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A B S T R A C T   

Eight new naphtho[1,2-c]furan derivatives (1–8) along with six known analogues (9–14) were isolated from 
culture medium of the basidiomycete Basidioradulum radula. The structures of these compounds were identified 
using spectroscopic analysis, and their absolute configurations were resolved using X-ray diffraction, ECD, and 
VCD. Compounds 7 and 14 inhibited the cell viability of human prostate cancer DU-145 cells with IC50 values of 
7.54 ± 0.03 μM and 5.04 ± 0.03 μM, respectively. At 8 μM, compounds 7 and 14 increased the percentage of 
apoptotic cells and upregulated the protein expression related to the apoptosis caspase pathways in DU-145 cells. 
Furthermore, the hallmarks of cells undergoing apoptosis, such as chromatin condensation, were also observed at 
this concentration. However, compound 7 and 14 showed no effect on the proliferation of splenocytes isolated 
from cyclophosphamide-induce immunosuppressed mice.   

1. Introduction 

The basidiomycete Basidioradulum radula (Fr.) Nobles (syn. Hypho
derma radula) is a fungus belonging to the family Schizoporaceae [1]. 
This strain was first reported in 1967 and is widely distributed in 
Europe, Australia, North America, and East Asia [2–4]. However, there 
are few studies reporting the metabolites produced by B. radula. Naph
tho[1,2-c]furan derivatives, hyphodermins A–H, have been isolated 
from H. radula culture medium [5]. Natural and synthetic hyphodermin 
derivatives exhibit glycogen phosphatase inhibitory activity, and these 
compounds have been reported to exhibit potential as antiasthmatic, 
anti-inflammatory, and antidiabetic agents [5–8]. 

Naphthofuran derivatives such as naphtho[2,3‑b]furan and naphtho 

[1,2-b]furan derived compounds were reported for their anticancer ef
fect [9–13]. However, very few research have been done to investigate 
the cytotoxicity effect of naphtho[1,2-c]furan derivatives extracted from 
B. radula and its mechanism in human prostate carcinoma cells. 

Prostate cancer is one of the most common cause of cancer death in 
men around the word [14]. Its prognosis is usually poor owing to the 
asymptomatic early stage in most patients [15]. Current treatments such 
as surgery and radiotherapy have many disadvantages because of 
possible metastasis or effects on the patient’s quality of life [16]. 
Moreover, prostate cancer has exhibited emerging resistance to many 
classes of cytotoxic chemotherapeutics [17]. DU-145 and PC-3 cell lines 
have high metastasis potential [18,19] and considered as standard cell 
lines for therapeutic research of prostate cancer [20]. DU-145 is 
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considered as androgen-independent [21]. Androgen-independent 
prostate cancer cells are resistant to chemotherapy drugs induced 
apoptotic caspases [22]. Furthermore, DU-145 is Bax-negative and p53 
mutant cell line [23]. Therefore, DU-145 cells is a suitable model to 
investigate the cytotoxicity effect of chemotherapy agents against 
human prostate carcinoma. 

In the search to discover biologically active compounds from fungal 
strains [24,25], eight new naphtho[1,2-c]furan derivatives (1–8) 
(Fig. 1), in addition to six known compounds (9–14), were isolated from 
culture medium of the basidiomycete B. radula. The chemical structures 
of these isolated compounds were identified, and they were evaluated 
for cytotoxic effects on DU-145 cells. 

2. Results and discussion 

Compound 1 was isolated as a white amorphous powder. Its 
elemental composition was determined as C15H16O4 by HRESIMS 
analysis. The 1H NMR spectral data exhibited the presence of a germinal 
dimethyl group [δH 1.43 (3H, s, CH3-4) and 1.47 (3H, s, CH3-4)], a 
methoxyl group [δH 3.79 (3H, s, OCH3-10)], two methylene groups [δH 
2.84 (1H, ddd, J = 17.7, 7.8, 5.3 Hz, H-2), 2.75 (1H, ddd, J = 17.7, 9.2, 
5.1 Hz, H-2), 2.13 (1H, ddd, J = 14.2, 9.2, 5.2 Hz, H-3), and 2.06 (1H, 
ddd, J = 13.6, 7.9, 5.1 Hz, H-3)], an oxymethine group [δH 6.69 (1H, s, 
H-10)], and two aromatic methine groups [δH 7.72 (1H, d, J = 8.1 Hz, H- 
5) and 7.98 (1H, d, J = 8.1 Hz, H-6)] (Table 1). The 13C NMR spectral 
data exhibited 15 carbon signals assigned to two carbonyl carbons, two 
dimethyl carbons, one methoxyl carbon, two methylene carbons, three 
methine carbons including an oxymethine, and five additional quater
nary carbons (Table 2). The 1D NMR data obtained for 1 were consistent 
with those of hyphodermin B (9) [7], a known naphtho[1,2-c]furan 
derivative, apart from the presence of an additional methoxy group [δH 
3.79 (3H, s, OCH3-10); δC 59.0 (OCH3-10)], which was identified by the 
HMBC cross peak of OCH3-10/C-10 (δC 104.8) (Fig. 2). 

