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ABSTRACT

Hura crepitans (Euphorbiaceae) is a tree from South America that produces an irritant latex
used as a fish poison. A bio-guided fractionation of an ethanolic extract of the latex led to the
isolation and structural identification of three known daphnane-type diterpenes (1-3)
including huratoxin (1), together with two new analogues (4, 5). Compound 1 was found to
exhibit significant and selective cell growth inhibition against the colorectal cancer cell line
Caco-2, with morphological modifications suggesting formations mimicking the intestinal
crypt architecture. The underlying mechanism of 1 was further investigated, in comparison
with 12-O-tetradecanoylphorbol-13-acetate (TPA), revealing two different mechanisms.
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1. Introduction

Hura crepitans L. is a tall thorn-covered tree of the Euphorbiaceae family producing a milky
and irritant latex, widely distributed in South America and some African and Asian countries
[1]. In a previous phytochemical analysis, we identified daphnanes diterpenes and
cerebrosides as the main chemical constituents of an ethanolic extract of the latex of H.
crepitans [2]. Daphnanes diterpenes are known for their multiple biological activities [3,4],
such as piscicidal [5,6], antiviral [7,8], anti-HIV [9-11], anti-cancer [7,10], as well as tumor
promoting [16,17] activities. Importantly, daphnanes diterpenes could restore tissue functions
such as in neurodegenerative diseases [18], notably through anti-inflammatory activities
[4,19]. They are also described as activators of the serine threonine protein kinases C (PKCs)
[15] that play a critical role as early signal in diverse cellular responses and are particularly
downregulated in colorectal cancer. PKC are not necessarily down regulated in cancer cells
but are often targets for inactivating mutations which clearly indicates a tumor suppressor
activity for these ser/thr kinases [20].

Colorectal cancer is a global scourge with, according to the OMS, 1 million of new cases
detected each year and 774 000 deaths. In 2018, it is the third deadliest (after lung and liver)
cancers [21]. Depending on the tumor characteristics and extend of disease, the treatment of
patients includes surgery, chemotherapy and targeted therapies. However, the tumor plasticity
induces resistance to therapy through surviving and quiescent cancer stem cells [22], and is
responsible for high mortality. Given the reversible nature of mechanisms implicated in tumor
plasticity, novel therapeutic approaches aiming to restore tissue homeostasis are promising.
The efficiency of these new therapies will depend on their capacities to normalize the dialog
between epithelial cells and their microenvironment, locally in the intestine and at distance in
metastasis. Locally, the aim of such therapies would be to get reconstruction of the intestinal
crypt characterized by a polarized epithelial monolayer playing a barrier role against external
environment through intercellular adhesive junctions and capable of differentiation towards
absorptive and secretory lineages [23].

Therapeutic targeting of early signals such as PKCs, which coordinate adhesive and
proliferative pathways in epithelial cells [24], may be of great interest to control different
tumor cell subpopulations [25]. As an example, the small TPA (12-O-Tetradecanoylphorbol-
13-acetate) molecule is a natural phorbol ester diterpene and a PKC activator which has been
recently shown to inhibit liver transformation through the regulation of YAP (Yes-associated

protein), the major effector of the Hippo signaling pathway at the crossroad of cell adhesion



and proliferation [26]. In that context, natural compounds constitute a promising source of
novel anticancer agents, capable of modulating embryonic developmental proliferative
pathways such as Wnt/APC/B-catenin in cancer stem cells and managing adhesive
interactions with the cancer microenvironment [27].

In this paper, we describe the bio-guided fractionation of the latex of H. crepitans leading to
the isolation and identification of three known daphnane-type diterpenes huratoxin,
prohuratoxin and stelleralide J, along with two new analogs of huratoxin, namely, 2°,3’-
dihydrohuratoxin and 6’-oxohuratoxin. Cytotoxic assays of enriched fractions and pure
compounds against the human colorectal cancer Caco-2 cell line are presented and

mechanisms of action are also proposed for huratoxin in comparison with TPA.

2. Material and methods

2.1 Plant material

The latex of H. crepitans L. was collected in the area of Mazan, Maynas province, Peru, in
March 2017 by Dr. Billy Joel Cabanillas. Botanical identification was carried out by Diego
Garcia (Forestry engineer, IIAP, Peru) and Pr. Isabelle Fourasté (faculty of Pharmacy,
Toulouse University, France). The deposition of a herbarium board (No. Hc2017-1) was made

in the herbarium collection of the faculty of pharmacy of Toulouse, France.

2.2 Analytical chemistry material

The IR spectra were acquired on a Fourier transform spectrophotometer FRONTIER FT-IR
(PerkinElmer, CT, USA). UV spectra were acquired on a Jasco J-815 UV-visible
spectrophotometer (Jasco Inc, Easton, MD, USA). The optical rotation was calculated on a
Jasco P-2000 polarimeter in CH2Cl2 (Jasco Inc, Easton, MD, USA). Circular dichroism (CD)
spectra were measured in CH2Cl2 on a Jasco J-815 spectrophotometer (Jasco Inc, Easton, MD,
USA). UHPLC/DAD/CAD/HRMS analysis were performed using an UHPLC Ultimate 3000
system (Dionex, Sunnyvale, CA, USA) equipped with an Acquity UPLC BEH C18 100A
column (150 x 2.1 mm, 1.7 um) (Waters Corporation), a Diode Array Detector system
(Dionex, Sunnyvale, CA, USA) and a Charge Aerosol Detector (Dionex, Sunnyvale, CA,
USA) for relative quantitative analysis. High resolution APCIMS spectra were acquired on a
LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Chromeleon
Xpress 6.8 (Dionex) and Xcalibur 3.0 (Thermo Fischer Scientific) softwares were used for

data acquisition and analysis. Analytical LC/UV analyses were performed using a HITACHI



