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a UMR 152 PharmaDev, Université de Toulouse, IRD, UPS, France 
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A B S T R A C T   

Hura crepitans L. (Euphorbiaceae) is a thorn-covered tree widespread in South America, Africa and Asia which 
produces an irritating milky latex containing numerous secondary metabolites, notably daphnane-type diter-
penes known as Protein Kinase C activators. Fractionation of a dichloromethane extract of the latex led to the 
isolation of five new daphnane diterpenes (1–5), along with two known analogs (6–7) including huratoxin. 
Huratoxin (6) and 4′,5′-epoxyhuratoxin (4) were found to exhibit significant and selective cell growth inhibition 
against colorectal cancer cell line Caco-2 and primary colorectal cancer cells cultured as colonoids. The un-
derlying mechanism of 4 and 6 was further investigated revealing the involvement of PKCζ in the cytostatic 
activity.   

1. Introduction 

Hura crepitans L. is a tree of the Euphorbiaceae, a large family with 
more than 3000 genus and 8000 species 1–4. This thorn-covered tree is 
widespread in South America, Africa and Asia and produces an irritating 
milky latex containing numerous secondary metabolites, notably diter-
penes 5–8. Diterpenes found in Euphorbiaceae include more than 20 
types of structures (daphnanes, ingenanes, tiglianes…) 9–11 known to 
possess many biological activities 3,10,12, and particularly antiviral 
9,11,13–19 and antitumor properties 10. More specifically, these diterpenes 
are described in the literature as activators of serine threonine protein 
kinases C (PKCs) 9,15,20. 

PKCs are essential regulators of many cellular functions and 
signaling pathways, including cell proliferation, adhesion, differentia-
tion, migration and survival 21–23. These kinases are classified into 3 
subfamilies according to their structure and mode of activation. It can be 
distinguished conventional diacylglycerol (DAG)- and calcium- 
dependent PKCs (cPKCs α, β and γ), novel calcium-independent PKCs 
(nPKCs θ, ε, η and δ) and atypical DAG- and calcium-independent PKCs 
(aPKCs λ/ι and ζ) 21,22,24. Atypical PKCs mainly differ from the others by 
the fact that they can interact with phosphatidylinositol triphosphate 
(PIP3) or ceramides 22, and are particularly involved in epithelial cell 
polarity, cytoskeleton reorganization and tissue identity 25–31. PKCs 
isozymes are deregulated in many pathologies 21,22,32,33, including 
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cancer 21,22. More specifically, they are involved in cell transformation, 
tumor progression and metastasis in different types of cancer, and are 
particularly downregulated in colorectal cancer 21,22. 

Colorectal cancer (CRC) is a global health problem. It is the third 
most diagnosed cancer and the second most deadly worldwide with 
more than 900,000 deaths in 2020 34,35. At an advanced stage, the 5- 
year survival of patients is only 40–50% and at the metastatic stage, 
the 5-year survival decreases to 5–15% 36 due to the proliferative and 
invasive capabilities of malignant cells 37. These abilities strongly 
depend on PKCs and their signaling partners including β-catenin, 
Glycogen Synthase Kinase 3β (GSK3β), Akt and Mitogen-Activated 
Protein Kinase Kinase MEK 24,38–49. To date, there is a growing inter-
est in the development of innovative therapies targeting such signaling 
pathways. Notably, restoration of PKCs functions that are down-
regulated in CRC would be a relevant strategy to control normal adhe-
sion, proliferation and differentiation of intestinal epithelial cells 22. 

In a previous phytochemical analysis, our group identified 
daphnane-type diterpenes and cerebrosides as the main components of 
an ethanolic extract of the latex of H. crepitans 8. Bio-guided fraction-
ation revealed an interesting selective cytostatic activity of huratoxin, a 
mono-esterified daphnane, on human colorectal cancer cells Caco-2 
with 25% of growth inhibition 50. This antiproliferative activity was 
accompanied by morphological changes in Caco-2 cells. At 1.0 µg/mL, 
we found that huratoxin induced cytoskeleton reorganization in Caco-2 
cells and the formation of structures mimicking the intestinal crypt ar-
chitecture, suggesting a recovery of normal tissue differentiation 50. 
Interestingly, in contrast with 12-O-tetradecanoylphorbol-13-acetate 
(TPA), a DAG-mimetic agent known to be cytotoxic for Caco-2 cells, 
huratoxin inhibited GSK3β and Akt 50, suggesting that huratoxin could 
display a specific activity on PKCs isozymes. 

In this paper, we describe the isolation and structural elucidation of 
five new analogs of huratoxin (6′R-hydroxy-huratoxin (1), 4′S,5′S- 
dihydroxy-huratoxin (2), 4′(Z)-6′-oxo-huratoxin (3), 4′S,5′S-epoxy-hur-
atoxin (4) and huratoxigenin-20-(11′-methyloctadec-12′-enoate) (5) 
along with two known daphane-type diterpenes (huratoxin (6) and 6′- 
oxo-huratoxin (7)) from the latex of H. crepitans (Fig. 1). The cytostatic 
activity of compounds 1–7 on Caco-2 cells was assessed leading to 

structure–activity relationships. In an attempt to further investigate the 
mechanism of action of isolated compounds, we examined the 
involvement of PKCα (conventional PKC), PKCδ (novel PKC) and PKCζ 
(atypical PKC) previously shown to regulate Caco-2 cell proliferation 
44,51–53, on morphological and cytostatic properties of mono-esterified 
daphnanes. Finally, we evaluated the cytotoxic activity of the two 
most active daphnanes in the preclinical model of human primary 
colorectal cancer cells cultured as colonoids. 

2. Results and discussion 

2.1. Isolation and structure elucidation of mono-esterified daphnanes 
from the latex of Hura crepitans 

A semi-quantitative analysis of the CH2Cl2 n◦1 crude extract of the 
latex by UHPLC-DAD-HRMS revealed that huratoxin and its isomer 
represented 20.5% of the mono-esterified daphnanes against 60.0% in 
our previous investigation 50. This can be explained by the presence of 
more polar (oxygenated) daphnane-type diterpenoids detected between 
1.46 and 2.45 min by reversed-phase separation as depicted in Fig. S1 
(supporting informations, SI). The qualitative analysis of the detected 
polar peaks, and particularly MS/MS profiles revealing diagnostic ions 
at m/z 361 et m/z 253 (base peak), confirm their daphnane-type struc-
ture 8 (Fig. S2). 

Separations using a combination of MPLC, normal- and reversed- 
phase silica column chromatographies and semi-preparative HPLC 
afforded seven daphnane type diterpenes (1–7), among them five new 
derivatives (1–5) (Fig. 1). The 1H and 13C NMR data in Table 1 indicated 
that compounds 1–4 are orthoesterified daphnanes as ascertained by 
chemical shift for C-1′ near δC 116, while 5 is an esterified daphnane as 
indicated by the characteristic resonance at δC 175.7 for C-1′. 

Compound 1 was isolated as a colorless oil. Its molecular formula 
was established as C34H48O9 by positive HRAPCIMS (m/z 601.3361 [M 
+ H]+). The IR absorptions revealed the presence of hydroxy groups 
(3446 cm− 1), α,β-unsaturated ketone (1697 cm− 1) and double bonds 
(1631 cm− 1) (Fig. S9). The 1H and 13C NMR data showed the presence of 
characteristic resonances for an isopropenyl moiety at δH 4.91 (H-16a), 

Figure 1. Structure of isolated mono-esterified daphnanes.  
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δH 5.0 (H-16b), δH 1.78 (H3-17) and at δC 146.7 (C-15) and two methyl 
groups at δH 1.15 (H3-18) and δH 1.78 (H3-19), consistent with a 
daphnane-type structure. The signals of the typical orthoester carbon at 
δC 116.4 (C-1′) and an oxygenated methylene at δH 3.77 (H-20a) and δH 
3.81 (H-20b) suggested that 1 is an orthoesterified daphnane-type 
diterpenoid. Other resonances due to polyoxygenated functionalities 
in the daphnane skeleton were observed for an epoxy group at δH 3.40 
(H-7), δC 61.1 (C-6), δC 64.3 (C-7), one oxygenated methine at δC 72.1 
(C-5) and one oxygenated tertiary carbon at δC 72.7 (C-4). The positions 
of these functionalities were deduced by analyses of 2D-NMR HSQC, 
COSY and HMBC spectra where key correlations are shown in Fig. 2A. 
The HMBC cross peak observed between H-14 (δH 4.44) and C-1′ con-
firms the position of the orthoesterified side chain. The 13C signals of 
four ethylenic carbons at δC 125.9 (C-2′), δC 134.0 (C-3′), δC 128.5 (C-4′) 
and δC 140.7 (C-5′), combined with COSY correlations, show the 

presence of two conjugated double bonds on the side chain and their E- 
configurations were deduced from the 1H NMR coupling constants 
J2′ ,3′=15.5 Hz and J4′ ,5′= 15.3 Hz. 1H–1H COSY cross-peak between H-5′

at δH 5.89 and the low-field H-6′ at δH 4.16 revealed the presence of an 
oxygenated methine for C-6′. The rest of the alkyl chain consists of seven 
methylene groups at δC 37.7 (C-7′), δC 27.7 (C-8′), δC 29.7–30.0 (C-9′ to 
C-11′), δC 32.3 (C-12′), δC 23.1 (C-13′) and one methyl group at δC 14.3 
(C-14′) that have been assigned according to their HMBC correlations 
(Fig. 2A) and by comparison with literature 50. Furthermore, NOESY 
correlations observed in the daphnane core (Fig. 2B) and ECD spectrum 
(Fig. S10) of compound 1 were similar to those of huratoxin (6) allowing 
us to determine the absolute configuration of the diterpene skeleton. In 
order to determine the configuration of the C-6′, Gauge-Independent 
Atomic Orbital (GIAO) NMR chemical shifts calculations supported by 
the advanced statistical method DP4+ 54 was performed on the structure 

Table 1 
1H- and 13C NMR data (δ in ppm) for the daphnane-type orthoesters (1) (CD2Cl2), (2) (CD2Cl2/MeOD 50/50 v/v), (3) (CD2Cl2) and (4) (CD2Cl2) and daphnane- type 
ester (5) (CD2Cl2).  