The absolute configuration at the C-10 position of 1 was determined 
from the comparison between calculated and experimental ECD spectra. 
The results exhibited that the calculated ECD spectrum of the 10S model 
matched closely with the experimental ECD spectrum, suggesting the 
absolute configuration of 1 was 10S (Fig. 3). Consequently, the new 
compound 1 was established as shown and has been assigned the trivial 
name hyphodermin I. 

Compound 2 was isolated as a white amorphous powder. The 
elemental composition of 2 was identified to be C15H16O5 based on the 
HRESIMS analysis, which was 16 Da more than that of 1, indicating the 
presence of an additional hydroxyl group. The 1D NMR data of 2 were 
similar to those of 1, except for the absence of a methylene signal of 1 
(H-2) and the presence of an oxymethine signal in 2 [δH 4.71 (1H, dd, J 
= 13.9, 5.6 Hz, H-2)] (Tables 1 and 2). In the COSY spectrum of 2, the 
oxymethine signal showed a correlation to the methylene signals [δH 
2.37 (1H, dd, J = 13.2, 5.8 Hz, H-3) and 2.08 (1H, t, J = 13.5 Hz, H-3)] 
and the HMBC cross peaks of H-2/C-1 (δC 198.4), C-3 (δC 45.6), C-4 (δC 
36.2), and C-8a (δC 125.4) (Fig. 2) indicated that the oxymethine group 
in 2 was located at the C-2 position. In addition, the IR spectrum showed 

an OH stretch at 3493 cm− 1. These results exhibited that 2 contained a 
hydroxyl group at the C-2 position. 

Compound 3 was also obtained as a white amorphous powder. Based 
on the HRESIMS analysis, the elemental composition of 3 was assigned 
as C15H16O5, which is the same as that of 2. Detailed analysis of the NMR 
data of 3 and a comparison with the data of 2 indicated that the planar 
structure of these compounds was the same. However, the optical ro
tations of the two compounds showed they possess opposite signs 
[− 165.3 (c 0.01, MeOH) in 3 and +166.1 (c 0.01, MeOH) in 2], sug
gesting these compounds are stereoisomers. 

The stereochemistry of 2 and 3, including the absolute configuration, 
was determined by analyzing X-ray, ECD, and VCD data. When com
pound 2 was dissolved in CHCl3 and then dried slowly at 25 ◦C, colorless 
needlelike crystals were formed (Supporting Information S56). Thus, 
using single-crystal X-ray diffraction analysis (Cu Kα), the 3D structure 
of 2 was confirmed and its absolute configuration [a Flack parameter of 
0.07(4)] was determined (Fig. 4). Furthermore, the calculated ECD and 
VCD spectra of the 2S,10S and 2S,10R isomers were in good agreement 
with the experimental values of 2 and 3, respectively (Figs. 3 and 5). 
Therefore, as shown, the structures of the new compounds 2 and 3 were 
elucidated to be hyphodermin J and isohyphodermin J, respectively. 

Compound 4 was obtained as a brown oil and was assigned the 
elemental composition C15H14O5 based on the HRESIMS analysis. The 
1H and 13C NMR data of 4 were in accordance with those of 2 and 3, 
except for the presence of a Δ2(3) double bond [δH 6.29 (1H, s, H-3), δC 
145.2 (C-2), and δC 127.1 (C-3)] (Tables 1 and 2), which were deduced 
based on the HMBC cross peaks of H-3/C-1 (δC 179.8), C-2 (δC 145.2), C- 
4 (δC 38.5), C-4a (δC 157.9), and (CH3)2–4 (δC 30.4 and 30.3) (Fig. 2). 
The absolute stereochemistry of 4 was established by comparing its 
calculated and experimental ECD spectra (Fig. 3), thus confirming its 
10S configuration. Therefore, the structure of the new compound 4, 
designated hyphodermin K, was determined as shown. 

Compound 5 was isolated as a brown oil, and its elemental compo
sition was assigned as C14H12O5 by HRESIMS analysis. Detailed analysis 
of the 1D NMR data exhibited that 5 was similar to 4 (Tables 1 and 2) 
with the only difference in 5 being the absence of a methoxy group at C- 
10. Furthermore, this result was supported by MS and 2D NMR data 
(Fig. 2). In solution, 5 exhibited mutarotation due to the hemiacetal 
group at C-10 [26,27], which was supported by the optical rotation, ECD 
spectrum, Chiral HPLC analysis, and acetylation reaction (Supporting 
Information S32–S35). Therefore, the structure of the new compound 5, 
designated as hyphodermin L, was established as shown. 

