However,
both carbonyl groups in 7 underwent reduction reaction leading to the
triol 8 and hence chemoselectivity was lost (Scheme 2). This was no-
ticed from the absence of any peak resonating at v 1728 cm ™~ in the IR
spectrum of 8. However, this peak still exists in both compound 5 and
6. Moreover, the peak resonating at § 175 ppm in the *C NMR of both
compounds 5 and 6, corresponding to C-12, remained as in their pre-
cursors 3 and 4. Conversely, this peak disappeared from the spectrum of
compound 8 when compared with its precursor 7. Additionally, the
mass spectrum MS (ESI) of compound 5 showed the peak at 877 as a
base peak corresponding to MH" ion (formula: CssH,¢N.O;). For
compound 6, the base peak appeared at 891 for the MH* ion (formula:
Cs6H7sN50,). However, for compound 8 the base peak appeared at 864
for corresponding for the M™ ion (formula: Cs4H;6N207).

2.3. Cell culture

Human K562 chronic myelogenous leukemic and human MCF-7
breast cancer cells were cultured in RPMI-1640 (Euroclone, Italy)
supplemented with 10% fetal bovine serum (FBS; Capricorn Scientific,
Germany). Human DU-145 prostate cancer cell line was cultured in a-
MEM supplemented with 10% FBS. Trypsin-EDTA (Lonza, Switzerland)
was routinely used for subcultures. Cells were grown at 37 °C in a hu-
midified 5% CO5/95% air atmosphere.

2.4. In vitro cytotoxicity (3-(4,5-Dimethylthiazol-2-yD)-
2,5diphenyltetrazolium bromide) MTT test

MTT assay is a colorimetric cell viability assay [30]. CA stock so-
lutions were prepared in 10% DMSO, such that the final DMSO con-
centration in culture did not exceed 0.1%. Cells were treated with CAs
in 6 different concentrations: 0.005, 0.01, 0.05, 0.1, 1 and 10 uM and
incubated for 24, 48 or 72 h. Freshly prepared MTT salt (final con-
centration 0.5 pg/ ul) was added for 4 h. Formazan crystal formation
was checked on an inverted microscope and crystals were solubilized
using a 1:1 mixture of DMSO and isopropanol. The inhibition of cell
growth induced by the different CAs was detected by measuring the
absorbance of each well at 570 nm using a Biotek Synergy HT Multi-
Mode Microplate Reader (VT, USA). Percent growth was calculated
according to the following formula: Growth (%) = OD treated/OD
control X 100%. The concentration versus percent growth curve was
used to calculate the concentration which caused 50% growth inhibi-
tion (Glsp) by linear interpolation, while the concentration that caused
total growth inhibition (TGI) was read as the x-axis intercept.

2.5. Detection of apoptosis

The occurrence of apoptosis was detected by visualizing nuclei after
staining with DAPI using a Nikon Eclipse Ti-E microscope and further
confirmed by translocation of phosphatidylserine to the cell surface
using annexin V-FITC apoptosis detection kit (Sigma, USA).

2.6. Clonogenic assay

2 X 105 cells were seeded in tissue culture dishes containing growth
media supplemented with FBS and incubated at 37 °C for 24 h.
Afterwards, the medium was replaced and the cells were incubated for
3 h in the presence of increasing concentrations (0.005, 0.01, 0.5, 0.1,
1, and 10 pM) of the different CAs. Aliquots of 1000 cells were seeded
on soft agar [31] for MCF-7 and DU-145 cell lines, while K-562 leu-
kemic cells were seeded on methylcellulose [32]. Cultures were in-
cubated for 12 days. The colonies were then stained with crystal violet
and counted, discarding colonies with < 50 cells. The surviving fraction
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Table 1

Primer sequence and qRT-PCR reaction conditions for caspase 3, 4, 8, 9, smac/DIABLO and f actin.