N◦ 1 2 3 4 5 
δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC 

1 7.61; m 161.1 7.48; s 160.3 7.60; m 161.0 7.59; m 161.0 7.67; m 162.1 
2 – 137.3 – 137.4 – 137.3 – 137.2 – 135.1 
3 – 210.0 – 209.7 – 210.0 – 210.0 – 209.8 
4 – 72.7 – 73.6 – 72.7 – 72.7 – 75.0 
5 4.25; s 72.1 4.08; s 71.0 4.26; s 72.2 4.24; bs 72.2 3.64; s 72.6 
6 – 61.1 – 62.3 – 61.0 – 61.0 – 78.3 
7 3.40; s 64.3 3.31; s 64.3 3.42; s 64.2 3.39; s 64.3 3.94; m 80.8 
8 2.95; d (2.5) 37.1 2.91; d (2.4) 37.1 2.97; d (2.5) 37.1 2.95; d (2.6) 37.1 2.91; m 38.8 
9 – 80.1 – 80.6 – 80.4 – 80.2 – 79.0 
10 3.77; m 48.5 3.73; m 48.8 3.77; m 48.4 3.75; m 48.4 3.64; m 53.5 
11 2.49; m 35.3 2.48; m 35.4 2.48; m 35.4 2.48; m 35.3 2.20; m 37.3 
12a 1.65; d (14.4) 36.8 1.54; d (14.4) 36.9  1.65; d (14. 4) 36.8 1.62; s 36.8 1.83; m  38.1 

12b 2.24; dd (14.4; 
8.6) 

2.20; dd (14.4; 
8.6) 

2.25; dd (14.4; 8.6) 2.23; m  2.20; dd (14.4; 
8.6) 

13 – 85.0 – 85.3 – 85.3 – 85.3 – 74.7 
14 4.44; d (2.5) 82.3 4.40; d (2.3) 82.7 4.47; d (2.5) 82.4 4.44; d (2.6) 82.3 4.15; d (3.7) 77.8 
15 – 146.7 – 147.1 – 146.5 – 146.4 – 145.7 
16a 4.91; m 111.2 4.83; s 111.1  4.92; m 111.3 4.90; m 111.2 5.02; s 114.3 
16b 5.02; bs  4.96; s 5.04; m 5.01; m  5.08; s 
17 1.78; m 19.2 1.72; bs 19.0 1.79; m 19.2 1.77; m 19.2 1.78; s 19.1 
18 1.15; d (7.1) 20.5 1.09; d (7.0) 20.4 1.17; d (7.1) 20.5 1.16; d (7.1) 20.4 0.99; d (6.7) 17.6 
19 1.78; m 10.1 1.70; bs 9.90 1.79; m 10.1 1.76; m 10.1 1.78; s 9.97 
20a 3.77; m 65.4 3.58; d (12.4) 65.1 3.77; m  65.3 3.77; 

d (12.5) 
65.4 4.34; d (11.9) 66.2 

20b 3.81; d (12.1)  3.87; d (12.4) 3.81; 
d (12.5)  

4.44; d (11.9) 

1′ – 116.4 – 116.6 – 116.1 – 115.7 – 175.7 
2′ 5.80; d (15.5) 125.9 5.84; d (15.7) 125.9 6.10; d (15.6) 134.6 6.00; m 127.8 2.39; t (7.5) 34.7 
3′ 6.71; dd (15.5; 

10.8) 
134.0 6.29; dd (15.7; 

6.0) 
135.3 7.86; ddd (15.6; 12.6; 

1.1) 
130.7 6.00; m 133.9 1.59; m 25.4 

4′ 6.25; dd (15.3; 
10.8) 

128.5 4.00; m 75.0 6.43; ddd (12.6; 11.4; 
0.7) 

139.7 3.13; m 57.4 1.26; m  29.5–30.1  

5′ 5.89; dd (15.3; 
6.5) 

140.7 3.50; m 74.8 6.18; d (11.4) 128.0 2.85; m 61.1 

6′a 4.16; q (6.5) 72.6 1.33; m 
1.45; m 

32.8 – 201.6 1.62; s 32.4 
6′b 
7′a 1.52; m 37.7 1.26; m 

1.45; m 
26.4 2.48; m 44.8 1.43; m 26.3 

7′b 
8′ 1.28; m 25.7 1.21; m 32.8 1.60; m 24.4 1.27; m 29.7 – 

29.9 9′ 29.7 – 
30.0 

1.21; m 29.9 – 
30.2 

1.27 – 1.29; m 29.6 - 
29.8 10′ 1.26; m 37.6 

11′ 2.02; m 37.1 
12′ 1.28; m 32.3 1.21; m 32.5 1.29; m 32.3 1.27; m 32.3 5.25; dd (15. 6; 

7.5) 
136.8 

13′ 1.28; m 23.1 1.21; m 23.2 1.29; m 23.1 1.27; m 23.1 5.36; dd (15.6; 
6.8) 

129.9 

14′ 0.88; t (6.9) 14.3 0.81; t (6.8) 14.1 0.88; t (7.0) 14.3 0.88; t (7.0) 14.3 1.97; q (6.8) 33.0 
15′ – – – – – –   1.26; m 27.7 
16′ – – – – – –   1.26; m 32.3 
17′ – – – – – –   1.26; m 23.1 
18′ – – – – – –   0.88; t (6.7) 14.3 
1′′ – – – – – –   0.94; d (6.7) 21.1  
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of 1 with the two possible configurations at C-6′. In this approach, the 
differences between ab initio computed 13C and 1H NMR scaled chemical 
shifts and experimental data are considered (Figs. S11 and S12). Then, 
the probability of the error in each chemical shift of each configuration 
is computed using Student t-test. The product of these probabilities 
divided by the sum of the probabilities gives the DP4 + probability for 
each configuration (Fig. S13). DP4 + calculations give a probability of 
99.1% for the 6′R configuration. Thus, 1 was named 6′R-hydroxy-hur-
atoxin (Fig. 1). 

Compound 2 was isolated as a colorless oil. Its molecular formula 
was established as C34H50O10 by positive HRAPCIMS (m/z 619.3475 [M 
+ H]+) and differed by 18 u when compared to 1. The IR absorptions 
revealed the presence of hydroxy groups (3384 cm− 1), α,β-unsaturated 
ketone (1701 cm− 1) and double bonds (1634 cm− 1) (Fig. S21). All of the 
characteristic chemical shifts of the daphnane skeleton were present on 
1H and 13C NMR spectra of 2. As for 1, the key HMBC correlation 
detected between H-14 at δH 4.40 and C-1′ at δC 116.6 confirmed the 
same position of the orthoesterified side chain. The difference with 
compound 1 is therefore located on the alkyl chain where the resonance 
of only two ethylenic carbons at δC 125.9 (C-2′) and δC 135.3 (C-3′) 
revealed the presence of one double bond in E-configuration deduced 
from the coupling constant J2′ ,3′=15.7 Hz. 1H–1H COSY cross peaks 
observed between H-3′ (δH 6.29)/H-4′ (δH 4.00) and H-4′ (δH 4.00)/H-5′

(δH 3.50) allowed us to assign two oxygenated methine groups at posi-
tions C-4′ and C-5′ (Fig. 2A). Thus, the planar structure of 2 was deter-
mined. The relative configuration of the daphnane skeleton of 2 was 
deduced to be the same than as 1 since it presented the same key NOESY 
correlations (Fig. 2B). Although the ECD spectrum of 2 was different 
than these of huratoxin (Fig. S22), we assumed that the absolute 
configuration of the daphnane core was the same in the two molecules. 
Indeed, in previous studies 50,55 the absolute configuration of the 
daphnane core has always been described to be identical to that of 
huratoxin. Free rotation of the side chain makes difficult the determi-
nation of the configuration of the C-4′ and C-5′ stereocenters. However, 
GIAO NMR chemical shifts calculations were performed on the structure 
of compound 2 (Figs. S23 and S24) for the four diastereoismers (4′S-5′S, 
4′R-5′R, 4′S-5′R and 4′R-5′S). The comparison with experimental NMR 
shifts of 2 was in favor of the 4′S-5′S configuration with a DP4 +

calculation showing a probability of 99.6% (Fig. S25). Thus, 2 was 
named 4′S,5′S-dihydroxy-huratoxin (Fig.1). 

Compound 3 was isolated as a colorless oil. Its molecular formula 
was established as C34H46O9 by positive HRAPCIMS (m/z 599.3205 [M 
+ H]+) which corresponded to the molecular formula of a previously 
isolated daphnane orthoester identified to 6′-oxo-huratoxin 50 and also 
isolated in this work (compound 7). The comparison of 1H and 13C NMR 
data of these two isomers displayed differences only located on the 
orthoester side chain and notably on the C-3′ double bond. The major 
difference concerned the J3′ ,4′ coupling constant measured to be 11.4 Hz 
for compound 3 instead of 15.6 Hz for 7, thus indicating a Z-configu-
ration for the C-3′/C-4′ double bond. The absolute configuration of 3 
was drawn as depicted in Fig. 1 according to NOESY correlations that 
were superimposable to those of compounds 1–2 (Fig. 2B) and similar 
ECD spectrum to 6′-oxo-huratoxin (Fig. S34) 50. Therefore, 3 was named 
4′(Z)-6′-oxo-huratoxin. 

Compound 4 was isolated as a colorless oil. Its molecular formula 
was established as C34H48O9 by positive HRAPCIMS (m/z 601.3367 [M 
+ H]+). The IR absorptions revealed the presence of hydroxy groups 
(3421 cm− 1), α,β-unsatured ketone (1701 cm− 1) and double bonds 
(1632 cm− 1) (Fig. S47). The analysis of NMR spectra confirmed the 
presence of a daphnane skeleton. Moreover, we noticed characteristic 
chemical shifts of another epoxy group at δC 57.4 and 61.1. HMBC 
correlations between C-1′ (δC 115.7) and a multiplet at δH 6.00 (H-2′ and 
H-3′) allowed us to assign a double bond between C-2′ and C-3′ (Fig. 2A). 
Additionally, 1H–1H COSY cross peaks among H-3′ (δH 6.00)/H-4′ (δH 
3.13) and H-4′/H-5′ (δH 2.85) helped to locate the epoxy group at C-4′, 
C-5′ (Fig. 2A). Thus, compound 4 was identified as 4′,5′-epoxy-huratoxin 
(Fig. 1). 1H NMR multiplicities of H-2′ (δH 6.00) and H-3′ (δH 6.00) 
appearing as multiplets, a 1H NMR spectrum of 4 was recorded in ben-
zene d6 and permitted to separate these protons and to measure their 
coupling constant (J2′ ;3′ = 15.7 Hz (Fig. S46)), thus indicating E- 
configuration. The relative configuration of the daphnane core of 4 was 
determined to be the same than precedent compounds 1–3 according to 
the analysis of NOESY correlations (Fig. 2B). Due to similarity of ECD 
spectra of 4 and 2, it was also assumed that daphnane skeleton of 4 has 
the same absolute configuration than previous isolated compounds 
(Fig. 1). Thanks to GIAO NMR chemical shifts calculation on the 

Figure 2. A) Key COSY (bold) and HMBC (arrow) correlations of compounds 1–4. B) Key NOESY correlations (arrow) of the daphnane core of compounds 1–4.  
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structure of compound 4 (Figs. S47 and S48), 4′S,5′S was deduced to be 
the most likely configuration of the side chain of 4. Indeed, DP4 +
calculation showed a probability of 99.9% in favor of this hypothesis 
when compared to the 4′R-5′R, 4′R-5′S and 4′S-5′R candidates. 
(Fig. S51). Thus, 4 was identified as 4′S,5′S-epoxy-huratoxin (Fig. 1). 