Compounds 6 and 7 were isolated as white amorphous powders and 
had molecular formulas of C15H13IO4 and C14H11IO4, respectively, based 
on the HRESIMS analysis. Detailed analysis of the 1D and 2D NMR data 
indicated that the structures of 6 and 7 were similar to those of 4 and 5, 
respectively. However, the unusual up-field chemical shifts of C-2 (δC 
101.5 in 6 and δC 100.7 in 7) suggested that 6 and 7 have a heavy atom 
at the C-2 position. Considering the molecular formulae of 6 and 7, it can 
be concluded that these compounds have an iodine atom at the C-2 
position, which was supported by the ESIMS/MS fragment peaks, m/z 
258 [M+H− I]+ and 226 [M+H− I− OCH3]+ in 6, and m/z 244 

Fig. 1. Chemical structures of isolated new compounds (1–8) from B. radula culture medium.  
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[M+H− I]+ and 226 [M+H− I− OH]+ in 7 (Supporting Information S42 
and S49). The experimental ECD spectra of 6 and 7 were in good 
agreement with the calculated spectra of the 10S models (Fig. 3). Based 
on the above information, the structures of 6 and 7, designated as 
hyphodermins M and N, respectively, were established as shown. 

Compound 8 was obtained as a white amorphous powder. The 
elemental composition of 8 was assigned as C14H12O3 based on the 
HRESIMS analysis. The 1H and 13C NMR data exhibited that 8 had 
considerable similarity to 1-hydroxy-6,6-dimethyl-6H-naphtho[1,2-c] 
furan-3,9-(1H,6H)-dione (11) [8], except for the presence of a methy
lene group [δH 5.28 (2H, s, H-9)] at C-9 and a carbonyl group (δC 167.4) 
at C-10, as indicated by the HMBC and COSY correlations (Fig. 2). 
Therefore, the structure of compound 8 was elucidated as shown and has 
been assigned the trivial name hyphodermin O. 

The known compounds were identified as hyphodermin B (9), 1- 
methoxy-6,6-dimethylnaphtho[1,2-c]furan-3,9(1H,6H)-dione (10), 1- 
hydroxy-6,6-dimethyl-6H-naphtho[1,2-c]furan-3,9-(1H,6H)-dione (11), 

8-chloro-1-methoxy-6,6-dimethylnaphtho[1,2-c]furan-3,9(1H,6H)- 
dione (12), hyphodermin H (13), and hyphodermin C (14) based on the 
analyses of spectroscopic data of the NMR, MS, optical rotation, and 
ECD, and comparison with literature data [5–8]. 

All isolated compounds were assessed for their cytotoxicity on the 
DU-145 prostate cancer cells. Compounds 7, 12, 13, and 14 reduced the 
viability of DU-145 cells (Supporting Information S64). Among the 
observed sample effects, compounds 7 and 14 strongly inhibited the 
proliferation of DU-145 cells with IC50 values of 7.54 ± 0.03 μM and 
5.04 ± 0.03 μM (Supporting Information S65), respectively. 

Then, the potential apoptotic cell death effects of compounds 7 and 
14 were assessed on DU-145 cells using Alexa Fluor 488-conjugated 
annexin V. At a concentration of 8 μM, the fluorescence levels indi
cated by Annexin V labeling were higher in compound 7- and 14-treated 
groups than in the untreated group (Fig. 6A). Specifically, compounds 7 
and 14 significantly increased the percentage of apoptotic cells to 15.30 
± 1.54% and 39.70 ± 1.19%, respectively, compared with 4.70 ± 0.27% 

Table 1 
1H NMR spectroscopic data (500 MHz) of compounds 1–8 in CDCl3.  

Position 1 2 3 4 5 6 7 8 

δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz) 

2 2.84, ddd 
(17.7, 7.8, 5.3) 

4.71, dd 
(13.9, 5.6) 

4.56, dd 
(14.0, 5.5)     

6.45, d (10.5)  

2.75, ddd 
(17.7, 9.2, 5.1)        

3 2.13, ddd 
(14.2, 9.2, 5.2) 

2.37, dd 
(13.2, 5.8) 

2.32, dd 
(13.1, 5.5) 

6.29, s 6.38, s 7.75, s 7.84, s 6.86, d (10.5)  

2.06, ddd 
(13.6, 7.9, 5.1) 

2.08, t (13.5) 2.16, t (13.6)      

5 7.72, d (8.1) 7.72, d (8.1) 7.76, d (8.1) 7.88, d (8.1) 7.89, d (8.1) 7.80, d (8.1) 7.83, d (8.1) 7.88, d (8.1) 
6 7.98, d (8.1) 8.02, d (8.1) 8.05, d (8.1) 8.07, d (8.1) 8.11, d (8.1) 8.07, d (8.1) 8.13, d (8.1) 7.65, d (8.1) 
9        5.28, s 
10 6.69, s 6.75, s 6.52, s 6.78, s 7.09, s 6.78, s 7.08, s  
4-(CH3)2 1.47, s 1.52, s 1.52, s 1.58, s 1.60, s 1.58, s 1.61, s 1.53, s  

1.43, s 1.52, s 1.52, s 1.57, s 1.60, s 1.57, s 1.61, s 1.53, s 
10-OCH3 3.79, s 3.77, s 3.83, s 3.83, s  3.85, s    

Table 2 
13C NMR spectroscopic data (125 MHz) of compounds 1–8 in CDCl3.  