eference

R«

qRT-PCR conditions

Reverse primer

Forward primer

Gene

hold stage at 95 °C for 3 min, 40 cycles of PCR stage at 95 °C for 15 sec, 60 °C for 1 min and 72 °C for 30 sec

CATTCTGTTGCCACCTTTCG

TGGTTCATCCAGTCGCTTTG

caspase 3

hold stage at 95 °C for 15 min, 32 cycles of PCR stage at 95 °C for 45 sec, 65 °C for 1 min and 72 °C for 1 min

CAGACTCTATGCAAGAGAAGCAACGTATGGCAGGA CACCTCTGCAGGCCTGGACAATGATGAC

GAGCTGCTCTTCCGAATTA

caspase 4

hold stage at 95 °C for 3 min, 40 cycles of PCR stage at 95 °C for 15 sec, 61 °C for 20 sec and 72 °C for 30 sec
Same as caspase 3

GCAGGTTCATGTCATCATCC

caspase 8

ACCTCACCAAATCCTCCAGAAC

GAACTAACAGGCAAGCAGC
Smac/DIABLO TGTGACGATTGGCTTTGGAGTAAC

caspase 9
B-actin

hold stage at 95 °C for 10 min, 50 cycles of PCR stage at 95 °C for 0 sec, 61 °C for 10 sec and 72 °C for 10 sec

TTCAATCAACGCATATGTGGTCTG

ATGATGGAGTTGAAGGTAGTTTCGTGGAT

ACACTGTGCCCATCTACGAGGGG
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(SF) was calculated as plating efficiency (PE) of treated sample/PE of
control X 100, where PE equals number of colonies counted/ number
of cells seeded x 100 [33].

2.7. Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR)

Total RNA from vehicle-treated control and CA-treated cells was
isolated according the manufacture instructions (Total RNA Isolation
System, Sigma-Aldrich). To determine the mRNA quantity of caspase 3,
caspase 4, caspase 8, caspase 9, smac/DIABLO, quantitative real-time
PCR (qRT-PCR) was used. After RNA extraction, cDNA was prepared
using Power cDNA synthesis kit (iNtRON Biotechnology, South Korea).
Amplification of target cDNA for apoptosis markers and actin (as a
house keeping gene) was done using KAPA SYBR FAST qPCR Kit Master
Mix (KAPA BIOSYSTEMS, USA) on Line Gene 9680 BioGR thermal cy-
cler (Bioer Technology, USA). 5 pul of cDNA were mixed with 1 ul of
forward primer (25X), 1 pl reverse primer (25X) (Table 1), 5.5 pl nu-
clease free water and 12.5 pl master mix. Each qRT- PCR reaction was
run as triplicate for each primer pair (Table 1).

2.8. Cytochrome c release apoptosis assay

5x107 control and Glso-treated cells were collected by centrifuga-
tion at 659 x g for 5 min, washed with ice cold PBS and centrifuged at
659 X g for 5 min, and re-suspended with 1X cytosolic extraction buffer
mix containing dithiothreitol (DTT) and protease inhibitors. The cells
were incubated on ice for 10 min, homogenized and centrifuged at
753 x g for 10 min. The supernatant was centrifuged again at 11,290 x g
for 30 min to get the cytosolic fraction, while the pellet was re-
suspended in mitochondrial extraction buffer to get mitochondrial
fraction (Cytochrome ¢ Release Apoptosis Assay Kit, Abcam, USA).