LaChrom ULTRA UHPLC chain equipped with a diode array detector system (VWR, PA,
USA) and an Acquity UPLC BEH C18 100A column (150 x 2.1 mm, 1.7 pum) (Waters
Corporation). Semi-preparative HPLC was performed on a HITACHI LaChrom LC system
(VWR, PA, USA) consisting in a quaternary LaChrom L-7100 pump and a LaChrom L-7455
photodiode array detector using a Phenomenex Luna column C18 100A (10 x 250 mm, 5 pm)
(Phenomenex Inc, CA, USA). Preparative HPLC was performed on a Waters 4000 system
(Millipore) equipped with a Jasco UV-975 photodiode array detector using a SunFire Prep
Silica column C18 100A (19 x 150 mm, 5 pm) (Waters Corporation). MPLC were performed
using a BUCHI system composed by 2 C-605 pumps controlled by a C-615 pump manager, in
borosilicated glass columns (Buchi, Flawil, Switzerland) conditioned by silica gel Kieselgel
60@ (Macherey-Nagel, Duren, Germany) previously dried at 100 °C. NMR spectra were
acquired on a Bruker AVANCE 300 and a Bruker AVANCE 500 spectrometer equipped with
a 5 mm TCI CryoProbe (Bruker, Fallanden, Switzerland) using TMS as reference. Column
chromatographies were performed using silica gel Kieselgel 60 (Macherey-Nagel, 15-40 pm)

and previously dried at 100 °C before use.

2.3 Extraction and isolation of mono-esterified daphnanes

2.3.1 Extraction of the latex of H. crepitans

The lyophilized latex of H. crepitans (382 g) obtained from 2.4 L of latex was extracted by 2
successive macerations with 3.8 L of 96% EtOH during 24 h at room temperature. After
filtration, the residue was extracted twice with 2 x 3.8 L of CH2Cl2 during 1 h under reflux.
The solvents of both extractions were combined and concentrated under reduced pressure to
give 34 g of crude extract.

2.3.2 Fractionation of the crude extract

6 g of the crude extract of the latex of H. crepitans was partitioned by medium-pressure liquid
chromatography (MPLC) on silica gel using n-heptane (650 mL), CH2Cl2 (2 L), EtOAc (650
mL), methanol (2 L) and isopropanol (650 mL). This fractionation was repeated five times on
6 g of crude extract. The fractions were combined to give nine fractions (Fi-Fe). Each fraction
was analyzed by UHPLC/DAD/CAD/HRMS according to Trinel et al. [2]. F7 (2 g) was highly
concentrated in cerebrosides while Fz (3.4 g) and Fs (5.93 g) were both enriched in mono- and
di-esterified daphnanes. Separation of the daphnanes from fraction Fs was carried out by
MPLC with CH2Cl2 (1.5 L), CH2CI2/EtOAc (1 L, 4:1, viv), EtOAc (1 L) and MeOH (0.5 L) to
afford 3 sub-fractions Fsz-1-Fs-3, F3-2 (2.28 g) and F3-3 (0.82 g) being enriched in di- and mono-
esterified daphnanes respectively. UHPLC/DAD/CAD/HRMS analysis of the mono-esterified



daphnanes was performed using an optimized gradient consisting in milliQ water (solvent A)
and MeCN (solvent B) each containing 0.1% of formic acid. The gradient started from 70% B
for 2 min, linearly increased to 100% B from 2 to 17 min and remained constant for 11 min a
100% B, before it decreased to 70% B in 0.5 min and remained at initial conditions for 1.5
min.

2.3.3 Isolation of mono-esterified daphnanes

Fs-3 (0.82 g) was chromatographed on a silica gel column using a cyclohexane/EtOAC
gradient (from 8:2 to 0:10, v/v) to give 8 sub-fractions (F3-3.1-Fs-3.8). F3-35 was separated by
semi-preparative HPLC using a H20/MeCN (each containing 0.1% of formic acid) linear
gradient (3 mL/min) from 15% MeCN to 100% MeCN to provide compounds 1 (Huratoxin,
18.1 mg) and 4 (2’,3’-dihydrohuratoxin, 2.7 mg). Fraction Fs-37 was purified by semi-
preparative HPLC (3 mL/min) with a linear gradient from 20% MeCN to 100% MeCN to
afford 3 subfractions (F3-3.7-1-F3-3.7-3). Compound 2 (Prohuratoxin, 1.8 mg) was isolated from
Fs-3.7-2 by semi-preparative HPLC following the same method as for Fs-3.7.

Fraction Fs (5.93 g) was fractionated twice by MPLC using a solvent gradient of increasing
polarity from cyclohexane to EtOAc (500 mL), affording 7 fractions (Fs-1-Fs-7). Fs-5 (1.66 Q)
was chromatographed by preparative HPLC (flow rate: 20.5 mL/min) with a linear gradient
starting from 60% MeCN to 100% in 15 min to obtain 19 subfractions (Fs-5.1-Fs-5.19).
Subfraction Fs-53 was subjected to semi-preparative HPLC (3 mL/min) using an isocratic
solvent system of 85% MeCN during 30 min to yield compound 3 (Stelleralide J, 7.4 mg).
Compound 5 (6’-oxohuratoxin, 2.1 mg) was obtained from the Fs-58 subfraction by semi-
preparative HPLC using the same gradient as the one used for the obtention of compounds 1
and 4.

Huratoxin 1: colorless oil, [a]2sp +39.6 (¢ 1, CH2Cl2); IR vmax 3467, 2926, 2855, 1696, 1633,
1276 cm-1; 1H and 13C NMR data (CDClIz, 500 MHz), see Table 1; HRAPCIMS m/z 585.3406
[M+H]+ Appm = -2.7 (calcd for C3aH490s+, 585.3422).

Prohuratoxin 2: colorless oil, [a]2sp +18.4 (¢ 1, CH2Cl2); IR vmax 3447, 2925, 2854, 1701,
1633, 1300 cm-1; 1H and 13C NMR data (CDCIs, 500 MHz), see Table 1; HRAPCIMS m/z
603.3508 [M+H]+ Appm = -3.3 (calcd for C34H5109+, 603.3528).

Stelleralide J 3: colorless oil, [a]2sp +27.6 (¢ 1, CH2Cl2); IR vmax 3467, 2926, 2855, 1696,
1633, 1276 cm-1; 1H and 13C NMR data (CDClIs, 500 MHz), see Table 1; HRAPCIMS m/z
619.3498 [M—H]- Appm = 3.1 (calcd for CasHs1010-, 619.3479).



2°,3’-dihydrohuratoxin 4: colorless oil, [a]2sp +44.8 (¢ 1, CH2Cl2); IR vmax 3467, 2926, 2855,
1693, 1633, 1276 cm-1; 1H and 13C NMR data (CDClIs, 500 MHz), see Table 1; HRAPCIMS
m/z 587.3573 [M+H]+ Appm = -1.9 (calcd for C3sH510s+, 587.3584).