Compound 5 was isolated as a colorless oil. Its molecular formula 
was established as C39H62O9 by positive HRAPCIMS (m/z 675.4455 [M 
+ H]+). The IR absorptions were the same as for the precedent com-
pounds described in this work (Fig. S59). The assignment of carbons and 
protons constituting the daphnane core was performed through the 
analysis of 1D and 2D NMR spectra. However, when compared to NMR 
spectra of compounds 1–4, some small differences can be noted in the 
chemical shifts of certain atoms of the daphnane core and particularly C- 
6 (δC 78.3) and C-7 (δC 80.8) that were deshielded, whereas H-5 (δH 
3.64) resonated at higher field. So, the electronic environment around 
these atoms is modified when compared to compounds 1–4. The HMBC 
cross peak observed between H2-20 (δH 4.34 and 4.44) and C-1′ (δC 
175.7) explained this observation since it revealed that 5 was esterified 
at C-20 (δC 66.2) (Fig. 3A), in contrast to other mono-esterified daph-
nanes previously isolated from H. crepitans. It is worth mentioning that 
the resonances of C-13 at δC 74.7 and C-14 at δC 77.8 were also shielded. 
This finding is consistent with the literature in which Otsuki et al., in 
2020, reported the isolation and structural elucidation of non–(ortho) 
esterified daphnane-type diterpenes showing similar chemical shifts for 
carbons 9, 13, and 14 56. Furthermore, none of the signals in the 13C 
NMR spectrum could be assigned as an orthoester quaternary carbon. 
Concerning the structure of the C-20 ester chain, a neutral loss of 296 u 
observed in the MS2 spectrum (Fig. S2) of 5 obtained from the [M + H]+

ion at m/z 675 permitted to deduce a 19 carbons alkyl chain with 1 index 
of hydrogen deficiency. HMBC cross peak between a triplet at δH 2.39 
(H-2′) and C-1′ (δC 175.7) and 1H–1H COSY correlation between H-2′

and H-3′ (δH 1.59) allowed to assign the signals of C-2′ (δC 34.7) and C-3′

(δC 25.4). H-3′ correlates, in the HMBC spectrum, with a cluster of 6 
carbons located between δC 29.5 and 30.1 and assigned to carbons C-4′

to C-9′. The methyl signal [δH 0.88 (t, J = 6.7), δc 14.3] is characteristic 
of a terminal methyl (C-18′). H3-18′ correlates in the COSY spectrum 
with a large signal at δH 1.26, itself correlating, in the HSQC spectrum, 
with several methylene 13C signals, whose signals at δc 23.1, 27.7, and 
32.3. According to the literature, these 13C chemical shifts are charac-
teristic of methylenes located at the end of an alkyl chain 50 and were 
therefore positioned at δC 23.1 for C-17′, δC 32.3 for C-16′ and δC 27.7 for 
C-15′. The resonances of two ethylenic carbons at δC 129.9 and δC 136.8, 
bearing protons at δH 5.36 (dd, J = 15.6, 6.8) and δH 5.25 (dd, J = 15.6, 
7.5) respectively, confirmed the presence of a double bond in E- 
configuration on the side chain. The HMBC correlation of the two 

ethylenic protons with a methyne signal at δC 33.0 and a methylene at δC 
37.1, bearing protons at δH 1.97 (q, J = 6.8) and δH 2.02 (m), respec-
tively, allowed to characterize the two allylic positions. Furthermore, a 
doublet [δH 0.94 (d, J = 6.7)], borne by a methyl carbon (δC 21.1) in-
dicates the presence of a branched methyl group on the chain (CH3-1′′). 
This doublet correlates, in the COSY spectrum, with the signal at δH 2.02 
corresponding to an allylic proton. So, all the 19 carbons of the chain 
have been assigned and a CH2-CH(CH3)–CH=CH-CH2 moiety can be 
positioned between C-9′ and C-15′ but remains to be located. Unfortu-
nately, the superposition of the NMR signals did not allow us to 
discriminate between the two possible structures for this molecule as 
drawn in Fig. 4. However, GIAO NMR chemical shifts calculations have 
been made for the two fatty methyl esters mimicking the two candidates 
of C-20 esterified side chains of compound 5 (Fig. S61). The comparison 
between calculated and experimental NMR shifts of 5 was in favor of a 
11′ methyl branching and 12′,13′ unsaturation. Indeed, the DP4 +
calculation (Figs. S62 to S64) showed an unambiguous probability of 
100% for the structure n◦1 of 5 depicted in Fig. 1. As drawn (Fig. 1), the 
basic daphnane diterpene core of 5 is the same that of huratoxin (i.e. 1,3- 
α,β-unsaturated-ketone-4,5,9,13,14,20-hexahydroxy-6,7-epoxy-daph-
nane) which we propose to call “huratoxigenin” as in one of our earlier 
articles 8. Consequently, the trivial name huratoxigenin-20-(11’-meth-
yloctadec-12’-enoate) was chosen for compound 5. The NOESY corre-
lations observed for 5 in the daphnane core were similar to the above 
compounds, allowing the determination of its relative configuration 
(Fig. 3B). Thus, the structure of 5 was determined as shown in Fig. 1. 

Huratoxin (6) and 6′-oxo-huratoxin (7) (Fig. 1) were identified by 
comparison of their spectroscopic data with previous work 50. Their 
NMR data are presented in Figs. S65 to S67 and Table S1 in supporting 
information. 

2.2. In vitro selective cytostatic activity of isolated mono-esterified 
daphnanes 

As shown in our previous work 50, huratoxin exhibits cytostatic ac-
tivity on Caco-2 colorectal cancer cells. To further investigate the 
structure activity relationships, isolated daphnanes 1–7 were evaluated 
for their cytotoxicity on Caco-2 cells. As previously shown for huratoxin 
50, these daphnanes did not induce death of Caco-2 cells (not shown). In 
Fig. 5, showing the cytostatic activity of tested compounds normalized 
to the antiproliferative effect of huratoxin (6), daphnane derivatives 1–4 
and 7 show cytostatic activity on Caco-2 cells while 5 was inactive. 
Compounds 1, 3 and 7 have similar antiproliferative effect than hur-
atoxin (6) with around 25% of growth inhibition of Caco-2 cells and 
confirms the results obtained for huratoxin in our previous work 50. It is 

Figure 3. A) Key COSY (bold) and HMBC (arrow) correlations of the compound 5. B) Key NOESY correlations (arrow) of the esterified daphnane core of com-
pound 5. 
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interesting to note that compounds 1, 3 and 7 and huratoxin (6) are 
orthoesterified daphnanes with two conjugated double bonds on their 
alkyl chain and that the C3′/C4′ double bound Z configuration for oxo- 
huratoxin (3) does not change the activity compared to its E analog (7). 
The most active derivative 4′,5′-epoxy-huratoxin (4) is also an 
orthoesterified daphnane but with one of the side chain double bonds 
oxidized by an epoxide group. Compound 2, which is about 25% less 
antiproliferative than huratoxin, has, as for 4, an oxidized side chain 

double bond but by two hydroxyl groups instead of an epoxide. Finally, 
the not active daphnane 5 is the only non orthoesterified compound but 
presenting a single ester alkyl chain located at C-20. These results sug-
gest that orthoesterified chain is necessary for the activity, as previously 
assumed by Trinel et al. 50. Similarly, the structure of the orthoester side 
chain participates to the activity since conjugated double bonds and/or 
epoxy substitutions are necessary to the antiproliferative effect or even 
exalt it as shown for epoxy-huratoxin, as summarized in Fig. 6. Hur-
atoxin (6) being active and the most abundant daphnane in the latex and 
epoxy-huratoxin (4) being the most active on Caco-2 cells, only those 
two compounds were used for further investigations. The Fig. 7 shows 
the dose–response effect of 4 and 6 on the proliferation of Caco-2 cells. 
At 0.5 µg/mL, huratoxin (6) reaches a plateau at 20% growth inhibition 
while epoxy-huratoxin (4) reaches 30% growth inhibition at 1.0 µg/mL, 
that is in good agreement with the results described for Fig. 5. The 
assessment of active caspase 3 under treatment of Caco-2 cells by both 
compounds showed no statistically significant difference compared to 
basal conditions (not shown), thus indicating that huratoxin and epoxy- 
huratoxin do not trigger an apoptotic pathway and have a cytostatic 
effect. In order to confirm the selectivity of huratoxin against cancer cell 
line 50 and evaluate that of epoxy derivatives, the two compounds were 
incubated with the non-cancerous human intestinal epithelial cell 
(hIEC6) line. As shown in Fig. 8, the non-statistical difference observed 
between solvent (DMSO) and tested molecules validates the selectivity 
of cytostatic effects of 4 and 6 against the colorectal cancerous cell. 

2.3. Morphological effects of huratoxin and 4′,5′-epoxy-huratoxin on 
Caco-2 cells 

Besides the antiproliferative activity and as shown in previous work 
50 for huratoxin, the treatment of Caco-2 cells by huratoxin and its epoxy 
derivative caused cellular aggregates as depicted in the confocal images 
of nuclei and cytoskeleton labeling in Fig. 9, and this, from the dose of 
0.125 µg/mL (not shown). Interestingly, the two daphnanes influence 
both the proliferative and adhesive capacities of intestinal epithelial 
cells. These abilities are particularly important to maintain homeostasis 

Figure 4. Proposal of structures for compound 5.  