Position 1 2 3 4 5 6 7 8 

δC, Type δC, Type δC, Type δC, Type δC, Type δC, Type δC, Type δC, Type 

1 196.9, CO 198.4, CO 197.5, CO 179.8, CO 181.1, CO 177.9, CO 179.8, CO 182.8, CO 
2 35.4, CH2 70.5, CH 70.2, CH 145.2, C 145.2, C 101.5, C 100.7, C 127.6, CH 
3 36.5, CH2 45.6, CH2 43.7, CH2 127.1, CH 128.7, CH 165.1, CH 166.6, CH 154.9, CH 
4 34.9, C 36.2, C 36.1, C 38.5, C 38.8, C 43.1, C 43.4, C 38.2, C 
4a 159.4, C 159.0, C 159.5, C 157.9, C 158.2, C 156.1, C 156.5, C 152.1, C 
5 129.7, CH 130.2, CH 130.5, CH 130.3, CH 130.1, CH 130.1, CH 129.9, CH 132.4, CH 
6 129.5, CH 130.0, CH 130.4, CH 128.7, CH 129.2, CH 128.9, CH 129.4, CH 125.2, CH 
7 126.2, C 126.5, C 124.9, C 125.2, C 124.7, C 124.1, C 123.8, C 148.0, C 
8 145.1, C 145.2, C 145.4, C 145.2, C 148.1, C 145.6, C 148.4, C 124.4, C 
8a 127.4, C 125.4, C 126.6, C 126.6, C 126.2, C 127.0, C 126.6, C 131.3, C 
9 168.2, CO 167.7, CO 167.8, CO 167.9, CO 167.3, CO 167.9, CO 167.3, CO 67.9, CH2 

10 104.8, CH 104.1, CH 104.4, CH 104.1, CH 97.0, CH 104.9, CH 97.2, CH 167.4, CO 
4-(CH3)2 29.8, CH3 31.4, CH3 31.7, CH3 30.4, CH3 30.3, CH3 29.5, CH3 29.3, CH3 29.8, CH3  

29.7, CH3 30.2, CH3 29.6, CH3 30.3, CH3 30.2, CH3 29.2, CH3 29.2, CH3 29.8, CH3 

10-OCH3 59.0, OCH3 59.1, OCH3 58.6, OCH3 58.8, OCH3  59.2, OCH3    

Fig. 2. Key HMBC (arrow) and COSY (bold) correlations (1–5 and 8).  
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in the control group (Fig. 6B). As previously reported, cisplatin induced 
apoptosis of cancer cells [28] and it was used as a positive control in the 
experiments. The results showed that cisplatin increased the percentage 
of apoptotic cells to 44.30 ± 1.66%. Based on the evidence that 
apoptosis is involved in the regulation of tumor adaptation to cancer 
treatment and cell death, the efficacy of most current clinical oncolog
ical treatments has been linked to induction of the apoptosis signal 
pathway [29]. Our results suggest that compounds 7 and 14 affect the 
death of DU-145 cells through the apoptosis pathways. 

To elucidate the mechanism underlying the apoptosis-mediated 
death of DU-145 cells induced by compounds 7 and 14, the protein 
expression of apoptosis-related pathways were evaluated using western 
blotting. After a 96-h treatment, compounds 7 and 14 upregulated the 
expression of cleaved forms of the caspase family proteins caspase 3, 7, 
8, and 9 (Fig. 6C). Furthermore, cleaved-Poly (ADP-ribose) polymerase 
(PARP) and mitochondrial cytochrome C release were up-regulated in 
the compound-treated groups. However, full-length Bid was suppressed 
after 96-h of treatment. In most cases, anticancer chemotherapy usually 
results in activation of caspase proteins [30]. In the receptor-ligand 
mediator of caspase-dependent apoptosis, binding of anticancer drugs 
to the death receptor activates the initiator caspase 8, which can cleave 
itself [31]. Following activation, caspase 8 propagates the apoptosis 
signal by cleaving effector caspases of downstream activation such as 
caspase 3 and 7 [32]. Moreover, in mitochondrial mediators of caspase- 

Fig. 3. Calculated and experimental ECD spectra of compounds 1 (A)–4 (D), 6 (E), and 7 (F).  

Fig. 4. X-ray ORTEP drawing of compound 2.  

Fig. 5. Calculated and experimental VCD spectra of compounds 2 (A) and 3 (B).  
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dependent apoptosis, caspase 8 cleavage of Bid downregulates full- 
length Bid [33]. Then Bid activation results in regulating mitochon
drial permeability and the cytochrome C release [34]. Cytochrome C 
induces activation of apoptosis-protease activating factor 1 (APAF1) 
which required for activating caspase 9 [35]. Next, caspase 9 cleavage 

downstream effector such as caspase 3,7 and PARP through a caspase 9- 
containing apoptosome complex [36]. Our result showed that com
pounds 7 and 14 may regulate apoptosis of DU-145 cells through both 
receptor-ligand and mitochondrial mediators of caspase-dependent 
apoptosis. 