2.9. Western blot analysis

Control and GIsy-treated cells were washed 3 times with cold PBS
and then lysed with protein lysis buffer [200 ul 10% sodium dodecyl
sulfate (SDS), 10 ul 1 M Tris buffer pH 7.5, 10 ul 1 M sodium fluoride
(NaF), 10 pul 1 M dithiothreitol (DTT), 20 pl 0.1 M ethylene glycol
tetraacetic acid (EGTA) and 650 pl distilled water] on ice. The cell ly-
sate was collected and heated for 5 min in boiling water bath and so-
nicated. Aliquots of lysates were diluted in 4x SDS-PAGE sample buffer
(0.5 M Tris-HCl pH 6.8, 2% SDS, 20% glycerol, 20% 2-mercaptoethanol
and 0.16% bromophenol blue) and proteins were resolved by electro-
phoresis on 10% or 12.5% SDS-polyacrylamide gels. Proteins trans-
ferred onto nitrocellulose membranes were blocked with 2% (w/v) BSA
in Tris-buffered saline (TBS), and incubated overnight at 4 °C with
primary antibodies: mouse monoclonal anti-B-actin (1:2000; Novus
Biologicals, USA), mouse monoclonal anti-caspase 3 (1:500; Invitrogen,
USA), rabbit polyclonal anti-caspase 4 (1:1000; Invitrogen, USA),
mouse monoclonal anti-caspase 8 (1:1000; Invitrogen, USA), mouse
monoclonal anti-caspase 9 (1:1000; Invitrogen, USA), mouse mono-
clonal anti-GAPDH (1:6000; CHEMICON, USA), rabbit monoclonal
phospho-eukaryotic initiation factor-2 (p-EIF-2) (1:2000; Cell
Signaling) and rabbit polyclonal anti-smac/DIABLO antibody (1:1000;
R & D Systems, Germany) diluted in 1% BSA in TBS containing 0.05%
Tween 20. After washing and incubation with appropriate secondary
antibodies conjugated to IRDye 680 or 800 nm fluorescent dyes, the
membranes were washed and the bands were visualized on FluorChem
R system (Oxford, UK). Signals were quantified using AlphaView soft-
ware (ProteinSimple, USA).

2.10. Statistical analysis

All experiments were performed with triplicate samples and re-
peated three times. Results are expressed as mean =+ SEM. Statistical
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analysis was performed using GraphPad Prism version 5.0 (GraphPad
Software, San Diego, CA, USA). To determine differences between 3 or
more means, one-way ANOVA with Fisher’s LSD for multiple compar-
isons post-tests were performed. P value < 0.05 was considered sig-
nificant.

3. Results
3.1. Purity and yield of cephalostatin analogues

The bis-steroidal diketone (compound 2) is considered to be the
cornerstone in our study. It can be synthesized in gram-scale starting
from hecogenin acetate, a commercially available substance, using a
seven-steps standard procedure with 35-38% overall yield [38]. Com-
pound 2 underwent alkoxylation by oxidation of the enolate solution of
2 in the proper basic alcoholic solution using the mild oxidizing agent
PhI(OAc),. The dimer 2 underwent a successful methoxylation reaction
of C-11 using basic methanol yielding 3 as a pale yellow solid material
in a recyclable process with 65% maximum yield. Similarly, the Cq;-
ethoxylated analogue 4 was generated as a white to pale yellow solid
after oxidation of the ethanolic enolate solution of 2 with 70% max-
imum yield. The two analogues underwent a chemo and regioselective
reduction reaction using excess sodium borohydride NaBH, reagent
yielding the analogues 5 (CA5) and 6 (CA6) with excellent yield (90%
and 95%, respectively) as a white solid material. However, when the
enolate solution of 2 in isopropanol (i-PrOH) was oxidized using dia-
cetoxy iodobenzene PhI(OAc),, a C;;-hydroxylation reaction instead of
alkoxylation took place. This is rationalized basing on the slow and
difficult attack of the bulky isopropoxide anion on the generated in-
termediate. Instead, the small hydroxide anion attacks the intermediate
much faster and hence the C;;-OH analogue 7 is generated in a mod-
erate yield (45%) as a white solid material (a mixture of 11a- and 11p-
OH epimers). The isomeric mixture 7 underwent a sodium borohydride
reduction yielding compound 8 as a white material in a good yield
(65%). The reduction chemoselectivity mentioned in the previous cases
(5 and 6) is lost here and hence both carbonyls at C-12 and C-12’ were
reduced.