Figure 5. Cytostatic activity of compounds 1–7 on Caco-2 cells. Cells were 
incubated during 48 h with mono-esterified daphnanes at 1 µg/mL, then cell 
viability was measured by colorimetry. The cytostatic activity of the com-
pounds has been normalized to that of huratoxin. Mean ± S.E.M., t-test from 
triplicates of 1 to 6 independent experiments. *p < 0.05; ****p < 0.0001. 
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through the maturation of intestinal epithelial cells in the crypt, the 
regenerative unit of the intestine and colon 57. To further analyze the 
changes in cellular functions induced by huratoxin and epoxy-huratoxin, 
fluorescent labeling of nuclei and cytoskeleton were carried out. As 
shown in Fig. 9 (fluorescent images observed by confocal microscopy), 
morphological changes are accompanied by densification of cytoskel-
eton in agreement with a reorganization of the architecture of the 
epithelial tissue. Our previous work showed that treatment with hur-
atoxin even caused the formation of neocrypt 50. The present observa-
tions are probably the first step of this process and suggest that 
huratoxin and 4′,5′-epoxy-huratoxin could be excellent candidates for 
cancer therapy to restore normal tissue functions, i.e. controlled prolif-
eration and differentiation that are lost during tumor transformation 58. 

2.4. Involvement of PKCζ in the effects of huratoxin and 4′,5′-epoxy- 
huratoxin 

Diterpenes encountered in Euphorbiaeace, including daphnane-type 
diterpenes, are known for their ability to activate the serine-threonine 
kinases PKCs. All PKC families (classic, novel, atypical) are repre-
sented 51 in Caco-2 cells. However, in our experimental conditions 
(confluent monolayer of Caco-2 cells), Abraham and colleagues detected 
the expression of only PKCα, PKCβI, PKCβII (classics), PKCδ (novel) and 
PKCζ (atypic) 56. They noted that PKCγ and PKCε were not or very 
poorly expressed in this cell line. Also, we did not find in literature ar-
ticles demonstrating the expression of PKCη in Caco-2 cells. Concerning 

Figure 6. Structure activity relationships of mono-esterified daphnanes.  

Figure 7. Cytostatic activity of huratoxin and 4′,5′-epoxy-huratoxin at different concentrations. Cells were incubated with different concentrations (0.125, 0.5 and 1 
µg/mL) for 48 h and cell viability was measured by colorimetry and compared to the control (DMSO). Mean ± S.E.M. from 2 independent experiments. 

Figure 8. Impact of huratoxin and 4′,5′-epoxy-huratoxin on the growth of 
hIEC6 cells. Cells were incubated with mono-esterified daphnanes at 1 µg/mL 
for 48 h then cell viability was measured by colorimetry and compared to 
control (DMSO). Mean ± S.E.M. t-test from 3 independent experiments: no 
significative differences compared to DMSO. 
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PKCθ (novel) and PKCι (atypical), these two isoforms are expressed in 
Caco-2 cells and play important roles in cytoskeleton organization 59,60 

but, to our knowledge, their potential role in the control of cell prolif-
eration has not yet been described. Given that, we focused our in-
vestigations on PKCα 51, PKCδ 52, and PKCζ 44,53 that are expressed in 
Caco-2 cells and capable of modulating cell proliferation. 

We have first investigated the potential implication of PKCα in 
cytostatic and morphologic effects of huratoxin and epoxy-huratoxin 
using its pharmacological inhibitor Gö6976 (Fig. 10). As shown in 
Figs. 10A and 10B, the inhibition of PKCα did not change the growth 
inhibition and the cell aggregation induced by both compounds. Even 
though not significative, in basal conditions, a Caco-2 cell growth in-
crease was repeatedly measured upon PKCα inhibitor incubation 
(Fig. 10A). This suggests that PKCα could play a cytostatic role in basal 
conditions as previously reported 51. Moreover, the expression of PKCα 

was strongly decreased after huratoxin and epoxy-huratoxin treatment 
(Fig. 10B). This strong decrease of PKCα expression could be related to 
the previous work of Rickard and coll.61 showing that short-chain fatty 
acids incubated with Caco-2 cells induce a specific down-regulation of 
PKCα. Rickard et al. demonstrate that this reduced expression of PKCα is 
not secondary to its enzymatic activation or to cell differentiation. Their 
data suggest that a degradation of the enzyme occurs independently 
from metabolic changes but under the control of gene transcription. 
Interestingly, the authors propose that the downregulation of PKCα 
should be a mechanism supporting the antitumorigenic action of specific 
short-chain fatty acids such as butyrate. Thus, this mechanism could 
reinforce the recovery of normal tissue functions induced by mono- 
esterified daphnanes. On the other hand, eventhough the treatment by 
the PKCα inhibitor has increased the expression of PKCδ, its active form 
(pSer664 PKCδ) is absent upon treatment with huratoxin with or 

Figure 9. Morphological changes induced by the treatment of Caco-2 cells with huratoxin and 4′,5′-epoxy-huratoxin. 48 h after treatment with daphnanes (hur-
atoxin, HT; 4′,5′-epoxy-huratoxin, EHT; 1 µg/mL) or their solvent DMSO (0.01%), fluorescent labeling of nuclei (hoechst, blue) and cytoskeleton (phalloidin, yellow) 
was performed and the results were observed by confocal microscopy (OPERA Phenix®, objective 63X, size scale = 200 µm). Photographs are representative of 
duplicates from one experiment. 

+ PKCα inh. + PKCα inh.

Figure 10. Regulation of PKCα and PKCδ under treatment of Caco-2 cells by huratoxin and 4′,5′-epoxy-huratoxin. Caco-2 cells were pretreated for 15 min with 0.2 
µM PKCα inhibitor (Gö6976) and then incubated with huratoxin (HT) and epoxy-huratoxin (EHT) at 1 µg/mL. A) After 48 h of incubation, cell viability was measured 
by colorimetry and the activity of huratoxin and epoxy-huratoxin was calculated relative to the DMSO control (Caco-2 cells treated with DMSO solvent only). Mean 
± S.E.M. from 1 to 3 (n) independent experiments in triplicates and statistical 2 ways ANOVA test compared to DMSO controls in the presence or absence of PKC 
inhibitor: *p < 0.05, **p < 0.01, ***p < 0.001. B) Morphological impact of huratoxin and epoxy-huratoxin treatment in the presence or not of PKCα inhibitor. After 
48 h of incubation, PKCα immunostaining was performed (green) and quantified by immunofluorescence (graphs, statistical t-test, *p < 0.05, **p < 0.01, ***p <
0.001). Labeling of nuclei (cyan) and cytoskeleton (red) is shown. Confocal views, 20X objective, size scale = 50 µm, representative of duplicate from one experiment. 
C) After 48 h of incubation, cells were lysed for Western blot analysis. The results obtained from the revelation of the phosphorylated form (pSer664) and the total 
form of PKCδ are shown as well as quantification of pSer664-PKCδ/Total PKCδ. Actin shows the equivalence of protein deposition. Ctrl = Control DMSO. Data are 
from one experiment. 
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without PKCα inhibitor (Fig. 10C). Altogether, these data show that 
conventional and novel PKCs seem not to be implicated in the activity of 
huratoxin and its epoxide derivative. 

Then we decided to investigate the involvement of atypical PKCs 
(aPKCs ζ and ι) in the cytostatic and morphological activities of daph-
nanes. Caco-2 cells were incubated with an aPKCs inhibitor 
(CRT0066854 hydrochloride) for 30 min before treatment with hur-
atoxin or epoxy-huratoxin at 1 µg/mL. This aPKCs inhibitor binds to the 
ATP-binding site of the enzyme and to a nearby residue to induce the 
inactive conformation of the kinase 62. As shown in Fig.11A, the pres-
ence of the aPKCs inhibitor dramatically reduced the inhibition of cell 
growth induced by the two daphnanes whose difference in effect with 
the control has become statistically non-significant. Similarly, the 
presence of this aPKCs inhibitor implied a lack of morphological changes 
on Caco-2 cells induced by epoxy-huratoxin and huratoxin as illustrated 
in Fig. 11B. Indeed, through labeling of the Caco-2 cytoskeleton and 
nuclei (Fig. 11B), we show that actin is more compacted and cells more 
aggregated upon huratoxin treatment compared to 4′,5′-epoxy-hur-
atoxin. Furthermore, the inhibition of PKCζ decreased actin density and 
cell aggregation in huratoxin and 4′,5′-epoxy-huratoxin assays, respec-
tively. These observations suggest that the targets of activated PKCζ 
upon treatments with huratoxin and 4′,5′-epoxy-huratoxin could be 
primarily actin reorganization and cell–cell adhesive contacts, respec-
tively. Moreover, we were able to establish that the impact of 
CRT0066854 hydrochloride on the inhibition of cytostatic effects of the 
two daphnanes was dose-dependent (data not shown), and to determine 
the dose 1.25 µM for which 50% of the effect of the daphnanes is 
inhibited. It has been shown by Xiong and colleagues that, compared 
with the ι-isoform, the ζ-isoform of aPKCs played a prominent role in the 
morphogenesis of Caco-2 cells 63. Consequently, our results strongly 
suggest the involvement of PKCζ in the cytostatic and adhesive effects of 

the tested orthoesterified daphnanes. Thus, we studied the effect of 
huratoxin and epoxy-huratoxin on the activation state of PKCζ. As 
shown in Fig. 11C, the phosphorylation of Threonine 410 of PKCζ is 
increased only upon treatment with huratoxin. This threonine is local-
ized to the kinase activation loop and its phosphorylation raises the 
activity of the kinase but is not absolutely essential to it 64,65. 

To further understand the mechanism of action of daphnanes, we 
examined the localization of PKCζ after treatment with huratoxin and 
epoxy-huratoxin at 1 µg/mL. As depicted in Fig. 12A, upon treatment 
with both daphnanes, the co-localization of PKCζ and actin is increased 
compared to the control. Moreover, upon treatment with huratoxin, 
PKCζ was found co-localized with actin in dense cell aggregates whereas 
this co-localization was found more peripheral to cell aggregates upon 
treatment with 4′,5′-epoxy-huratoxin (Figs. 12B and 12C). It is worth 
mentioning that PKCζ was rarely found in the nucleus of Caco-2 cells 
treated with both daphnanes. Involvement of PKCζ in the polarity 
complex PKCζ-Par3-Par6-cdc42 (PKCζ-Partitioning defective protein 3- 
Partitioning defective protein 6- Cell division control protein 42) 21,25,27 

may explain the reorganization of Caco-2 cells interactions after PKCζ 
activation. Thus, both huratoxin and epoxy-huratoxin would be able to 
activate PKCζ and induce its relocalization but by different mechanisms. 
The underlying action of epoxy-huratoxin on PKCζ needs to be 
investigated. 