6’-oxohuratoxin 5: colorless oil, [a]2sp +25.8 (¢ 1, CH2Cl2); IR vmax 3467, 2926, 2855, 1699,
1633, 1276 cm-1; 1H and 13C NMR data (CDCIs, 500 MHz), see Table 1; HRAPCIMS m/z
599.3204 [M+H]+ Appm = -2.7 (calcd for C34Ha709+, 599.3220).

2.4 Computational analysis

Calculated Electronic Circular Dichroism (ECD) spectra were also modelled by first
principles. These DFT and TD-DFT calculations were performed using the Gaussianl6
program [25]. The calculations consisted in three successive steps. First, we optimized the
ground-state geometries of the anticipated enantiomers at the B3LYP/6-311G(d,p) level [29].
These calculations used the so-called tight optimization threshold, a refined DFT integration
grid (the ultrafine grid was selected), and a tightened SCF convergence thresholds (10-10 au).
The bulk solvent effects (here CH2Cl2) were accounted for using the Polarizable Continuum
Model (PCM) [30]; selecting the Gaussian16 defaults to build the cavity. In a second stage,
the vibrational frequencies have been evaluated at the same level of theory to confirm the
nature of the obtained structures (absence of imaginary frequency). In a third step, TD-DFT
calculations were performed at the CAM-B3LYP/6-311+G(2d,p) level in order to model the
ECD spectra of the envisaged enantiomers. These calculations included the 25 lowest single
excited-states and used the PCM model in its linear-response non-equilibrium form, which is
suited for modeling absorption and ECD spectra [31]. The presented spectra have been
convoluted, from the individual vertical contributions, using a Gaussian with of half-width at

half-maximum of 0.33 eV.

2.5 Cell culture

The human colon adenocarcinoma cell line Caco-2 (HTB-37) was purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Two other cell lines from
ATCC were used as comparison in cytotoxic assays: the normal rat intestinal epithelial cell
line IEC6 (CRL-1592) and the human colon adenocarcinoma cell line HT29 (HTB-38). Of
note, both Caco-2 and HT29 cell lines harbor APC mutation, the most frequent mutation in
colorectal cancer, responsible for hyperproliferation through the dysregulated Wnt/APC/j
catenin pathway. All cell lines were cultured in DMEM + GlutaMAX medium (Corning, New
York, NY, USA) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific,



Waltham, MA, USA), 100 units/mL penicillin and 100 units/mL streptomycin (Thermo Fisher
Scientific). For Caco-2 cells, 1% of non-essential amino acids was added to the medium. Cells
were incubated at 37°C in a 95% relative humidity atmosphere with 5% CO2. Medium was

changed every 48 h and passage was performed every week before confluence.

2.6 Cell treatment and viability assay

Cells were seeded at 8 x 104 cells/100 pL in 96-well plates (Falcon, Corning Life Sciences,
Amsterdam, The Netherlands) and cultured for 48 h before treatment with varying
concentrations of natural extracts or compounds. Initial solution of extracts or compounds was
prepared in dimethyl sulfoxide (DMSQO) at 10 mg/mL and then successive dilutions (from
1/1000 to 1/100 000) in fresh culture medium were incubated with cells. Controls assays were
realized with diluted DMSO (final concentration from 0.1% to 0.001%) in culture medium.
After 48 h of treatment, cell viability was determined by adding 20 uL of the Aqueous One
Solution Cell Proliferation Assay (MTS, Promega) to each well for 3 h. The colorimetric
assay was then evaluated by the measurement of absorbance at 490 nm using a microplate

reader (Varioskan Flash, Thermo Fisher Scientific). Assays were performed in triplicate.

2.7 Fluorescence analysis and imaging

Immunolabeling: Caco-2 cells were seeded at 4 x 104 cells/40 pL in 15 well IBIDI plates
(Biovalley, Nanterre, France) and treated as described above. At 24 h and 48 h post-treatment,
cells were fixed with formaldehyde solution (3.7%, Electron Microscopy Sciences) during 20
min at room temperature before 3 washes with phosphate buffer saline (PBS) and then
conservation at 4°C. A permeabilization step was realized by 3 x 10 min incubation with PBS
supplemented with Triton X100 0.5% and BSA 1%. Then primary antibody (anti-Ki67
Ab16667 1/50 or anti-caspase 3 active Ab13847 1/200, Abcam, Paris, France) was added
overnight at 4°C. Then the secondary antibody (anti-rabbit Alexa Fluor 488-conjugated
1/1000, Invitrogen Molecular Probes, Thermo Fisher Scientific, Illkirch, France) was added
for 1 h followed after 3 washes by incubation with rhodamine phalloidin (5 units/mL, R415
Invitrogen) for 30 min, at room temperature. Finally, VECTASHIELD with DAPI (Eurobio,
Montpellier, France) was added and samples were conserved at 4°C until microscopic
analysis.

Premo-FUCCI cell cycle sensor (Molecular probes, Life technologies): Caco-2 cells were

seeded at 4 x 104 cells/100 pL in 96-well plates and incubated with 50 viral particles per cell



(PPC 50) containing Premo-geminin GFP (S/G2/M reagent) and Premo-Cdtl RFP (G1
reagent). 24 h after, transfection enhancer (1/1000, Invitrogen) was added to the culture
medium. On the next day, cells were treated with 1 pg/mL of huratoxin or TPA, or DMSO as
control. Cell imaging was performed from 24 h to 96 h after treatment.

Bright field and GFP/RFP images were acquired with Apotome microscope (Zeiss Axio-
observer, HXP120) and immunofluorescence was visualized with confocal laser scanning
using Zeiss LSM710 (Leica Microsystems, Heerbrugg, Germany). Images were then analyzed

with the Image J software.