3.2. Compounds 5 and 6 (CA5, CA6) induce apoptosis in multiple cancer
cell lines

The cytotoxicity of the six different cephalostatin analogues (CAs)
was evaluated against three different human cancer cell lines (K-562,
MCEF-7 and DU-145). The corresponding GlIso (50% Growth Inhibition)
and TGI (Total Growth Inhibition) values for each CA analogue are
shown in Table 2. The results indicate that only compound 5 and
compound 6 (CA5 and CA6) exhibit cytotoxic activities. Unless other-
wise stated, the amounts of CA5 and CA6 used in subsequent experi-
ments were the Glsq values from this table.

The cytotoxicity of CAS and CA6 was attributed to the induction of
apoptosis as indicated by nuclei fragmentation detected by fluorescence

Table 2
The MTT (3-(4,5-dimethylthiazol-2-y1)-2,5 diphenyltetrazolium bromide) assay
results. a: 24 h, b: 48 h, c: 72 h.

CA Cell line

K562 MCF-7 DU-145

GI50 TGI GI50 TGI GI50 TGI
Compound 3 X X X X X X
Compound 4 X X X X X X
Compound 5 0.014 pM*® 9.3 uM® 0.03 pM® 4.8 uMP  0.82 yM® 8.9 pM©
Compound 6 0.061 uM® 1.2 uM¢ 0.11 uM® X 0.37 uM* X
Compound 7 X X X X X X
Compound 8 X X X X X X
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microscopy after DNA staining with DAPI (Fig. 1A) and by flow cyto-
metry analysis of annexin V-FITC and PI staining (Fig. 1B). The cyto-
toxicity results at 24 h presented in Fig. 2A-B show that apoptosis in-
duction by C5 and C6 occurred in a dose-dependent manner. In
addition, the cytotoxicity of C5 and C6 was tested against human
normal white blood cells (WBC) (Fig. 2C). Our results revealed that
neither analogue had greater than 20% cytotoxicity in normal cells
even after 72 h of treatment at the highest (10 uM) drug concentration
tested (Fig. 2C). Thus, the cytotoxic effect of CA5 and CA®6 is directed
toward cancer cells.

3.3. Cephalostatin analogues (CAs) induce long-term cytotoxicity in cancer
cell lines

To investigate the long-term cytotoxicity of compound 5 and com-
pound 6, in vitro clonogenic assay was performed [39]. The results
presented in Fig. 3A-B show that cancer cell treatment with either CA5
or CA6 for 3 h followed by 12 days of culture resulted in a dose-de-
pendent inhibition of clonogenic tumor growth (Fig. 3).

3.4. Caspase 3 and 9 mediate CA5 and CA6-induced apoptosis

qRT-PCR was used to measure the mRNA levels of apoptosis mar-
kers caspase 3, caspase 8 and caspase 9 in K-562, MCF-7 and DU-145
cells after treatment with CA5 or CA6 (Fig. 4A-B). caspase 3 mRNA level
increased in CA-treated K-562 and DU-145 cells when compared to
vehicle-treated control cells. Caspase 9 mRNA level increased in the
three cell lines tested when compared to control cells. On the other
hand, caspase 8 mRNA level did not change significantly in CA-treated
cells when compared to control untreated cells (Fig. 4A-B).

Moreover, treating cells with CA5 or CA6 resulted in activation of
caspase 3 (cleavage of the procaspase to the active pl7 form), and
caspase 9 (cleavage of the procaspase to the active p35 and p37 forms)
but not caspase 8 (no cleavage of the procaspase to the active p42 and
p44 forms) (Fig. 4C). On the other hand, cells treated with etoposide
(caspase-dependent drug) showed evidence of cleavage of procaspase 3,
9 and 8 to the active forms (Fig. 4C). The densitometry values (Fig. 4D)
from the blots shown in Fig. 4C were normalized to actin or GAPDH and
then expressed relative to the caspase pro- or cleaved form set at 1.0 in
vehicle-treated control cells. To confirm the importance of caspase ac-
tivation in CA5 and CA6-induced apoptosis, cells were pretreated with
the pan caspase inhibitor (zVAD-fmk) (25 uM, 1 h) prior to treatment
with CA5, CA6 or etoposide at the Glso concentration. The results in-
dicate that treated cells were protected from cytotoxicity (Fig. 4E).