2.5. Impact of huratoxin and epoxy-huratoxin on adhesive and 
proliferative signaling pathways 

As previously shown by our team 50, huratoxin induces inhibition of 
GSK3β and Akt kinases (Fig. 13), which are major signals controlling 
cancer cell proliferation and adhesion 66,67. This is not surprising, 
considering that in response to a hyperproliferative stimulus in the 

Figure 11. Involvement of PKCζ in the cytostatic and morphological activities of huratoxin and 4′,5′-epoxy-huratoxin. Caco-2 cells were pretreated for 30 min with 
2.5 µM PKCζ inhibitor (CRT0066854 hydrochloride) and then incubated with daphnanes at 1 µg/mL. A) After 48 h of incubation, cell viability was measured by 
colorimetry and the activity of daphnanes was calculated relative to the DMSO control (Caco-2 cells treated with DMSO solvent only). Mean ± S.E.M. from 3 (n) 
independent experiments and t-test compared to DMSO controls in the presence or absence of PKCζ inhibitor: *p < 0.05. B) Morphological impact of Caco-2 cells pre- 
treatment with the PKCζ inhibitor before addition of huratoxin (HT) or 4′,5′-epoxy-huratoxin (EHT). Nuclei (cyan) and cytoskeleton (red) labeling (confocal views 
taken at the OPERA Phenix®, 20X objective, size scale = 50 µm). Photographs are representative of duplicates from one experiment. C) After 48 h of incubation cells 
were lysed for Western blot analysis. The results obtained from the revelation of the phosphorylated form (pThr410) and the total form of PKCζ are shown. Actin 
shows the equivalence of protein deposition. The modulation of the phosphorylated active form of PKCζ (pThr410) after addition of the PKCζ inhibitor is shown. 
Quantification of n = 2 experiments and statistical t-test compared to DMSO are shown: Mean ± S.E.M., *p < 0.05. 
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Figure 12. Effects of huratoxin and epoxy-huratoxin on PKCζ localization. Caco-2 cells were incubated with huratoxin (HT) and epoxy-huratoxin (EHT) at 1 µg/mL 
for 48 h and PKCζ immunostaining was performed (green). Labeling of nuclei (cyan in A, blue in B) and actin (CSK, red) is shown. Confocal views were taken at the 
OPERA Phenix® (A, 20X objective; B, 63X objective; size scale = 50 µm; representative of duplicates from one experiment). Zoom of critical zones are shown on the 
right in B. In A, a quantification of the colocalization of actin and PKCζ is shown (statistical t-test, *p < 0.05). 

Figure 13. Regulation of GSK3β, Akt and β-catenin by huratoxin and 4′,5′-epoxy-huratoxin. Caco-2 cells were pretreated or not for 30 min with 2.5 µM PKCζ in-
hibitor (CRT0066854 hydrochloride) prior to huratoxin (HT) or 4′,5′-epoxy-huratoxin (EHT) treatment (1 µg/mL). After 48 h of incubation, cells were lysed for 
Western blot analysis. The results obtained from the revelation of the phosphorylated forms (pSer9-GSK3β; p-Ser473-Akt) and the total forms of GSK3β, Akt and 
β-catenin are shown. Actin shows the equivalence of protein deposition. Quantification of n = 2 experiments and statistical t-test compared to DMSO (Ctrl) are shown: 
Mean ± S.E.M., *p < 0.05, **p < 0.01. 
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colonic epithelium, a strong association between PKCζ and GSK3β oc-
curs and is associated with phosphorylation on serine 9 of GSK3β, 
signaling its inactivation 68. As shown in Fig.13, treatment with epoxy- 
huratoxin increases the inactive form of GSK3β (pSer9-GSK3β) and 
abolishes the active form of Akt (pSer473-Akt), thus both daphnanes 
have the same mechanism of action on these signaling pathways. 
Nevertheless, it can be observed an important increase of Akt expression 
after treatment by both compounds suggesting changes in the protea-
somal degradation of Akt 69. Of note, expression of the potential target of 
GSK3β and Akt, β catenin, playing a critical role in both adhesion and 
proliferation of epithelial progenitors, is not modified after treatment by 
daphnanes (Fig. 13). Additionally, Fig.13 shows that prior incubation of 
cells with PKCζ inhibitor abrogates the increase in pSer9 GSK3β upon 
treatment with orthoesterified daphnanes, suggesting that activation of 
PKCζ by these compounds is required for GSK3β inhibition. 

A direct phosphorylation of GSK3β on serine 9 by PKCζ has not be 
documented so far. To further characterize the underlying mechanism of 
GSK3β inhibition by the tested daphnanes, we studied other GSK3β 
partner signaling pathways such as MEK which may be involved in 
PKCζ-dependent regulation of GSK3β. Indeed, MEK can phosphorylate 
serine 9 of GSK3β and can be activated by PKCζ 70,71. As depicted in 
Fig.14A, pharmacological inhibition of MEK abolishes the cytostatic 
effect of huratoxin, confirming its implication. However, its status of 
activation (pSer217/221-MEK) is unchanged upon treatment with 
daphnanes, whereas it is increased when Caco-2 cells are pre-treated 
with the PKCζ inhibitor (Fig. 14B). Given our previous work 50 

showing that huratoxin does not activate the kinase Erk which is 
downstream of MEK in the signaling pathway triggered by activated 
membrane receptors, these results suggest that MEK may play a specific 
role in a tripartite PKCζ/MEK/GSK3β complex, proximal to the plasma 
membrane and responsible for the phosphorylation of GSK3β under 
treatment by huratoxin or epoxy-huratoxin. 

Besides, it has been reported that various diterpenes possess antiviral 

properties 9,10,13–18,20,72 and that the activation of PKCs in host cells is 
implied in the mechanism of action of those diterpenes 19,32. In other 
hand, it has also been described that phosphorylation of the SARS-CoV-2 
nucleocapsid (N) protein by the GSK3 kinase is required for viral 
interaction with host cells, as well as for viral transcription and repli-
cation 73,74. In this study, we show that huratoxin and 4′,5′-epoxy-hur-
atoxin induce the inhibition of GSK3 kinase, thus we speculate that the 
present daphnane diterpenes may be of interest in fighting SARS-CoV-2 
and/or Zika viruses. A sampling of isolated diterpenes (compounds 5, 6 
and 7) has therefore been assessed against SARS-CoV-2 and ZIKV. Un-
fortunately, the three derivatives were inactive against ZIKV (IC50 
greater than 50 µM) and were not able to reduce SARS-CoV-2 progeny 
production at non-cytotoxic concentrations (IC50 34.2, 64.2 and 50.2 µM 
for 5, 6 and 7, respectively). 

2.6. Cytostatic tests on human primary cells 

To evaluate the cytostatic activity of orthoesterified daphnanes ex 
vivo, huratoxin and epoxy-huratoxin were tested on human primary cells 
cultured as colonoids. Indeed, it is considered that colonoids derived 
from patients’ primary cells have the same characteristics as in vivo 
tumor, allowing a pre-clinical evaluation 75. As shown in Fig. 15A, at 1 
µg/mL, huratoxin and epoxy-huratoxin present a cytostatic effect on all 
organoids (control (1,2,3) and CRC (4,5)) but overall, more pronounced 
on cancerous organoids. Interestingly, at the same concentration, the 
antimetabolite cytostatic agent 5-fluoro-2′-deoxyuridine (5FdU), used in 
the treatment of metastatic colorectal cancer in USA 76, has no effect on 
all organoids as depicted in Fig. 15A. Thus, the present patient samples 
seem to be resistant to 5FdU while huratoxin and epoxy-huratoxin keep 
their cytostatic activity. The dose dependent effects illustrated in 
Fig. 15B, revealed that, at 0.1 µg/mL, huratoxin and epoxy-huratoxin 
have a selective cytostatic activity on CRC organoids with 40% of 
growth inhibition. These results suggest that huratoxin and 4′-5′-epoxy- 

Figure 14. Implication of MEK in the cytostatic effects of mono-esterified daphnanes. A) Huratoxin (1 µg/mL) was incubated with Caco-2 cells for 48 h before cell 
viability test. Prior addition of huratoxin, a MEK inhibitor (PD0325901) was added or not for 15 min at the concentration of 0.5 µM. Data are from n = 3 experiments, 
Mean ± S.E.M., statistical t-test compared to DMSO (Ctrl) are shown: ***p < 0.001. B) Huratoxin (HT) and 4′,5′-epoxy-huratoxin (EHT) at 1 µg/mL were incubated 
with Caco-2 cells which have been pretreated or not for 30 min with 2.5 µM PKCζ inhibitor (CRT0066854 hydrochloride). After 48 h of incubation, cells were lysed 
for Western blot analysis. The results obtained from the revelation of the phosphorylated form (pSer217/221-MEK) and the total form of MEK are shown. Actin shows 
the equivalence of protein deposition. Quantification of n = 2 experiments and statistical t-test compared to DMSO(Ctrl) are shown: Mean ± S.E.M., *p < 0.05. 
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huratoxin may be good candidates for in vivo antitumor evaluations. 

2.7. Conclusions 

Five new daphnane-type diterpenes named 6′R-hydroxy-huratoxin, 
4′S,5′S-dihydroxy-huratoxin, 4′(Z)-6′-oxo-huratoxin, 4′S,5′S-epoxy-hur-
atoxin and huratoxigenin-20-(11′-methyloctadec-12′-enoate), along 
with two known daphnanes (huratoxin and 6′-oxo-huratoxin) were 
isolated with several separative techniques from the latex of H. crepitans 
and their structures were elucidated by different spectroscopic methods. 
Their biological assessment on Caco-2 cells highlighted huratoxin and 
4′,5′-epoxy-huratoxin as the most interesting compounds while C-20 
ester 5 was inactive. This pointed that orthoesterified side chain is 
required for anti-proliferative activity and epoxy substitution can exalt 
this activity. The anti-proliferative effect of huratoxin and epoxy- 
huratoxin appeared to be dependent on the atypical PKCζ. Further-
more, both compounds can induce relocation of the kinase at the plasma 
membrane, whereas only huratoxin leads to an increase of one of the 
active forms of PKCζ. Thus, these two derivatives activate PKCζ but by 
two different ways and the mechanism by which epoxy-huratoxin 
stimulates PKCζ is yet unresolved. More precisely, both orthoesterified 
daphnanes were able to inhibit Akt and GSK3β, that are two major 
signaling pathways implicated in tumoral cell proliferation and survival. 
Our results suggest that inhibition of PKCζ abolishes GSK3β inhibition 
whereas Akt inhibition is unchanged, and induces an increase in MEK 
activation after treatment with huratoxin and epoxy-huratoxin. It also 
can be added that a tripartite PKCζ/MEK/GSK3β complex could be 
formed at a proximal site of the plasma membrane at the expense of 
other membrane receptors, which could trigger GSK3β inhibition. 
Finally, evaluation of the cytostatic activity of the two orthoesterified 
daphnanes on ex vivo primary human cells cultured as colonoids 
revealed that they selectively inhibited cancer cells growth from 0.1 μg/ 
mL making them good candidates for in vivo antitumor evaluations. 