2.8 Western Blot

Caco-2 cells were seeded at 64 x 104 cells/1000 pL in 12-well plate (Falcon) and treated as
described above. At 48h post-treatment and after two washes with PBS plus Caz+/Mg2+, cells
were lysed in buffer containing 50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.1% Triton X-100,
1 mM EDTA supplemented with proteases inhibitor (1/25, cOmpleterm Mini, EDTA-free,
Roche, Sigma-Aldrich, L’Isle d’Abeau Chesnes, France) and phosphatases inhibitor (1/100,
Phosphatase Inhibitor cocktail 2, Sigma-Aldrich). After 20 min of incubation on ice and
scraping, samples were centrifuged at 12 000 g for 15 min at 4°C. Sample protein
concentration in the supernatant (Triton X-100 soluble fraction) was measured and then
Laemmli sample buffer 5x was added before conservation at -20°C.

After boiling for 10 min, proteins were resolved on 10% acrylamide precast gel (Mini-
PROTEAN TGX, Bio-Rad, Marnes-la-Coquette, France) and transferred to nitrocellulose
membrane (Hybond C-super, Merck Millipore, Molsheim, France). The membrane was
blocked for 1 h at room temperature in Tris-buffer saline (TBS) containing 0.5% fat-free milk
and 1% bovine serum albumin (BSA, Sigma). Then membrane was probed overnight at 4°C
with the appropriate antibody in TBS-milk-BSA supplemented with 0.05% Tween. Primary
antibodies were from Cell Signaling Technology (phospho-p44/42 MAPK #4370; 44/42
MAPK #9102; phospho-Akt (Ser473) #4060; Akt #4685; phospho-YAP (Serl27) #13008;
YAP #1407), Millipore (phospho-GSK3p (Ser9) #04-1075), BD Biosciences (GSK3p
#610202), Abcam (Actin #Ab 1801). After incubation for 1 h at room temperature with
secondary antibody coupled to horseradish peroxidase, detection was achieved using a
chemiluminescent substrate (Amersham ECL Prime detection reagent, Sigma-Aldrich) and

visualized on ChemiDoc (Bio-Rad).



2.9 Reverse transcriptase-polymerase chain reaction (RT-PCR)

Caco-2 cells were seeded at 64 x 104 cells/1000 pL in 12-well plate (Falcon) and 48 h post-
treatment were washed with PBS before addition of TRisol Reagent (Thermo Fisher
Scientific) and RNA extraction with Direct-zol RNA kit (Ozyme, Saint-Cyr-L’Ecole, France),
according to manufacturer's instructions, including a 15 min DNAse (RNAse free) treatment
at room temperature. Nucleic acid quantification and purity were assessed by the absorbance
Az60 and the ratio Az2e60/A2s0, respectively (Nanodrop 2000, Thermo Fisher Scientific). Three
ug RNA were reverse-transcribed in 14 ul reaction volume using the Maxima first strand kit
and following the manufacturer’s instructions (Fermentas, Thermo Fisher Scientific).
Quantitative PCR was prepared with LightCycler 480 DNA SYBR Green | Master reaction
mix (Roche, Mannheim, Germany) and 45 ng cDNA was used as template for amplification
(40 cycles, 60°C) using 0.6 uM specific primers: ITGA2
(GTGGCTTTCCTGAGAACCGA/GATCAAGCCGAGGCTCATGT, NM_002203), MUC2
(ACTCCAACATCTCCGTGTCC/AGCCACACTTGTCTGCAGTG, NM_002457). The run
was performed in two technical replicates on a LightCycler 480 Instrument (Roche). All
primers used have PCR efficiency >90%. Hprt and Gapdh were used as reference genes. The
delta Ct was calculated (Microsoft Excel software) from the means of reference gene and

target gene duplicates. DdCt was used to perform comparisons between different treatments.

2.10 Statistical analysis
Anova tests were used for experiments analysis. P values <0.05 were considered to be

significant and the correction used for multiple comparisons is indicated on the figures.

3. Results and Discussion

3.1 Bio-guided fractionation of the latex of H. crepitans.



The in vitro cytotoxicity of the crude extract of the latex of H. crepitans was determined using
two human colorectal cancer cell lines Caco-2 and HT29, and a rat intestinal cell line IEC6.
As shown in Fig. 1A, depending on cell line and concentration of crude extract, the number of
viable cells was significantly decreased (-34.33% + 2.52 at 1 pug/mL, and -23.00% + 4.36 at
10 pg/mL) only for Caco-2 cells, thus revealing a valuable selectivity towards the human
colorectal cancer cells Caco-2 from a concentration of 1 pug/mL.

As shown in Fig. 1B, morphological modifications were observed under the treatment with
crude extract. Spreading (IEC6 cells), polarization (HT29 cells), and clustering (Caco-2 cells)
were observed suggesting a potential link between morphological changes and cytotoxicity
induced by the crude extract of the H. crepitans latex. We underline that no cell death was
observed suggesting that the decrease of Caco-2 cells number under treatment was due to a
cytostatic effect.
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Figure 1. (A) Cytotoxicity of the crude extract of H. crepitans latex. IEC6 (normal intestinal
cell line), Caco-2 and HT29 (colon cancer cell lines) cells were incubated with different
concentrations of the crude extract of the latex of H. crepitans or DMSO as control. At 48 h, a
MTS assay was performed to measure surviving cells. Data are mean = S.D. from 3
independent experiments. Two-way Anova (Tukey’s multiple comparisons test): *p<0.05,
**p<0.01. (B) Morphological changes induced by the crude extract of H. crepitans latex.
IEC6, Caco-2 and HT29 cells were incubated with 10 ug/mL crude extract of H. crepitans
latex or DMSO and microscopic observations were performed at 48 h post-treatment. Bar =
50 pm.
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The above biological results prompted a further study to determine which kind of compounds
was responsible for this selective cytotoxicity. Our previous work highlighted that the latex of
H. crepitans was composed of three major types of compounds that could be divided in
mono-esterified daphnanes, di-esterified daphnanes and cerebrosides [2]. Complementary
relative quantitative analysis with a Charged Aerosol Detector (CAD) confirmed that
daphnanes and cerebrosides were the main compounds of the crude extract (see the
Supporting Information, SI). Mono-esterified and di-esterified daphnanes represented around
25 and 40% of the mixture respectively, while cerebrosides accounted for around 30%. The
crude extract was thus partitioned by repeated reverse-phase MPLC to afford fractions
enriched in mono-esterified daphnanes, di-esterified daphnanes or cerebrosides.