3.5. C-11 functionalized cephalostatin 1 analogues treatment lead to
apoptosis through the ER stress pathway

To test if the new cephalostatin analogues induce apoptosis in
cancer cells in a similar manner to the 12’a-derivatives of cephalostatin
1 [28], we examined the activity of the endoplasmic reticulum stress
pathway. Our results indicate that smac/DIABLO mRNA level increased
in CA5- and CA6-treated K-562, DU-145 and MC-7 when compared to
control cells (Fig. 5A). In addition, the results showed that treatment of
cancer cell lines with CA5 or CA6 did not result in release of cyto-
chrome ¢ (CF fraction) from mitochondria (MF fraction), although the
same cells treated with etoposide (caspase-dependent drug) as a posi-
tive control showed cytochrome c release (Fig. 5B and C). On the other
hand, smac/DIABLO was released from mitochondria in cells treated
with CA5, CA6 or etoposide (Fig. 5B and C).

Since compounds 5 and 6 induced caspase 9 activation and smac/
DIABLO release and at the same time did not induce cytochrome c re-
lease or caspase 8 activation in cancer cells, we examined the phos-
phorylation of elF-2, a target of ER stress that is initiated by thapsi-
gargin, a well-characterized inducer of ER stress [40]. Treatment of the
different cancer cell lines with CA5, CA6 or thapsigargin, induced an
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Fig. 1. Cephalostatin analogues compounds 5 and 6 (CA5 and CA6) induce apoptosis in cancer cells. Cells were treated for 24 h with CA5 or CA6 (GI50). A)
Fluorescence images of tumor cell lines (K-562; MCF-7 and DU-145) showing fragmented nuclei after DAPI staining. Scale bar: 10 pm, B) Results from flow cytometry
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Fig. 2. CA5 and CA6-induced apoptosis is dose-dependent and cancer-specific. Cells were treated for 24 h with 10* range of concentrations of CA5 (A) or CA6 (B) and
the percentage of non-viable cells was quantified. The percentage of non-viable cells relative to the vehicle-treated control cells measured by MTT assay, C) White
blood cells were treated with 10* range of concentrations of CA5 or CA6 for 72 h and the percentage of non-viable cells was quantified. Percentage of non-viable cells
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three independent experiments performed in duplicates. *P < 0.05; ** P < 0.01; *** P < 0.001 compared to vehicle-treated control cells.

increase in phospho-elF-2 levels (Fig. 6A and B).

In addition, the mRNA quantity of caspase 4 (ER stress-specific
caspase) [41,42] increased in all of the tested cell lines treated with
CA5 and CA6 compared to vehicle-treated control cells (Fig. 6C). CA5,
CA6 and thapsigargin treatment of K-562, MCF-7 and DU-145 cancer
cells resulted in increased cleavage of caspase 4 (Fig. 6D and E). Fur-
thermore, cells pretreated with the caspase 4 inhibitor Ac-LEVD-CHO
(20 uM, 1 h) were protected from apoptosis induced by CA5 or CA6
(Fig. 6F).

Taken together, the results strongly suggest that the cephalostatin 1
Cq:1-functionalized analogues compound 5 and compound 6 induced
apoptosis in K-562, MCF-7 and DU-145 cancer cells through the ER-
mediated apoptotic pathway.

4. Discussion

Cephalostatin 1, which belongs to a twenty-membered family of
cephalostatins, is well known for its efficient and remarkable cancer
cells killing mechanism [24,25]. However, there are many limitations

that reduce its utilization [25,43]. Cephalostatin 1 has an unusual
structure with 13 rings formed by coupling of two different steroid
units. In vitro synthesis of cephalostatin 1 is complicated and laborious;
the synthesis of the two steroidal units required 68 steps with very low
yield [43]. The combination of the collection difficulties and the
synthesis complications, led to the synthesis of cephalostatin 1-related
compounds (analogues) looking for utilizable alternatives to cephalos-
tatin 1.