3. Materials and methods 

3.1. Chemistry 

3.1.1. Plant material 
The latex of H. crepitans L. was collected in the area of Mazan, Peru 

(3◦30′04.0′′S/73◦05′12.5 W), in June 2019 by Dr Billy Joel Cabanillas. A 
herbarium board (N◦ Hc2019-1) was deposited in the herbal collection 
of the faculty of pharmaceutical sciences of Toulouse (France). 

3.1.2. Analytical chemistry material 
Circular dichroism spectra were measured on a JASCO J-815 spec-

trometer, controlled by Spectra Manager software. UV spectra were 
acquired on a Jasco J-815 UV–visible spectrophotometer and IR spectra 
were measured on a Fourier transform spectrophotometer FRONTIER 
FT-IR (PerkinElmer) controlled by Spectrum software. Optical rotation 
was measured on a JASCO P-2000 polarimeter. 

Compounds were isolated using a BUCHI MPLC system equipped 
with two pumps C-0605 and controlled by a C-615 pump manager 
(BUCHI). Borosilicated glass columns were conditioned by silica gel 
Kieselgel 60 (MACHEREY-NAGEL) previously activated at 100 ◦C for 24 
h. Column chromatographies were performed using borosilicated glass 
columns conditioned by silica gel Kieselgel 60 (MACHEREY-NAGEL) 
previously activated at 100 ◦C for 24 h or silica LiChroprep RP-18 gel 
(MACHEREY-NAGEL). PuriFlash system (XS520Plus, Interchim) was 
used with RS 80 C18 column or RS 15 C18 column (CHROMABOND 
Flash, MACHERY-NAGEL). Semi preparative HPLC was performed with 
a HITACHI LaChrom system (MERCK) consisting in a quaternary 
LaChrom L-7100 pump and a LaChrom L-7455 photodiode array de-
tector, using a Luna column C18 100 Å (10 X 250 mm, 5 µm) (Phe-
nomenex). UHPLC/DAD/HRMS analyzes were performed using an 
UHPLC Ultimate 3000 system (Dionex) equipped with LTQ-Orbitrap XL 
mass spectrometer (Thermo Fisher Scientific), a Diode Array Detector 
system (Dionex) and a Waters Acquity C18 UPLC BEH 100 Å column 
(2,1 × 150 mm, 1,7 µm). Chromeleon Xpress 6.8 (Dionex) and Xcalibur 
3.0 (Thermo Fischer Scientific) software were used for data acquisition 

Figure 15. Cytostatic activity of huratoxin and 4′,5′-epoxy-huratoxin on 3D cultures of human primary colorectal cells. Colorectal epithelial cells were isolated from 
control (1, 2, 3) and CRC patients (4,5) and cultured as organoids ex vivo. After 48 h of organoid formation from individual cells, incubation with huratoxin, epoxy- 
huratoxin, 5FdU or DMSO (Control) for 48 h was performed. Then cell viability was measured by luminescence and cytostatic activity was calculated compared to the 
control (DMSO or medium). A) Compounds were incubated at 1 µg/mL. Mean ± S.E.M. from triplicates (patients 1–4) or duplicates (patient 5) of 1 (patients 2, 4) or 2 
(patients 1, 3, 5) independent experiments and statistical t-test compared to control (DMSO, medium) are shown: *p < 0.05, ** p < 0.01, ***p < 0.001, ****p <
0.0001. B) Organoids from patient 1 (Control) and patient 5 (CRC) were incubated with huratoxin or 4′,5′-epoxy-huratoxin at 0.01, 0.1 or 1 µg/mL or DMSO and cell 
viability was measured as in A. Cytostatic activities were calculated compared to control DMSO. Mean ± S.E.M. from 1 (n) experiment and statistical t-test compared 
to control are shown: *p < 0.05, **p < 0.01. 
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and analysis. Samples were centrifugated with a centrifuge 5804 R 
(Eppendorf). NMR spectra were acquired on a Bruker AVANCE 300 and 
a Bruker AVANCE 500 spectrometer equipped with a 5 mm TCI Prodigy 
CryoProbe using TMS as reference. Spectrometers were controlled with 
Topspin software and spectra were analyzed with NMR MNova software. 

3.1.3. Extraction and isolation of daphnane diterpenes 

3.1.3.1. Extraction of the latex of H. Crepitans. Notches in the trunk of 
several trees were made to collect the latex of H. crepitans. Then, the 
lyophilisated latex (1250 g) was extracted twice with 2 × 12.5 L of 
boiling CH2Cl2 during 3 h 30 with stirring. After two successive paper 
filtrations, the residue was extracted with 12.5 L of EtOH 96% during 24 
h with stirring. Therefore, 3 extracts were obtained: CH2Cl2 n◦1 (42.53 
g), CH2Cl2 n◦2 (6.15 g) and ethanolic extract (36.35 g). 

3.1.3.2. Precipitation of cerebrosides. The CH2Cl2 n◦1 crude extract was 
dissolved in 350 mL of cyclohexane and centrifuged at 3000 rpm for 20 
min. The supernatant was recovered and the precipitate was washed 3 
times with cyclohexane. The precipitate labeled as fraction EC.2.21.A 
(4.1529 g). The washing solvent was combined with the supernatant to 
obtain the fraction EC.2.21.B (38.3203 g). 

3.1.3.3. Fatty acids elimination. The first daphnanes fractionation and 
isolation assays were affected by the high content of fatty acids in the 
latex, particularly palmitic acid (C16H32O2). It was therefore decided to 
discard them by liquid/liquid extraction. The fraction EC.2.21.B was 
dissolved in a biphasic system consisting in a mixture of cyclohexane (4 
L)/isopropanol (4 L)/distilled water containing 20 mM of triethylamine 
(4 L). After agitation and cooling, aqueous and organic phases were 
dried to give fractions EC.2.23.A (12.30 g) and EC.2.23.B (25.99 g), 
respectively. Thanks to triethylamine, the fatty acids are in ionized form 
and soluble into the aqueous phase (mixture of water and isopropanol), 
whereas the daphnanes remain in the organic phase (mixture of cyclo-
hexane and isopropanol). 

3.1.3.4. Fractionation of the defatted extract by medium pressure liquid 
chromatography (MPLC). MPLC separations were performed on silica gel 
at a flow of 40 mL/min and fractions were controlled for their content by 
UHPLC-(+)APCI-MS according to the method described by Trinel et al. 8. 
The fraction EC.2.23.B was chromatographed using cyclohexane (500 
mL), cyclohexane/CH2Cl2 50/50 (v/v) (750 mL), CH2Cl2 (500 mL), 
CH2Cl2/EtOAc 50/50 (v/v) (750 mL), EtOAc (750 mL), EtOAc/MeOH 
50/50 (v/v) (750 mL) and MeOH (500 mL). This fractionation was 
repeated 3 times with 8.7 g of EC.2.23.B. Fractions were pooled to give 
five subfractions (EC.2.30.A to EC.2.30.E). Fractions EC.2.30.C (0.9555 
g) and EC.2.30.D (4.2135 g) were found to be enriched in mono- 
esterified daphnanes. Fraction EC.2.30.B consisted in a mixture of 
mono- and diesterified daphnanes, whereas fraction EC.2.30.E was 
composed of mono-esterified daphnanes and cerebrosides. Fraction 
EC.2.30.B (2.9904 g) was chromatographed with CH2Cl2 (1 L), CH2Cl2/ 
EtOAc 80/20 (v/v) (750 mL), CH2Cl2/EtOAc 50/50 (v/v) (750 mL), 
EtOAc (500 mL) and MeOH (750 mL). Fractions were pooled according 
to their UHPLC-MS profiles to give 4 subfractions (EC.2.32.A to EC.2.32. 
D), all containing mono-esterified daphnanes. Fraction EC.2.30.E 
(8.7650 g) was chromatographed with CH2Cl2 (500 mL), CH2Cl2/EtOAc 
50/50 (v/v) (500 mL), EtOAc (500 mL), EtOAc/MeOH 90/10 (v/v) (500 
mL), EtOAc/MeOH 70/30 (v/v) (500 mL), EtOAc/MeOH 50/50 (v/v) 
(500 mL) and MeOH (500 mL) leading to 4 subfractions (EC.2.34.A to 
EC.2.34.D). Fractions EC.2.34.B (1.5982 g) and EC.2.34.C (2.1476 g) 
contained mono-esterified daphnanes. Finally, fractions EC.2.34.C and 
EC.2.30.D were pooled in fraction EC.2.42.B (6.3611 g). 

3.1.3.5. Isolation of mono-esterified daphnanes. Fraction EC.2.32.C 
(0.5987 g) was fractionated on silica gel column with cyclohexane (250 

mL), CH2Cl2 (150 mL), EtOAc (240 mL) and MeOH (200 mL) to give 3 
subfractions (EC.2.36.A to EC.2.36.C). Fraction EC.2.36.B (0.4805 g) 
was separated on the same column with CH2Cl2/EtOAc 50/50 (v/v) 
(180 mL), CH2Cl2/EtOAc 40/60 (v/v) (340 mL) and EtOAc (150 mL), 
leading to 8 fractions (EC.2.40.A to EC.2.40.H). Fractions EC.2.40.G and 
EC.2.40.H (0,0187 g) were grouped with fraction EC.2.30.C to form 
fraction EC.2.41.C (0.9381 g). Fraction EC.2.41.C was partitioned by 
MPLC on a 80 g (RS 80) C18 column using a H2O (A)/MeCN (B) gradient 
at a flow rate of 60 mL/min. Twelve fractions were collected (EC.2.43.A 
to EC.2.43.L) using a linear gradient (from 50 to 100% of B in 60 min). 
Fraction EC.2.43.I (0.0748 g) was chromatographed by semi preparative 
HPLC using a distilled water (A)/MeCN (B) gradient consisting in 99% B 
from 0 to 10 min, 99–100% B from 10 to 11 min and 100% B from 11 to 
20 min and leading to huratoxin (compound 6, 30.17 mg) and hur-
atoxigenin-20-(11′-methyloctadec-12′-enoate) (compound 5, 4.37 mg). 