Results of incubation of the corresponding enriched fractions at 10 ug/mL with the three cell
lines are presented in Fig. 2A. Di-esterified daphnanes and cerebrosides fractions did not
exert any statistically significant activity against the three cell lines. Only mono-esterified
daphnanes clearly reproduced the cytostatic effect previously obtained with the crude extract
on Caco-2 cells, indicating that this effect is mostly carried by one or several mono-esterified
daphnanes. Our results were in agreement with previous studies that revealed that mono-
esterified daphnanes exhibited in vitro moderated to significant cell growth inhibition against
a large panel of cancer cell lines, including colorectal cancer SW480 and HCT116 cell lines
[9,12] whereas di-esterified daphnanes were less potent [32,33]. In addition, the absence of
cerebrosides’ effect could be explained by the fact that they are source of both ceramides and
sphingosines, respectively modulators and enhancers of the proliferation of intestinal
epithelial cells, including Caco-2 cells [34-36]. As shown for the crude extract, mono-
esterified daphnanes triggered clustering of Caco-2 cells and polarization of HT29 cells, with
no sign of cell death (Fig. 2B). Thus, to assess the in vitro activity of pure mono-esterified

daphnanes on Caco-2 cells, their isolation and identification were undertaken.
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Figure 2. (A) Cytotoxicity of daphnanes and cerebrosides of the H. crepitans latex. IEC6
(normal intestinal cell line), Caco-2 and HT29 (colon cancer cell lines) cells were incubated
with 10 pg/mL of mono-esterified daphnanes (Daphnanes 1), di-esterified daphnanes
(Daphnanes 2) or cerebrosides. DMSO was used as control. At 48 h, a MTS assay was
performed to measure surviving cells. Data are mean £+ S.D. from 3 independent experiments.
Two-way Anova (Tukey’s multiple comparisons test): *p<0.05. (B) Morphological changes
induced by mono-esterified daphnanes of the latex of H. crepitans. Caco-2 and HT29 cells
were incubated with 10 pg/mL of mono-esterified daphnanes (Daphnanes 1) or DMSO
(Control) and microscopic observations were performed at 48 h post-treatment. Bar = 50 um.

3.2 Isolation and structure elucidation of mono-esterified daphnanes from the latex of H.
crepitans.

Dereplication and relative quantitative analysis of the mono-esterified daphnanes by UHPLC-
DAD-CAD-HRMS (see the Sl) revealed that huratoxin and its isomers represented the major
mono-esterified daphnanes (> 60%), along with isomers of prohuratoxin (around 20%), 5-
deoxy-6,7-deepoxy-6,7-didehydrohuratoxin (around 6%), stelleralide J and deoxyhuratoxin
(around 1.5% each). Moreover, minor unidentified mono-esterified daphnanes were
highlighted. Separation using combination of normal and reversed-phase column
chromatographies, MPLC, and semi-preparative HPLC afforded five compounds (1-5),
including two new daphnanes (4,5) (Fig. 3).
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Figure 3. Structure of mono-esterified daphnanes isolated from the latex of Hura crepitans.
Huratoxin (1), prohuratoxin (2) and stelleralide J (3), 2’°,3’-dihydrohuratoxin (4) and 6’-
oxohuratoxin (5).

The three dereplicated huratoxin (1) [37,38], prohuratoxin (2) [17], and stelleralide J (3) [5]
were isolated and identified by comparison of their spectroscopic data with previously
published works. The detailed 1H and 13C NMR data reported in Table 1 indicated that
compound 1 was a daphnane orthoester with a characteristic resonance at 6c 116.5 for C-1°,
while compounds 2 and 3 were daphnanes esters with a chemical shift for C-1" at 6c 167.5
and 167.7, respectively. A close examination of published 13C NMR data of huratoxin (1)
[37-40] compared to our 2D NMR experiments (HSQC, HMBC) revealed some errors and
led us to revise the 13C NMR chemical shifts of C-7, C-10, C-17, C-18, C-2’, C-3’, C-4’ and
C-5’, as proposed in Table 1. Indeed, the HSQC spectrum of huratoxin (1) clearly showed
that the carbons at ¢ 48.2 and 64.2 were correlated to H-10 (61 3.79,) and H-7 (61 3.45),
respectively. Therefore, the resonance at dc 64.2 was assigned to the oxygenated C-7 and the
one at 6c 48.2 to C-10. Regarding the three methyl groups of the daphnane orthoester moiety,
Wang et al. previously corrected the assignments of C-18 and C-19 [40]. The present HSQC
experiment confirmed the revision proposed for C-19, but the correlations between H-18 (oH
1.18) and the carbon signal at &c 20.4, and between H-17 (6+ 1.80) and the carbon signal at 6c
19.0 indicated that the signal at dc 20.4 should be assigned to C-18 and not to C-17. These
assignments were corroborated by the key HMBC correlations depicted in Fig. 4. In addition,
on the basis of HSQC, HMBC, and COSY correlations, the assignment of the four conjugated

olefinic carbons (C-2’ to C-5’) of the orthoesterified chain was unambiguously established.
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Compound 4 was isolated as a colorless oil. Its molecular formula was established as
Ca4Hs00s by positive HRAPCIMS (m/z 587.3573, [M+H]+), which differed from huratoxin 1
by two additional hydrogen atoms. The MS/MS spectrum revealed the presence of a
diagnostic fragment ion at m/z 361, consistent with a daphnane-type diterpene similar to 1 [2].
Moreover, the neutral loss of 226 Da (instead of 224 for 1) resulting from the cleavage of the
side chain suggested that the aliphatic chain of compound 4 possessed only one double bond.
The IR spectrum showed two bands at 1633 and 1696 cm-1 corresponding to a double bond
and an a,p-unsaturated ketone, respectively. A band at 3467 cm-1 indicated the presence of
hydroxyl groups. 1H and 13C NMR data (Table 1) of compound 4, as well as 2D NMR
spectra, exhibited general features similar to those of huratoxin 1, indicating they both had a
daphnane skeleton with the same orthoester substitution characterized by a low-field
quaternary carbon resonance at 6c 119.1 (C-1") (Fig. 4). The notable differences concerned
the signals belonging to the orthoester side chain, particularly the presence of only two
olefinic methine signals (oH/dc 5.44/129.2 and &H/6c 5.44/130.8), along with two additional
methylenes (6H/dc 2.01/34.9 and 6H/dc 2.29/26.8). In the HMBC spectrum, the methylenic
protons at 6+ 2.01 (H-2") showed correlations with C-1° (8¢ 119.1) and the carbons at dc 26.8
(C-3”) and 129.2 (C-4’), suggesting an orthoester moiety with a double bond located between
C-4’ and C-5°. This was further supported by other HMBC and COSY correlations as
depicted in Figure 4. Regarding its configuration, overlapping signals arising from H-4" and
H-5 (6H 5.44, m, 2H) in the 1tH NMR spectrum prevented coupling constant determination.
However, according to Gunstone et al. [41], the deshielded resonance of the allylic carbon C-
6’ at dc 32.7 was characteristic of a trans double bond. On the basis of these aforementioned