Even though none of the different cephalostatins contains a C-110-
functionalized group, we decide to synthesize such analogues to extract
more information about the factors that could determine the biological
activity of such class of compounds. Thus, this study was conducted to
evaluate the cytotoxicity of six C-11 functionalized cephalostatin 1
analogues (Schemes 1, 2).

The cytotoxicity of the six cephalostatin 1 analogues was tested on
three different cell lines: K-562 leukemia, MCF-7 breast cancer and DU
145 prostate cancer cell lines using the MTT test (Table 2). Compounds
5 and 6 (CA5 and CA6) showed a potent cytotoxic effect on the three
cell lines tested, while the other analogues did not exhibit cytotoxic
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Fig. 4. CA5- and CA6-induced apoptosis is dependent on caspases activation. qRT-PCR analysis of caspase 3, 8 and 9 mRNA in CA5(A)- and CA6(B)-treated cells
(GI50) as compared to vehicle-treated control cells [set as 1 arbitrary unit (a.u.)]. Note that MCF-7 cells do not express caspase 3. Values were normalized to -actin,
C) Representative Western blots showing cleavage “activation’ of procaspase 3 to the active form p17, procaspase 9 to the active forms p35 and p37 and procaspase 8
to the active forms p42 and p44 in K562-treated cells (GI50). Etoposide (ET) was used (25 pg/ml, 24 h) as positive control (classical caspases-dependent inducer of
apoptosis). Similar results were achieved in MCF-7 (except for caspase 3 activation) and DU-145 cancers cells. The experiment was repeated three times and the
corresponding quantification is shown in (D), D) Quantification of procaspase 3, 8 and 9 and their cleaved forms in CA5-; CA6- and ET-treated K562 relative to the
control values (set as 1.0) obtained from densitometers of immunoblots, E) Inhibition of CA5 and CA6-induced apoptosis by the pan caspase inhibitor zVAD-fmk.
Cells were treated for 24 h with 0.1% DMSO (control), treated with CA5 or CA6 (GI50), or pretreated with zVAD-fmk (25 pM, 1 h) and then treated with CAS or CA6.
Percent non-viable cells: percentage of non-viable cells relative to the vehicle-treated control cells measured by MTT assay. Bars = mean * S.E.M. of three
independent experiments performed in triplicates. * P < 0.05; ** P < 0.01; *** P < 0.001 compared to vehicle-treated control cells, yy P < 0.01 compared to
etoposide-treated cells.
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effect within the measured concentrations. The rationale behind this
could be that the presence of both 12’3-OH and 12-carbonyl groups is a
requirement for the interaction between cephalostatin 1 or its analo-
gues and the targeted proteins such as oxysterol binding protein (OSBP)
and OSBP-related protein 4L (ORP4L) [44] or HSP70 isoform GRP78
[45], leading to the enhancement of the biological activity compared to
that of the starting diketone 2. Additionally, the presence of C;;-X
group (X = OMe, OEt) in CA5 and CA6 enhanced the biological activity
compared to the corresponding analogue with X = H. This may be due
to the effect played by this functionality at this position on the polarity
difference between the two halves of the bis-steroidal dimer leading to a
polarity enhancement of the molecule which was hypothesized as a
rationale for the biological activity [27,46].

From our data, it was noticed that compound 5 (R = Me) exerted
better activity than 6 (R = Et), which may be rationalized based on
relative bulkiness of the ethoxy group compared to the methoxy group
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which is more common in biologically active compounds. Noteworthy,
none of the members of the cephalostatin family contains an ethoxy
group. However, four out of the 20 cephalostatins contains methoxy
group at position-1 or 1’. On the other hand, even though all cepha-
lostatins contain several OH groups, compound 8 was found to be in-
active in the measured range. This may be due to the absence of the
neighboring carbonyl group at C-12 position. This seems to be a
structural requirement along with 12’3-OH in the other half for a C;;-
functionalized analogue to be active. This attracts us to synthesize more
analogues with C;;-OH (with a- or p-configurations) holding the
neighboring carbonyl and C;» OH groups.