Fraction EC.2.43.F (0.0796 g) was treated by semi preparative HPLC 
(80 to 100% B from 0 to 20 min and 100% B from 20 to 30 min) and gave 
pure 6′-oxo-huratoxin (compound 7, 37.47 mg) and 4′(Z)-6′-oxo-hur-
atoxin (compound 3, 6,02 mg). Fraction EC.2.42.B (6.3611 g) was 
partitioned by 4 successive MPLC following the same gradient than for 
fraction EC.2.41.C to give 7 fractions (EC.2.65.A to EC.2.65.G). Fraction 
EC.2.65.E (0.1115 g) was treated by semi preparative HPLC (0–30 min: 
70 to 100% B, 30–40 min: 100% B) to give 6′-hydroxy-huratoxin 
(compound 1, 8.33 mg). Fraction EC.2.65.C (0.0802 mg) was parti-
tioned by MPLC with linear gradient (from 30 to 70% B in 60 min) at a 
flow rate of 20 mL/min and gave 10 fractions (EC.2.90.A to EC.2.90.J). 
Fraction EC.2.90.J (0.0121 g) was treated by semi preparative HPLC 
(0–25 min: 65% of B, 25–25.1 min 65–100% B, 25.1–35 min: 100% B) 
leading to 4′,5′-dihydroxy-huratoxin (compound 2, 1.32 mg). Fraction 
EC.2.65.G (0.2652 g) was separated by MPLC (from 40 to 80% B in 60 
min) at a flow rate of 20 mL/min to give 7 fractions (EC.2.103.A to 
EC.2.103.G). Fraction EC.2.103.G (0.0575 g) was treated by semi pre-
parative HPLC (0–20 min: 90%, 20–20.1 min: 100% B, 20,1–30 min: 
100% B) leading to 3 fractions (EC.2.107.A to EC.2.107.C). EC.107.C 
(0.0037 g) was purified by semi preparative HPLC following the same 
gradient and gave 4′,5′-epoxy-huratoxin (compound 4, 2.32 mg). 

6′R-hydroxy-huratoxin 1: colorless oil, [α]25
D + 28.49 (c 0.463; 

CH2Cl2); IR υmax 3446, 2924, 2855, 1697, 1038, 997 cm− 1; 1H and 13C 
NMR data (CD2Cl2, 500 MHz), see Table 1; HRAPCIMS m/z 601.3362 
[M + H]+ Δppm = -1.546 (calcd for C34H49O9

+, 601.3377). 
4′S,5′S-dihydroxy-huratoxin 2: colorless oil, [α]25

D + 26.71 (c 0.073; 
CH2Cl2); IR υmax 3384, 2924, 2855, 1701, 1073, 1034, 974 cm− 1; 1H and 
13C NMR data (CD2Cl2, 500 MHz), see Table 1; HRAPCIMS m/z 
619.3476 [M + H]+ Δppm = -0.120 (calcd for C34H51O10

+ , 619.3482). 
4′(Z)-6′-oxo-huratoxin 3: colorless oil, [α]25

D + 30.12 (c 0.334; 
CH2Cl2); IR υmax 3462, 2925, 2856, 1694, 1034, 995 cm− 1; 1H and 13C 
NMR data (CD2Cl2, 500 MHz), see Table 1; HRAPCIMS m/z 599.3206 
[M + H]+ Δppm = -1.501 (calcd for C34H47O9

+, 599.3220). 
4′S,5′S-epoxy-huratoxin 4: colorless oil; [α]25

D + 19.38 (c 0.129; 
CH2Cl2); IR υmax 3421, 2924, 2855, 1701, 1074, 1034, 966 cm− 1; 1H and 
13C NMR data (CD2Cl2, 500 MHz), see supporting information; HRAP-
CIMS m/z 601.3367 [M + H]+ Δppm = -0.731 (calcd for C34H49O9

+, 
601.3377). 

Huratoxigenin-20-(11′-methyloctadec-12′-enoate) 5: colorless oil, 
[α]25

D − 21.98 (c 0.243; CH2Cl2); IR υmax 3420, 2924, 2855, 1707, 1054 
cm− 1; 1H and 13C NMR data (CD2Cl2, 500 MHz), see Table 1; HRAPCIMS 
m/z 675.4459 [M + H]+ Δppm = -1.184 (calcd for C39H63O9

+, 
675.4472). 

Huratoxin 6: colorless oil; 1H NMR data (CD2Cl2, 300 MHz), see 
supporting information; HRAPCIMS m/z 585.3422 [M + H]+ Δppm =
0.043 (calcd for C34H49O8

+, 585.3427). 
6′-oxo-huratoxin 7: colorless oil; 1H and 13C NMR data (CD2Cl2, 500 

MHz), see supporting information; HRAPCIMS m/z 599.3204 [M + H]+

Δppm = -1.718 (calcd for C34H47O9
+, 599.3220). 
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3.1.4. Computational details for GIAO NMR chemical shifts calculations 
All ab initio calculations were performed using the Gaussian 09.D01 

program 77. The different stereoisomers of each compound studied were 
first subjected to a conformational search using the MMFF94 force-field 
implemented in TINKER software tools, resulting in 25 to 30 conformers 
for each stereoisomer 78. The resulting conformations were then sub-
jected to further optimization at the B3LYP/6-31G* level of theory. The 
bulk solvent effects were described with the integral equation formalism 
polarizable continuum Model (IEFPCM) with dichloromethane as sol-
vent 79. The vibrational frequencies were computed in order to access 
the free energies and to confirm the absence of imaginary frequencies. 
The magnetic shielding constants (σ) were computed using the gauge- 
including atomic orbitals (GIAO) 80,81 method at the MPW1PW91/ 
6–31 + G** level of theory. The resulting shielding tensors of the set of 
conformers were averaged by computing the Boltzmann-weighted 
population 82. The chemical shifts were calculated from TMS as refer-
ence standard. The systematic errors were removed by scaling according 
to δscaled = (δcalc – Intercept)/Slope, where Intercept and Slope, result 
from a linear regression calculation on a plot of δcalc against δexp 

80. The 
DP4 + probabilities were then computed as originally described by 
Smith and Goodman 54 and Grimblat et al 83. 

3.2. Biological 

3.2.1. Evaluation of the antiproliferative activity of isolated mono-esterified 
daphnanes 

3.2.1.1. Cell cultures. The human colon adenocarcinoma cell line Caco- 
2 (HTB-37TM) was purchased from the American Type Culture Collec-
tion (ATCC). This cell line has the Adenomatous Polyposis Coli (APC) gene 
mutated like in 80% of CRC. Caco-2 cells were cultured in DMEM me-
dium with 4.5 g/L of glucose, 1% GlutaMAX and 1% pyruvate (GIBCO, 
31966) supplemented with 10% SVF (GIBCO), 1% non-essential amino 
acids (GIBCO) and 1% penicillin and streptomycin mixture (P/S, 
GIBCO). The human small intestine cell line HIEC6 was purchased from 
ATCC (CRL-3266TM). HIEC6 cells were cultured in OPTIMEM medium 
with 1% GlutaMAX and 1% Hepes (GIBCO) supplemented with 10 ng/ 
mL Epidermal Growth Factor (EGF, PMG8041, Thermo Fisher Scientific) 
and 1% P/S. All cells were cultured at 37 ◦C in 5% CO2 incubator and 
media were changed every 48 h and passages were done at 90% of 
confluence. 

3.2.1.2. Organoids. Epithelial primary cells, isolated from colons of 
patients, were cultured as colonoids. Sample 1 was obtained from a 
woman (born in 1956) left colon laparoscopic resection (treatment of a 
sigmoido-vaginal fistula for diverticulitis); sample 2 was collected from 
a woman (born in 1955) left colon laparoscopic resection (treatment for 
recurrent diverticulitis); sample 3 was taken from a man (born in 1938) 
sigmoid laparoscopic resection (treatment for fistulized sigmoiditis); 
sample 4 has been taken from a man (born in 1965) well-differentiated 
colonic (caecum) adenocarcinoma, infiltrating the serosa with 
numerous (greater than 7) lymph node metastases, stage pT4N2b 
(advanced stage III), abnormal somatic phenotype: loss of expression of 
hMSH2 and hMSH6 proteins, microsatellite instability (MSI) (suspicion 
of Lynch syndrome) and sample 5 was collected from a man (born in 
1959) with colonic adenocarcinoma (right colon) who had undergone 
nine courses of chemotherapy. Human colonic tissues were obtained 
from individuals treated at the Centre Hospitalier de Toulouse (France). 
The written and verbal informed consent was obtained before enrolment 
in the study, and the Ethics Committee approved the human research 
protocol (ClinicalTrials.gov identifiers: NCT01990716 and RC31/21/ 
0038). 

Colonic epithelial cells were isolated and cultured as organoids in the 
ORGANOIDS platform of the IRSD (Institute of digestive health 
research) in Toulouse, as previously described 84. Samples 1 to 3 are 

used as controls compared to tumor samples 4 and 5. 50 colonic crypts 
seeded in 25 μL Matrigel® (hESC-qualified, BD Biosciences) by well of 
48 wells plate were incubated at 37 ◦C in a 5% CO2 and proliferate as 
organoids (normal tissue) or spheroids (tumor tissue) in the presence of 
the following medium: Advanced DMEM/F12 (Invitrogen, 12634–010), 
2 mM Glutamax (Invitrogen, A1286001), 10 mM hepes (Gibco, 
15630–056), 1X N2 (Invitrogen, 17502–048), 1X B27 minus vitamin A 
(Life technologies, 12587–010), 50 ng/ml human EGF (Gibco, 
PHG0314), 100 ng/ml human noggin (Tebu, 120-10C), 48% Wnt3a 
conditioned medium, 1 μg/ml human R-spondin (R&D Systems, 
4645RS), 10 mM nicotinamide (Sigma Aldrich, N0636), 10 nM gastrin 
(Sigma Aldrich, G9145-1MG), 10 μM SB202190 (Sigma Aldrich, 57067), 
0.01 μM PGE2 (Sigma Aldrich, P0409-1MG). At day 0 only, 10 µM 
Y27632 (Sigma Aldrich, Y0503), 0.5 μM LY2157299 (Axon MedChem, 
1941), and 1 mM N-acetylcysteine (Sigma Aldrich, A9165-5G) were 
added. 