data, compound 4 was thus identified as 2’,3’-dihydrohuratoxin (Fig. 3).
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Table 1. 1H- and 13C-NMR (CDCIs) data (6 in ppm) for the daphnane-type orthoesters huratoxin (1), 2’,3’-dihydrohuratoxin (4) and 6’-

oxohuratoxin (5) and daphnane-type esters prohuratoxin (2), and stelleralide J (3).

Position 1 2 3 4 5
8y (J inHz) S¢ 84 (J enHz) 3¢ 34 (J enHz) dc Sy (J enHz) dc 84 (J enHz) dc
1 7.63 m 161.3 7.66 m 162.5 7.68 m 161.3 7.60 m 161.4 7.62 m 160.8
2 - 136.7 - 134.8 - 135.0 - 136.7 - 137.0
3 - 209.9 - 209.6 - 209.3 - 209.9 - 209.7
4 - 72.3 - 72.3 - 74.8 - 72.2 - 72.2
5 425 s 72.0 424 s 71.2 4.16 s 713 425 s 72.1 427 s 72.0
6 - 60.4 - 61.8 - 78.1 - 60.4 - 60.5
7 345 s 64.2 317 s 63.7 449 m 81.8 343 s 64.4 346 s 64.1
8 2.94 d (2.6) 36.7 3.66 d(2.4) 39.2 3.39 d (2.6) 41.3 2.90 d (2.5) 36.8 2.98 d (2.6) 36.8
9 - 79.6 - 76.3 - 77.2 - 78.8 - 80.1
10 379 m 48.2 3.86 m 49.9 3.66 m 53.1 374 m 48.2 381 m 48.1
11 248 m 34.9 210 m 37.6 226 m 36.6 245 m 34.8 251 m 34.9
12a 1.68 d (14.4) 179 m 1.80 m 1.64 d (14.4) 1.71 d (14.3)
12b 2.23 dd (8.6, 14.4) %65 189 m 37.8 193 m 315 2.21 dd (8.8,14.4) %65 2.26 dd (8.8,14.4) 349
13 - 84.4 - 74.1 - 74.3 - 84.2 - 84.9
14 4.42 d (2.6) 82.0 567 m 77.9 565 m 79.2 4.37 d (2.5) 81.8 4.46 d (2.6) 82.1
15 - 146.1 - 145.8 - 145.1 - 146.2 - 145.7
16a 490 m 5.08 s 5.08 d (1.3) 490 m 493 m
16b 5.02 s 113 513 s 141 519 s 1143 5.01 s 113 5.02 s Ly
17 1.80 brs 19.0 189 m 19,0 1.88 m 19.0 1.77 brs 19.1 1.79 brs 19.0
18 118 d(7.2) 204 1.06 d (6.7) 18.2 1.04 d (6.6) 17.3 1.16 d (7.1) 20.3 1.19 d(7.1) 204
19 1.81 d(1.4) 10.0 1.80 m 9.9 181 m 9.8 1.80 m 10.0 181 m 10.0
20a 3.78 d (12.4) 651 3.74 d (12.4) 652 3.94 d (11.6) 6.2 3.76 d (12.5) 653 3.78 d (12.6) 651
20b 3.86 d (12.4) 3.84 d (12.4) 4.06 d (11.6) 3.88 d (12.5) 3.90 d (12.6)
1 - 116.5 - 167.5 - 167.7 - 119.1 - 115.6
2 5.70 d (15.5) 122.8 5.9 d (15.3) 117.7 5.86 d (15.3) 118.0 201 m 349 6.21 d(15.4) 1335
3 6.70 dd (10.7, 15.5) 134.8 7.33 dd (10.1, 15.3) 1474 7.32 dd (10.1, 15.3) 147.1 229 m 26.8 6.82 dd (11.1, 15.4) 132.2
4 6.05 dd (10.7, 15.2) 128.8 6.20 m 128.2 6.20 m 128.2 544 m 129.2 7.15 dd (11.1, 15.5) 140.1
5 5.84 dt (15.2,6.9) 139.0 6.20 m 146.8 6.20 m 146.6 544 m 130.8 6.28 d (15.5) 132.6
6' 2.08 m 32.7 218 m 331 219 m 33.1 197 m 32.7 - 200.7
T 137 m 143 m 28.7 143 m 28.7 2.55 t(7.3) 40.9
g 163 m 24.4
9 29.1-29.6 20.2-29.5 20.2-296 29.2-29.7 29.0
10 1.24-1.31 m 12H 1.24-1.32 m 12H 1.26-1.31 m 12H 1.26-1.30 m 14H 292-995
11 1.24-1.31 m 10H
12 31.9 31.9 319 320 31.9
13 22.7 22.7 22.7 22.7 22.7
14 0.88 t(6.9) 14.1 0.88 t (6.9) 14.2 0.88 t(6.9) 14.2 0.88t(6.9) 14.2 0.88 t (6.9) 14.1
OH-4 373 s - 352 s - 3.36 s - 357 s - -
OH-5 4.09 s - - 336 s - 4.01 d (2.6) - -
OH-9 - - - - 370 s - - - - -
OH - - 449 m - - -
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Figure 4. Key COSY, HMBC (H—C) and NOESY correlations for compounds 1, 4 and 5