Fig. 6. (A, B) Compounds 7- and 14-induced apoptotic cell death and (C) expression of proteins related to the caspase-dependent apoptosis signaling pathway in DU- 
145 cells. Results are the mean ± SD. The difference in the mean values between groups was assessed using the Tukey method for one-way analysis of variance 
(ANOVA). *p < 0.001 versus the non-treated group. SD, standard deviation. Red arrows indicate apoptotic bodies. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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To obtain additional evidence of the regulation of DU-145 cell 
apoptosis by compounds 7 and 14, a Hoechst assay of indicators of 
apoptotic cells was performed. After a 24-h treatment and staining with 
Hoechst dye, the fluorescence levels were increased to a greater extent in 
the compound- and cisplatin-treated groups than non-treated group 
(Fig. 7). These results indicate that compounds 7 and 14 induced 
chromatin condensation in DU-145 cells. Plasma membrane blebbing 
and morphological changes in the cells were observed under the bright 
field of the microscope. Nuclear fragmentation of the cells was observed 
in the compound- and cisplatin-treated groups (zoom images). Evidence 
of chromatin condensation, plasma membrane blebbing, and nuclear 
fragmentation are established hallmarks of apoptosis [37], and our data 
indicated that compounds 7 and 14 triggered these phenomena in DU- 
145 cells after a 24-h treatment. 

To assess the effect of compound 7 and 14 on the immune cells, a 
proliferation assay of splenocytes isolated from cyclophosphamide- 
induce immunosuppressed mice was designed. After a 72-h treatment, 
no cytotoxicity on splenocytes was detected at the highest concentration 
of 20 μM compound treatment groups (Supporting Information S66). 
One of the disadvantages of chemotherapy is when reach the blood they 
both kill tumor cells and other cells, includes immune cells, without 
selectivity [38]. This is considered as the main reason for side effects of 
chemotherapy on normal tissues [39] and results in long-term immu
nosuppression of cancer patients [40] which increase the opportunistic 
diseases of patients [41]. Spleen is an immune organ that serves as a part 
of immune system [42]. Splenocytes include lymphocytes, macro
phages, dendritic cells, plasma cells which play an essential role in im
mune reaction against pathology agents and cancer cells [43]. In this 
study, cyclophosphamide was used as an immunosuppression agent 
[44]. The data showed that to the concentration of 20 μM, compound 7 
and 14 showed no effect on the proliferation of splenocytes isolated 
from immunosuppressed mice. 

In conclusion, compounds 7 and 14 induced apoptosis of DU-145 
cells through receptor-ligand and mitochondrial mediators of caspase- 
dependent apoptosis with evidence of microscopic morphological 
changes such as nuclear fragmentation, chromatin condensation, and 

plasma membrane blebbing. However, compound 7 and 14 exerted no 
effect on proliferation of splenocytes. 

3. Conclusion 

In summary, we described eight new naphtho[1,2-c]furan de
rivatives (1–8), together with six known compounds (9–14), from cul
ture medium of the basidiomycete Basidioradulum radula. The chemical 
structures of the isolated compounds were identified using spectroscopic 
techniques, and all isolated compounds were evaluated for their cyto
toxic effects on the DU-145 human prostate cancer cell line. Among 
them, compounds 7 and 14 strongly inhibited the proliferation of DU- 
145 cells without affecting proliferation of splenocytes. This study not 
only presented the new chemical constituents from B. radula, but also 
provided a potential candidate for the treatment of human prostate 
cancer. 

4. Materials and methods 

4.1. General experimental procedures 

MPLC was run using a Biotage Isolera One system (Biotage AB, 
Uppsala, Sweden), and prep HPLC was performed using a Waters system 
(Waters, Milford, MA, USA) with a ODS-A column (250 × 20 mm i.d., 5 
μm, YMC, Kyoto, Japan). NMR spectra were measured using a 500 MHz 
NMR spectrometer (Varian, Palo Alto, CA, USA). HRESIMS and MS/MS 
spectra were recorded using a Q-TOF Micromass spectrometer (Waters). 
UV and IR spectra were obtained using a UV–vis spectrophotometer 
(Mecasys, Daejeon, Korea) and 640 FT-IR spectrometer (Agilent, Palo 
Alto, CA, USA), respectively. Optical rotations were recorded using a P- 
2000 (Jasco, Tokyo, Japan). VCD and ECD spectra were recorded using a 
ChiralIR-2X TM FT-VCD spectrometer (BioTools, Jupiter, FL, USA) and a 
J-1100 spectrometer (Jasco). X-ray crystallography data were measured 
using a Bruker X-ray diffraction system (Bruker AXS GMBH, Karlsruhe, 
Germany). 

Fig. 7. Effect of compounds 7 and 14 on chromatin condensation of DU-145 cells (Scale bar is 100 µm). Red arrows indicate chromatin condensation cells. Black 
arrows and rectangle indicate plasma membrane blebbing. Red rectangles indicate chosen cells for zoom images. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

S.M. Ryu et al.                                                                                                                                                                                                                                  



Bioorganic Chemistry 114 (2021) 105064

7

4.2. Fungal material 

B. radula was collected from Odaesan National Park, Republic of 
Korea in April 2013. A voucher specimen (KUC10671) was deposited at 
the Division of Environmental Science and Ecological Engineering, 
Korea University (Seoul, Korea). The strain was identified based on the 
molecular and phylogenetic analysis using large subunit ribosomal RNA 
regions and internal transcribed spacer (Supporting Information S67). 
All new sequences of B. radula KUC10671 were deposited in GenBank 
(accession no. ITS: MW575872, LSU: MW570869). B. radula was 
cultured on PDA culture medium in petri dishes (150 mm × 20 mm × 55 
plates) at 25 ◦C for 30 days. 