CA5- and CA6-treated cells exhibited two features of apoptosis:
fragmented nuclei and the externalization of phosphatidylserine. The
latter was determined by annexin V binding [47] (Fig. 1A-B). In addi-
tion, their cytotoxicity was dose-dependent (Fig. 2A-B) and cancer cell-
specific (Fig. 2C). Compound 5 and 6 apoptotic pathway(s) were stu-
died using RT-PCR, Western blotting and cytochrome ¢ and smac/
DIABLO release from mitochondria (Figs. 3-6). Upon treatment with
CA5 and CA6, caspase 3 and caspase 9 mRNA levels increased in the
three cell lines (except for caspase 3 in MCF-7 cells) (Fig. 4A-B),
whereas the mRNA level of caspase 8 did not change in any of the cell
lines studied (Fig. 4A-B). In addition, the levels of active caspase 3 and
9 but not caspase 8 (cleaved caspase) were increased in the CA5- and
CA6- treated cells (Fig. 4 C-D). Moreover, the cytotoxic effects of CA5
and CA6 were inhibited when the pan caspase inhibitor zZVAD-fmk was
used (Fig. 4 E). This confirms the involvement of caspase 3 and 9 in
compound 5 and 6-mediated apoptosis.

Since caspase 9 was mediating CA5 and CA6 cytotoxic activities, we
tested whether this is through the mitochondria or ER apoptotic path-
ways. The results presented in Fig. 5A-C show that cytochrome ¢ was
not released from the mitochondria into the cytosol in the three cell
lines tested upon treatment with CA5 or CA6. This indicates that the
mitochondrial apoptotic pathway was not activated since this pathway
needs the leakage of cytochrome ¢ into cytosol to bind apaf-1 and
procaspase 9 to form the apoptosome which ends in the activation of
caspase 9 [9]. However, smac/DIABLO, a known inhibitor for inhibitors
of apoptosis (IAPs) leading to caspases activation [48], was translocated
from the mitochondria into the cytosol upon treatment. In addition, its
mRNA level was increased when the cells were treated with either CA5
or CA6.

Additionally, the findings show that treating cells with CA5 or CA6
increased the level of phosphorylated eukaryotic translation initiation
factor 2 (elF2), an indicator of ER stress [12,14] (Fig. 6 A-B). In addi-
tion, the mRNA level of caspase 4 (the main player in ER-mediated
apoptosis) as well as its cleaved active form were increased in cells
treated with either CA5 or CA6 (Fig. 6 C-E). The activation of caspase 4
by CA5 and CA6 treatment was inhibited by caspase 4 specific inhibitor
Ac-LEVD-CHO (Fig. 6F). These results suggest that CA5 and CA6 induce
apoptosis through the ER-pathway similar to what was found for ce-
phalostatin 1 [49] and the 12’a-derivatives of cephalostatin 1 [28].

In conclusion, treating cells with C;;-functionalized cephalostatin 1
analogues induced ER-stress which provided a pathway for the accu-
mulation of smac/DIABLO. This in turn inhibited IAPs contributing to
the activation of caspases including the ER-caspase 4 without cyto-
chrome c release from mitochondria [12,15]. After being activated,
caspase 4 activated caspase 9 which in turn activated caspase 3 ending
in apoptosis [12,15]. The results presented in this work indicate that
the C;;-functionalized analogues (CA5, CA6) induced apoptosis in a
similar mechanism to cephalostatin 1 [16,18] and the 12’a-hydroxy
derivatives of cephalostatin 1 [28], making them cephalostatin 1-uti-
lizable alternatives.
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