Compound 5 was isolated as a colorless oil. Its molecular formula was established as
C34H4609 by positive HRAPCIMS (m/z 599.3204, [M+H]+), with 14 mass units more than
huratoxin 1. Using the same approach as for compound 4, the diagnostic fragment ion at m/z
361 in the MS/MS spectrum and the NMR key signal at 5c 115.6 in the 13C spectrum were
indicative of a daphnane-type orthoester. The IR spectrum showed the same bands as in
compound 4, with a broader carbonyl band at 1699 cm-1. 1D and 2D NMR data (Table 1)
were reminiscent of those of huratoxin 1, except for the chemical shifts of four olefinic
methine signals, the presence of a quaternary carbon signal at 5c 200.7 typical of a ketone,
and the disappearance of a CH2 signal at dc 32.7. Analysis of COSY cross peaks revealed the
presence of two spin systems CH-2’/CH-3’/CH-4’/CH-5" and CH2-7’/CH2-8’. Moreover, in
the HMBC spectrum H-5", H-6" and H2-7’ correlated with C-6°, which connected the above-
mentioned spin systems together. These observations, combined with HMBC correlations
from H-14 and H-3’ to C-1’, secured the orthoester moiety with a ketone function at C-6’
(Fig. 4). Compound 5 was therefore elucidated as 6’-oxo-huratoxin.

Furthermore, NOESY correlations for compounds 4 and 5 in the daphnane orthoester core
were similar to those of huratoxin 1, allowing the determination of their relative configuration
(Fig. 4). Their absolute configuration was subsequently assigned by comparing their
experimental electronical circular dichroism (ECD) spectra (Fig. 5) with calculated ECD

spectra (Fig. 6).
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Figure 5. Experimental ECD spectra of compounds 1-5 in CH2Clz.

First to assess the quality of the level of theory selected for the modeling studies, we have
computed the ECD spectrum of huratoxin (1) for which the exact configuration is known [37].
The results obtained after the optimization of huratoxin (1), built from the XRD structure of a
parent derivative (12-hydroxydaphnetoxin tribromoacetate) [6], are displayed in Fig. 6A, after
identification of nine significantly populated conformers. The computed ECD spectra showed
similar shape, and the weighted ECD obtained through Boltzmann averaging (Fig. 6B) was
found to nicely fit the experimental spectrum. As can be seen, the general experimental trends
were well reproduced with one positive maxima at 248 nm and a strong negative band around
230 nm.

We therefore computed the ECD spectra of the four huratoxin derivatives (2-5) following the
same computational protocol and starting from the optimized conformations of huratoxin 1. In
each case, the individual ECD spectra obtained for the various conformers (not shown) were
very similar, as observed above for huratoxin. Hence, only the weighted spectra are displayed
in Fig. 6C-F, where they are overlaid with the experimental ones. The general shapes of the
theoretical ECD nicely fit the measured spectra, and the positions of the positive and negative
bands were properly estimated, within a + 0.2 eV range. These results therefore confirmed
that the huratoxin derivatives studied herein present the same configuration as huratoxin itself.
Note that these results were consistent with previously published ECD spectra for compound
3[5].
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Figure 6. (A) Computed ECD spectrum of identified conformers of huratoxin 1. The relative
Gibbs energies are also given. (B) Experimental and computed ECD spectra of huratoxin 1.
The computed curve is calculated through Boltzmann averaging of each conformer ECD
spectrum. (C-F) Computed weighted ECD spectra superimposed to the corresponding
experimental curves of prohuratoxin (C), stelleralide J (D), 2°,3’-dihydrohuratoxin (E) and 6°-
oxohuratoxin (F).

3.3. In vitro activity of isolated mono-esterified daphnanes.

Due to the minute amounts of the new daphnanes 4 and 5, only huratoxin (1), prohuratoxin
(2) and stelleralide J (3) have been tested according to precedent conditions. TPA, a well-
known phorbol ester that exhibited some structural similarities with daphnanes, was used as a
positive control since it is known to decrease Caco-2 cell proliferation [42]. As shown in Fig.
7, only huratoxin 1 significantly inhibited Caco-2 cell proliferation by 25.33% + 9.71 at 1
ug/mL, while HT29 and normal IEC6 cells were spared by this treatment, reproducing the
selective effect previously observed with the crude extract and the fraction enriched in mono-
esterified daphnanes. A similar selective decrease of Caco-2 cells was observed under
treatment with TPA (Fig. 7). However, prohuratoxin and stelleralide J did not affect cell
viability suggesting that the orthoester moiety of daphnane-type diterpenes is essential to their

inhibitory activity, as already described in previous reports [4,9,43,44].
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Figure 7. Cytotoxicity of 3 isolated mono-esterified daphnanes from H. crepitans latex. IEC6
(normal intestinal cell line), Caco-2 and HT29 (colon cancer cell lines) cells were incubated
with 1 ug/mL huratoxin, prohuratoxin or stelleralide J, TPA or DMSO as control. At 48 h, a
MTS assay was performed to measure surviving cells. Data are mean + S.D. from 3
independent experiments. Two-way Anova (Tukey’s multiple comparisons test): *p<0.05,
**p<0.01.

To further characterize the underlying mechanism of action of huratoxin, the expressions of
the proliferation marker Ki67 and the apoptosis marker Caspase 3 were evaluated after
treatment. As depicted in Fig. 8A, the proliferative marker Ki67 was significantly decreased
in Caco-2 cells treated by huratoxin and to a lesser extent by TPA. Labeling of active Caspase
3 was not detected showing that neither huratoxin nor TPA induced cell apoptosis. We
concluded that the cytotoxic effect of huratoxin on Caco-2 cells was a cytostatic effect as
conjectured above. Moreover, we determined that huratoxin induced a cell growth arrest at the
G1 phase (Fig. 8B) as previously shown for TPA [45]. Also, huratoxin, and to a lesser extent
TPA, induced clustering of Caco-2 cells (Fig. 8A and 8B) confirming that there is a potential

link between proliferative and morphologic changes.
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Figure 8. A-Immunolabeling of Ki67 and active caspase 3 in Caco-2 cells treated with
huratoxin or TPA. Caco-2 cells were treated with 1 pg/mL of huratoxin or TPA, or DMSO as
control for 48 h. Immunolabeling of the proliferative marker Ki67 and apoptosis marker
Caspase 3 was performed as described in Experimental section. Nuclei were labeled with
DAPI. Bar = 50 um. Representative of two independent experiments. B- Cell cycle analysis
was performed on Caco-2 cells treated as in A using the Premo-FUCCI cell cycle sensor
(Experimental section). Representative images of GFP and RFP labeling 96 h after treatment
are shown. In merge at the bottom, asterisks indicate cells labeled with both GFP and RFP. A
histogram representation shows the percentage of labeled cells corresponding to the phases of
cell cycle. Bar = 100 um. Representative of two independent experiments.
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3.4 Signaling pathways modulated by huratoxin.