4.3. Extraction and isolation 

The culture medium was extracted successively with MeOH (3 × 2.0 
L) and EtOAc (3 × 2.0 L) to obtain the EtOAc-soluble extract (2.9 g). The 
extract was fractionated using MPLC with silica gel (n-hex
ane–CHCl3–acetone = 1:1:0, 0:1:0 to 0:0:1, 30.0 mL/min) to afford 13 
fractions (Fr 1–13). Fr 3 (88.0 mg) was purified using prep HPLC 
(MeCN–H2O = 3:7 to 8:2, 8 mL/min) to yield compounds 1 (tR 37.8 min, 
9.4 mg), 6 (tR 44.9 min, 4.7 mg), 12 (tR 41.2 min, 39.6 mg), and 14 (tR 
33.7 min, 6.3 mg). Fr 4 (317.8 mg) was purified using MPLC with silica 
gel (n-hexane–EtOAc = 9:1 to 5:5, 20 mL/min) to obtain compounds 2 
(148.1 mg), 3 (83.6 mg), and additional three sub-fractions (Fr 4.1–4.3). 
Fr 4.2 (38.3 mg) was purified using prep HPLC (MeCN–H2O = 3:7 to 8:2, 
8 mL/min) to obtain compounds 4 (tR 28.6 min, 29.9 mg) and 10 (tR 
33.2 min, 6.2 mg). Fr 5 (185.3 mg) was purified using prep HPLC 
(MeCN–H2O = 2:8 to 5:5, 8 mL/min) to yield compound 8 (tR 26.5 min, 
2.8 mg). Fr 6 (137.6 mg) was purified using prep HPLC (MeCN–H2O =
3:7 to 6:4, 8 mL/min) to obtain compounds 7 (tR 38.2 min, 4.8 mg), 9 (tR 
43.6 min, 6.8 mg), 11 (tR 19.1 min, 35.7 mg), and 13 (tR 35.5 min, 7.3 
mg). Fr 9 (896.6 mg) was purified using prep HPLC (MeCN–H2O = 2:8 to 
5:5, 8 mL/min) to yield compound 5 (tR 28.0 min, 14.5 mg). 

Hyphodermin I (1): white amorphous powder; [α]26
D + 6.3 (c 0.01, 

MeOH); UV (MeOH) λmax (log ε) 227 (3.96), 291 (2.90), 300 (2.92) nm; 
IR νmax (ATR) 2962, 2932, 2864, 1773, 1689, 1606, 1472, 1444, 1365, 
1330, 1283, 1237, 1130, 1067 cm− 1; 1H and 13C NMR (500 and 125 
MHz, CDCl3, Tables 1 and 2); ECD (c 0.2 mM, MeCN) Δε –6.1 (2 2 4); 
ESIMS (positive) m/z 261 [M+H]+; HRESIMS m/z 261.1126 [M+H]+

(calcd for C15H17O4, 261.1127). 
Hyphodermin J (2): white amorphous powder; [α]26

D + 166.1 (c 0.01, 
MeOH); UV (MeOH) λmax (log ε) 224 (3.96), 290 (2.95), 298 (2.96) nm; 
IR νmax (ATR) 3493, 2961, 2934, 1775, 1701, 1610, 1450, 1367, 1206, 
1110, 1081, 1065, 1032 cm− 1; 1H and 13C NMR (500 and 125 MHz, 
CDCl3, Tables 1 and 2); ECD (c 0.2 mM, MeCN) Δε + 66.3 (2 0 9), –67.7 
(2 2 9); VCD (c 1.0 M, CDCl3, Fig. 4); ESIMS (positive) m/z 277 [M+H]+; 
HRESIMS m/z 277.1085 [M+H]+ (calcd for C15H17O5, 277.1076). 

Isohyphodermin J (3): white amorphous powder; [α]26
D –165.3 (c 

0.01, MeOH); UV (MeOH) λmax (log ε) 224 (3.96), 290 (2.95), 298 (2.96) 
nm; IR νmax (ATR) 3489, 2965, 2936, 1773, 1699, 1607, 1451, 1367, 
1205, 1107, 1067, 1029 cm− 1; 1H and 13C NMR (500 and 125 MHz, 
CDCl3), Tables 1 and 2; ECD (c 0.2 mM, MeCN) Δε + 26.9 (2 2 0), –93.3 
(2 4 8); VCD (c 1.0 M, CDCl3), Fig. 4; ESIMS (positive) m/z 277 [M+H]+; 
HRESIMS m/z 277.1070 [M+H]+ (calcd for C15H17O5, 277.1076). 