To amplify the cellular material, around 3 passages in new Matrigel® 
were realized after 8 days of primo-culture. 250 μL Cell recovery solu-
tion (Corning) was added in culture wells and plates were maintained on 
ice during 20 min to dissociate 3D cellular structures from Matrigel®. 
After, wells from the same sample were collected in 14 mL of Advanced 
DMEM/F12 plus Glutamax and hepes, and centrifuged (1000 rpm, 3 min, 
4 ◦C). Supernatant was discarded and 5 mL of TrypLE express (Invi-
trogen) was added and incubated for 5 min at 37 ◦C to obtain individual 
cells by repetitive pipetting. After addition of 25 mL of Advanced 
DMEM/F12 plus Glutamax/hepes and 2.5% fetal calf serum (Gibco), and 
centrifugation (1500 rpm, 3 min, 4 ◦C), Matrigel® was added on the 
pellet. Cells resuspended in Matrigel® were seeded in new wells of 48 
wells plate and cultured as above during 8 days. After 3 passages, 
organoids and spheroids were frozen. For freezing, 3D structures were 
dissociated from Matrigel® by Cell recovery solution as described above 
and directly frozen in 500 μL Synth-a-Freeze medium (Thermo Fisher 
Scientific). Then, organoids and spheroids conserved in liquid N2 were 
unfrozen and cultured in Matrigel® as described above for 1 week before 
their use in cytotoxicity tests. For cytotoxicity test, organoids and 
spheroids were dissociated from Matrigel® with 500 µL/well of trypsin 
and individual cells were seeded in Matrigel® on 96-wells plates 
(Thermo Fisher Scientific) and allowed to proliferate as colonoids. 

3.2.1.3. Cytotoxicity tests. Forty-eight hours before cytotoxicity test, 
2500 (organoid assay) or 40 000 (Caco-2 assay) or 60 000 (HIEC6 assay) 
cells/well were seeded in 96-wells plates (Thermo Fisher Scientific). 
Compounds 1–7 were dissolved in dimethyl sulfoxide (DMSO, Thermo 
Fisher Scientific) at 10 mg/mL, followed by successive dilutions with 
medium to obtain final concentrations. At 48 h after cells seeding, 
daphnanes were added in triplicates with DMSO as a control (maximum 
concentration 0.01%). After 48 h, MTS (Cell line assay, CellTiter 96 
AQueous One Solution Cell Proliferation Assay, Promega) or CellTiter- 
Glo (Organoid assay, Luminescent Cell Viability Assay, Promega) were 
added on each well and cytotoxicity tests were performed according to 
the manufacturer’s instructions. Then, cell viability was measured by 
colorimetry at 490 nm for MTS or by luminescent measure for CellTiter- 
Glo (Varioskan Flash and logiciel SkanIT RE 2.4.3, Thermo Fisher Sci-
entific). For some tests, atypical PKCs inhibitor CRT0066854 hydro-
chloride (0.625, 1.25 or 2.5 µM, Tocris Bioscience), PKCα inhibitor 
Gö6976 (0.2 µM, Calbiochem) and MEK inhibitor PD-0325901 (0.5 µM, 
MedChemExpress) were added 30 min (atypical PKCs inhibitor) or 15 
min (PKCα and MEK inhibitors) before daphnanes (maximum concen-
tration of DMSO 0,015%). For the tests on organoids, 5-Fluoro-2′- 
deoxyuridine (Floxuridin, FUdR, Sigma-Aldrich, Ref F0503) at 1 µg/mL 
was used as positive control. It was dissolved in 50 mM Phosphate Buffer 
Saline (PBS, GIBCO) and diluted to obtain the final concentration. 

3.2.1.4. Immunofluorescence and confocal analysis. Forty thousand 
Caco-2 cells were seeded in a 96-well plate and treated as for 
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cytotoxicity tests. After 48 h of treatment, medium was removed and 
cells were fixed with 15 µL of paraformaldehyde (PFA 3.7%, Sigma 
Aldrich) during 20 min at room temperature. After washing with 100 µL 
HBSS (GIBCO), cells were permeabilized with 50 µL HBSS/Triton X100 
0.5% plus Bovine Serum Albumin (BSA, Dutscher) 1% for 15 min at room 
temperature. To study the expression and localization of PKCζ and 
PKCα, Caco-2 cells were then incubated with primary antibodies (anti- 
PKCζ SC-17781 Santa Cruz Biotechnology, 1/50 or anti-PKCα Ab32376 
Abcam, 1/200) diluted in permeation buffer, overnight at 4 ◦C. After 3 
washes for 10 min, secondary antibodies (Alexa fluor 488 goat anti- 
mouse, Life Technologies, 1/1000 or Alexa fluor 488 goat anti-rabbit, 
Invitrogen, 1/1000) diluted in permeation buffer, were added during 
45 min at room temperature in dark. After 3 washes, 50 µL of phalloidin 
fluor 568 (33 nM) plus Hoechst 3342 (5 μg/ml) or Rhodamine Phalloidin 
reagent (R415, Invitrogen, Thermo Fisher Scientific, 1/500), diluted in 
permeation buffer was added in each well during 30 min at room tem-
perature in dark. After 3 washes, in some assays, Prolong reagent with 
DAPI (Invitrogen, Thermo Fisher Scientific) was added. Analysis by 
confocal microscopy was performed with Opera Phenix Plus High- 
Content Screening PerkinElmer (Harmony software) or LSM710 Zeiss 
(Zen software). Pictures were analyzed and quantified by ImageJ soft-
ware (Image Processing and Analysis in Java). 

3.2.1.5. Western blot. To investigate the impact of daphnanes on 
signaling pathways, PKCζ and PKCδ in Caco-2 cells, Western blot protein 
analyses were performed. Caco-2 cells (0.25x106 cells/well) were 
seeded in 12-well plate (Thermo Fisher Scientific) in 1 mL of medium 
and treated as for cytotoxicity tests. After 48 h of treatment, medium was 
removed and cells were washed twice with 1 mL PBS supplemented with 
calcium and magnesium. Cells were lysed on ice with 50 µL of pH 7.4 
lysis buffer (containing: Tris HCl 50 mM, NaCl 150 mM, Triton X100 
0,1%, EDTA 1 mM) supplemented with proteases inhibitor (1/25, 
Complete mini EDTA free Roche) and phosphatases inhibitor (1/100, 
Inhibitor cocktail 2, Sigma Aldrich). Lysates were collected with a Cell 
Scrapper (Sarstedt) and stored at 4 ◦C. 

Thirty micrograms of protein were mixed with Laemmli buffer (Bio- 
Rad) containing Sodium Dodecyl Sulfate/glycerol/bromophenol blue/ 
β-mercaptoethanol to a final volume of 15 µL heated at 95 ◦C for 5 min 
(ThermoMixer F1.5, Eppendorf) to denature the proteins. Each sample 
was resolved on 4 to 15% precast acrylamide gel (Mini-PROTEAN, TGX, 
Bio-Rad) and transferred to nitrocellulose membrane (Bio-Rad). After 
saturation with PBS/milk 5%/BSA 1% for 1 h, membrane was probed 
overnight at 4 ◦C with the appropriate primary antibody diluted in PBS/ 
milk 1%/BSA 0.2%. Primary antibodies were obtained from Cell 
signaling technology (phospho MEK1/2 (Ser217/221) #41G9, MEK1/2 
#L38C12, phospho Akt (Ser473) #4060); Abcam (β-catenin #AB32572, 
phospho-PKCδ #AB5658); Santa Cruz biotechnology (phospho PKCζ 
(Thr410) #SC-271962, PKCζ #SC-17781, Akt #SC-8312, PKCδ 
#SC937), Sigma Aldrich (phopho GSK3β (Ser9) #04–1075) and BD 
transduction laboratories (GSK3β #610202). After 3 washes with PBS/ 
0.2% Tween 20 for 10 min, membrane was incubated with appropriate 
secondary antibody (anti-mouse HRP or anti-rabbit HRP) for 90 min at 
room temperature. Detection was achieved using Enhanced Chem-
iLuminescence (ECL, Clarity Max or Clarity, Bio-Rad) reagent and 
visualized on Molecular Imager ChemiDoc XRS (Bio-Rad) with Image-
Lab software. 

3.2.1.6. Statistical analysis. Statistical analyses were performed using 
GraphPad Prism 7. Student’s t-test and 2way ANOVA test were used for 
experiments analysis. P values < 0.05 were considered to be significant. 

3.2.2. Evaluation of the antiviral activity of isolated mono-esterified 
daphnanes 

3.2.2.1. Cell and virus cultures. Human lung epithelial A549 cell line 

overexpressing human ACE2 and TMPRSS2 proteins was purchased 
from Invivogen (Toulouse, France) and maintained in DMEM supple-
mented with 10% FBS, 1% penicillin/streptomycin, 0.1% amphotericin 
B (PAN Biotech), 100 μg/mL hygromycin, 0.5 μg/mL puromycin, 10 μg/ 
mL blasticidin and 100 μg/mL zeocin. Vero cells were purchased from 
ATCC and cultured in Essential Minimal Eagle’s Medium (MEM, PAN 
Biotech) containing 5% FBS, 1% penicillin/streptomycin and 0.1% 
amphotericin B. All cells were cultured at 37 ◦C in 5% CO2 incubator. 
SARS-CoV-2 virus was isolated in 2020 from a nasopharyngeal swab 
from a COVID-19 PCR-positive patient in Reunion Island. The recom-
binant Zika virus expressing the GFP reporter gene (ZIKVGFP) was ob-
tained as previously described 85. 

3.2.2.2. Antiviral assays. To determine the antiviral activity of com-
pounds against SARS-CoV-2, A549ACE2 and TMPRSS2 overexpressing cells 
seeded in 24-well plates were incubated with different concentrations of 
each compound, starting from its maximal non-cytotoxic concentration 
(MNTC), and infected with SARS-CoV-2 at a multiplicity of infection 
(MOI) of 0.001. Twenty-four hours after infection, supernatant was 
harvested to titrate viral growth via plaque forming units assays (PFU). 
To determine the antiviral activity of compounds against Zika virus, 
cells seeded in 96-well plates were incubated with different concentra-
tions of each compound, starting from 50 μg/mL, and infected with 
ZIKVGFP at a multiplicity of infection (MOI) of 1. Twenty-four hours 
post-infection, cells were harvested, fixed with 3.7% PFA in PBS for 20 
min, washed twice with PBS and then subjected to flow cytometric 
analysis using Cytoflex (Beckman). Results were analyzed using Cytex-
pert software. 

3.2.2.3. Viral titration. Supernatants obtained from 24 h SARS-CoV-2 
infected cells were harvested and stored at − 80 ◦C for PFU assay. A 
70% confluent monolayer of VeroE6 cells in 24-wells plate was incu-
bated during 2 h with 100 μL of a ten-fold serial dilution of the super-
natants. Then, MEM containing 1% carboxymethyl cellulose (CMC) was 
added to each well and incubated at 37 ◦C under 5% CO2. Three days 
later, infected cells were carefully washed twice with PBS and fixed for 
10 min with 4% PFA. Then, cells were washed and stained with crystal 
violet. Plaques were counted and expressed as PFU/mL. 
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