The proliferative and morphologic activities regulated by huratoxin prompted us to investigate
signaling pathways known to play a critical role at the crossroad of cell adhesion and
proliferation. We reasoned that in Caco-2 cells bringing APC mutation and thus a
dysregulated trafficking of B-catenin from the membrane to the nucleus, the signals MAPK,
GSK3p, Akt and YAP could be yet modulated by huratoxin. Indeed, as depicted in Fig. 9,
huratoxin induced inhibition of GSK3p and Akt, two serine threonine kinases playing a
major role in colon carcinogenesis.[46] However, unlike huratoxin, TPA did not induce a
decrease in those kinase activities but inhibited YAP and activated MAPK (Fig. 9), as

previously shown in liver cancer [26,47].

\(0
& F <

N | Phospho-MAPK (Act.)

Nt l Total MAPK

=
I . o - l Phospho-GSK3f3 (Inh.)
=

[- N I Total GSK3f3

- hd s | Phospho-YAP (Inh.)
|‘ W W | Totalvap

|'— o | Phospho-Akt (Act.)

l—' hd N | Total Akt

| - - ’ Actin

Figure 9. Western blot of MAPK, GSK3B, YAP and Akt in Caco-2 cells treated with
huratoxin. Caco-2 cells were treated with 1 ug/mL huratoxin or TPA, or DMSO as control for
48 h. The expression of total proteins and their activated (Act.) or inhibited (Inh.)
phosphorylated forms was detected by specific antibodies as described in Experimental
section. Actin is shown as a loading control. Representative of two independent experiments.

Clearly the activities of the two structurally similar diterpenes, huratoxin and TPA, are
mechanistically different. This could explain the higher cell clustering and decreased Ki67
labeling observed in Caco-2 cells treated by huratoxin as compared to TPA. However, the
absence of huratoxin or TPA’s impact on HT29 cells (Fig. 7) which are characterized by a
Raf mutation in addition of APC mutation, suggests that unimpaired Raf/MEK pathway
upstream of the proliferative and adhesive signals may be crucial for the cytostatic activity of
both diterpenoids [48].
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3.5 Epithelial polarization and differentiation induced by huratoxin.

We further investigated morphological changes induced by huratoxin. As shown in Fig. 10A,
Caco-2 cell clustering was already measurable from 24h post-treatment by huratoxin.
Interestingly, at 48 h, Caco-2 clusters were organized in relief (around 30 um high) with cells
boarding a central lumen and harboring nucleus in basal position (Fig. 10B-C). Actin was
concentrated in basal position (Fig. 10B), as previously observed in epithelial spheroids
formed in the absence of extracellular matrix [49]. By comparison to huratoxin (Fig. 10B),
TPA was less potent to induce both cell clustering (structures in relief 10 um high, not shown)
and polarization (Fig. 10D). These data show that huratoxin induces the formation of

structures mimicking the intestinal crypt architecture.

A Control

Huratoxin (24h)

Huratoxin (48h)

Figure 10. Epithelial polarization upon huratoxin treatment. Caco-2 cells were treated with
huratoxin or TPA at 1 ug/mL, or DMSO as control for 48 h. A-D Labeling of nuclei and actin
was performed as described in Experimental section and confocal imaging was realized.
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Corresponding brightfield images are shown in A. Representative of two experiments. Bar =
50 pm.

Since the change in Caco-2 cells morphology induced by huratoxin suggested the formation
of neo-crypts, we wonder if cell differentiation was also triggered. We decided to investigate
the gene expression of integrin alpha 2 (ITGA2) and mucin 2 (MUC?2) since integrin alpha 2
was shown to regulate the balance between proliferation and differentiation in Caco-2 cells
[50] which are deficient in mucous-lineage [51]. As shown in Fig. 11, expressions of ITGA2
and MUC2 were increased in huratoxin-treated Caco-2 cells. By comparison to huratoxin,
TPA was less potent to induce these changes in gene expression (Fig. 11). Therefore,
huratoxin induces a cytostatic effect on colon cancer cells accompanied by epithelial

morphogenesis.

Ddct

-
-&

T T T T
ITGA2 Huratoxin ITGA2 TPA MUC2 Huratoxin MUC2 TPA

Figure 11. Gene expression of the integrin alpha 2 (ITGA2) and mucin 2 (MUC2) upon
huratoxin treatment. Caco-2 cells were treated with huratoxin or TPA at 1 pg/mL, or DMSO
as control for 48 h. Quantitative RT-PCR was performed as described in Experimental
section. Compared to control, variations between -1 and 1 are considered as not significant
(grey zone). Data from two independent experiments are shown.

4. Conclusions

The morphological changes and selective cytotoxic activity against Caco-2 cells induced by
an EtOH extract of the latex of H. crepitans led to the isolation of two new daphnane-type
diterpenoids named 2’,3’-dihydrohuratoxin and 6’-oxohuratoxin, along with three known
analogs including huratoxin, the main latex component. The biological assessment of the pure
three known derivatives highlighted huratoxin as the most interesting compound that was
further investigated to decipher its mode of action in comparison with TPA, a commercial
phorbol ester-type diterpenoid, known for its cytotoxicity against Caco-2 cells. The two

compounds showed a decrease in proliferative marker Ki67 with no effect on caspase 3,
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characterizing a cytostatic activity. Concerning signaling pathways, huratoxin inhibited
GSK3p and Akt, two kinases playing a major role in colon carcinogenesis, while TPA
inhibited YAP and activated MAPK as previously described, thus revealing different
cytostatic mechanisms. Finally, huratoxin has been more potent than TPA to induce the
expression of two genes implicated in Caco-2 cells differentiation, which might explain the
more pronounced morphological changes induced by huratoxin including the formation of
neo-crypts. Works are actually in progress to deeply investigate the signaling pathways
modulated by huratoxin, particularly those resulting from an activation of PKC isotypes.
Finally, our data revealed that, besides their well-known roles as neurotrophic factors,

daphnanes diterpenes could also restore the functions of intestinal epithelium.
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