Hyphodermin K (4): brown oil; [α]26
D + 18.9 (c 0.01, MeOH); UV 

(MeOH) λmax (log ε) 227 (3.96), 303 (3.50) nm; IR νmax (ATR) 3398, 
2970, 2935, 1775, 1652, 1611, 1455, 1404, 1364, 1313, 1260, 1205, 
1157, 1123, 1087, 1046 cm− 1; 1H and 13C NMR (500 and 125 MHz, 
CDCl3), Table 1 and 2; ECD (c 0.2 mM, MeCN) Δε –7.3 (2 3 1), +4.1 (2 5 
6); ESIMS (positive) m/z 275 [M+H]+; HRESIMS m/z 275.0907 
[M+H]+ (calcd for C15H15O5, 275.0919). 

Hyphodermin L (5): brown oil; UV (MeOH) λmax (log ε) 230 (3.94), 
303 (3.61) nm; IR νmax (ATR) 3397, 2971, 2934, 1763, 1650, 1610, 
1445, 1404, 1364, 1312, 1261, 1205, 1133, 1088, 1049 cm− 1; 1H and 
13C NMR (500 and 125 MHz, CDCl3), Tables 1 and 2; ECD (c 0.2 mM, 

MeCN) Δε + 2.0 (2 0 8), –0.8 (2 1 4), +3.7 (2 2 6); ESIMS (positive) m/z 
261 [M+H]+; ESIMS (negative) m/z 259 [M− H]− ; HRESIMS m/z 
261.0761 [M+H]+ (calcd for C14H13O5, 261.0763). 

Hyphodermin M (6): white amorphous powder; [α]26
D + 14.0 (c 0.01, 

MeOH); UV (MeOH) λmax (log ε) 229 (3.98), 300 (3.17) nm; IR νmax 
(ATR) 2927, 2854, 1772, 1671, 1610, 1444, 1368, 1206, 1138, 1070 
cm− 1; 1H and 13C NMR (500 and 125 MHz, CDCl3), Tables 1 and 2; ECD 
(c 0.2 mM, MeCN) Δε –8.1 (2 3 4); ESIMS (positive) m/z 385 [M+H]+; 
HRESIMS m/z 384.9923 [M+H]+ (calcd for C15H14IO4, 384.9937). 

Hyphodermin N (7): white amorphous powder; [α]26
D + 4.9 (c 0.01, 

MeOH); UV (MeOH) λmax (log ε) 230 (4.07), 301 (3.55) nm; IR νmax 
(ATR) 3403, 2970, 2925, 2852, 1767, 1655, 1608, 1452, 1344, 1296, 
1264, 1206, 1135, 1075, 1022 cm− 1; 1H and 13C NMR (500 and 125 
MHz, CDCl3), Tables 1 and 2; ECD (c 0.2 mM, MeCN) Δε –15.8 (2 2 8), 
+16.7 (2 3 4); ESIMS (positive) m/z 371 [M+H]+; ESIMS (negative) m/z 
369 [M− H]− ; HRESIMS m/z 370.9767 [M+H]+ (calcd for C14H12IO4, 
370.9780). 

Hyphodermin O (8): white amorphous powder; UV (MeOH) λmax (log 
ε) 221 (3.84), 255 (3.59) nm; IR νmax (ATR) 2967, 2930, 2871, 1759, 
1665, 1607, 1579, 1456, 1433, 1359, 1286, 1182, 1110, 1056, 1030 
cm− 1; 1H and 13C NMR (500 and 125 MHz, CDCl3), Tables 1 and 2; 
ESIMS (positive) m/z 229 [M+H]+; HRESIMS m/z 229.0859 [M+H]+

(calcd for C14H13O3, 229.0865). 

4.4. Computational methods 

Conformer distributions, geometry optimizations, VCD, and ECD 
calculations of isolated compounds were conducted as described previ
ously [45,46]. 

4.5. X-ray diffraction analysis 

The crystal structure of 2 was determined using standard crystallo
graphic methods. A colorless needlelike crystal was used for single- 
crystal X-ray diffraction. The data were recorded at 223(2) K using a 
Bruker D8 Venture equipped with an IμS micro-focus sealed tube Cu Kα 
(λ = 1.54178 Å) and a PHOTON III M14 detector in the Western Seoul 
Center of Korea Basic Science Institute. Data collection and integration 
were run using the SMART APEX3 software package (SAINT+) [47]. 
Absorption correction was carried out by the multi-scan method 
implemented in SADABS [48]. The chemical structure was refined using 
full-matrix least-squares with F2 using the SHELXTL program package 
[49]. Crystallographic data for 2 were deposited in the Cambridge 
Crystallographic Data Centre (CCDC 2031769). 

Crystallographic data of hyphodermin J (2): C15H16O5, orthorhombic, 
M = 276.28, 0.321 × 0.218 × 0.123 mm3, space group P212121, a =
7.8659(5) Å, b = 12.2303(8) Å, c = 13.8787(10) Å, α = 90◦, β = 90◦, γ =
90◦, V = 1335.16(13) Å3, Z = 4, μ = 0.863 mm− 1, T = 223(2) K, 14,017 
reflection collected, 2762 independent reflections (Rint = 0.0260). The 
final R1 values were 0.0290 [I > 2σ(I)] and the final wR2 values were 
0.0802 [I > 2σ(I)]. The goodness of fit on F2 was 1.086. Absolute 
structure parameter = 0.07(4). 

4.6. Cell culture 

Human DU-145 prostate carcinoma cells (ATCC, Bethesda, MD, USA) 
were maintained in 10% fetal bovine serum-supplemented (FBS, Atlas 
Biologicals, Fort Collins, CO, USA) minimum essential medium (Gibco 
BRL, Carlsbad, MD, USA), added 100 Units/mL penicillin and 100 μMg/ 
mL streptomycin (PS, Gibco BRL). The cells were cultured with 95% 
relative humidity, 5% CO2, and 37 ◦C. 

4.7. Cell proliferation assay 

DU-145 cells were plated on 96-well plates at a density of 5 × 103 

cells/well and incubated for 24-h. Following, the cells were treated with 
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several concentrations of the compounds for 96-h. The cells were sup
plemented with 10% of the Ez-Cytox cell proliferation assay kit (Daeil 
Lab Service Co., Seoul, Korea) in culture medium for 1-h. Cell prolifer
ation was assessed by measuring the absorbance of samples at 450 nm 
using a microplate reader (PowerWave XS, Bio-Tek Instruments, 
Winooski, VT, USA). 

4.8. Chromatin condensation 

DU-145 cells were cultured on eight-well culture slides (SPL Life 
Sciences, Orlando, FL, USA) at a density of 5 × 104 cells/well for 24-h. 
Next, cells were incubated with samples for another 24-h. Then, the cells 
were stained with Hoechst 33,258 (Sigma-Aldrich, St. Louis, MO, USA) 
and observed under a fluorescence microscope (IX51, Olympus, Tokyo, 
Japan). 

4.9. Apoptosis assay 

DU-145 cells were plated on six-well plates at a density of 2.5 × 105 

cells/well. After 24-h incubation, the cells were treated with the 
different concentrations of samples for 24-h. Next, the cells were har
vested, and washed with Dulbecco’s phosphate-buffered saline (DPBS, 
Welgene Inc., Daegu, Korea). This was followed by staining with 
Annexin V Alexa Fluor 488 (Invitrogen, Temecula, CA, USA) and dark 
adapted for 20 min. Bright field and fluorescence images were taken 
using a Tali image-based cytometer (Life Technologies Japan, Tokyo, 
Japan) and further analysis following manufacturer’s instructions. The 
data were presented as the percentage of stained Annexin V cells 
dividing the total number of cells in each group. 

4.10. Western blotting analysis 

DU-145 cells were plated on 60 mm plates at a density of 4 × 105 

cells/well for 24-h. Next, the cells were treated with the samples for 96-h 
and lysed in 1 × RIPA buffer (Tech & Innovation, Gangwon, Korea) 
supplemented with a proteinase inhibitor cocktail (Roche Diagnostics, 
Basel, Switzerland) to harvest whole-cell extracts. Extraction of proteins 
from cells in each sample suspension were measured using the Pierce 
BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). A 
same amount of protein mixture is separated using electrophoresis of 
15% sodium dodecyl sulfate–polyacrylamide gel and transferred onto 
polyvinylidene difluoride membranes. Next, the membranes were 
blocked with 5% skim milk in Tris-buffered saline (1 × ) at 4 ◦C over
night, and the separated proteins were identified by incubation with 
epitope-specific primary and secondary antibodies (Cell Signaling 
Technology, Danvers, MA, USA). The membranes were visualized using 
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher 
Scientific) and captured using a FUSION Solo Chemiluminescence Sys
tem (Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany). 

4.11. Proliferation assay of splenocytes isolated from cyclophosphamide- 
induce immunosuppressed mice 

Four six-week-old C57BL/6 mice were induced immunosuppression 
by injection of 100 mg/kg cyclophosphamide (Thermo Fisher Scientific) 
at the day 18 and 150 mg/kg cyclophosphamide at day 16 before sac
rifice. The spleens were harvested and washed with DPBS supplemented 
with 1% penicillin (Gibco BRL). Then, the spleens were homogenized 
and suspended in 10% FBS-supplemented (Atlas Biologicals) RPMI 
GlutaMAX medium (Gibco BRL), supplemented 100 Units/mL penicillin 
and 100 μg/mL streptomycin (Gibco BRL). Red blood cells were lysed 
with lysis buffer (Sigma-Aldrich). The cells were cultured with 95% 
relative humidity, 5% CO2, and 37 ◦C in an incubator. Splenocyte cells 
were plated on a 96 well-plate with the density of 4 × 105 cells/well and 
treated with different concentrations of the compounds for 72-h. Next, 
the cells were supplemented with 10% of the Ez-Cytox cell proliferation 

assay kit (Daeil Lab Service Co.) in culture medium for 1-h. Cell prolif
eration was evaluated by measuring the optical density of samples at 
450 nm using a microplate reader (PowerWave XS, Bio-Tek 
Instruments). 

4.12. Data analysis 

Cell experiments were conducted at least in triplicate. The results are 
presented as the means ± standard error of mean (SEM). The signifi
cance results of mean values were evaluated by one-way analysis of 
variance (ANOVA) and followed by a Tukey’s honestly significant dif
ference (HSD) test using R program (version 3.3.3). IC50 was evaluated 
by GraphPad Prism version 7.04. 
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