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E sophageal carcinoma is the sixth most common cause of
cancer-related deaths worldwide and is associated with a

Effective molecular target drugs that improve therapeutic efficacy with fewer
adverse effects for esophageal cancer are highly anticipated. Poly(ADP-ribose)
polymerase (PARP) inhibitors have been proposed as low-toxicity agents to treat
double strand break (DSB)-repair defective tumors. Several findings imply the
potential relevance of DSB repair defects in the tumorigenesis of esophageal
squamous cell carcinoma (ESCC). We evaluated the effect of a PARP Inhibitor
(AZD2281) on the TE-series ESCC cell lines. Of these eight cell lines, the clonogen-
ic survival of one (TE-6) was reduced by AZD2281 to the level of DSB repair-
defective Capan-1 and HCC1937 cells. AZD2281-induced DNA damage was implied
by increases in y-H2AX and cell cycle arrest at G2/M phase. The impairment of
DSB repair in TE-6 cells was suggested by a sustained increase in v-H2AX levels
and the tail moment calculated from a neutral comet assay after X-ray irradiation.
Because the formation of nuclear DSB repair protein foci was impaired in TE-6
cells, whole-exome sequencing of these cells was performed to explore the gene
mutations that might be responsible. A novel mutation in RNF8, an E3 ligase tar-
geting y-H2AX was identified. Consistent with this, polyubiquitination of y-H2AX
after irradiation was impaired in TE-6 cells. Thus, AZD2281 induced growth retar-
dation of the DSB repair-impaired TE-6 cells. Interestingly, a strong correlation
between basal expression levels of y-H2AX and sensitivity to AzD2281was
observed in the TE-series cells (R? = 0.5345). Because the assessment of basal DSB
status could serve as a biomarker for selecting PARP inhibitor-tractable tumors,
further investigation is warranted.

cause the formation of DNA double-strand breaks (DSB)
after the stalling and collapse of progressing DNA replication
folks.'” Though DSBs are repaired by the error-free homolo-

poor prognosis.” Surgical therapies of resectable esophageal
cancer exhibit a S-year survival rate ranging from 20% to
27%.%* Less invasive therapies that preserve the esophagus
have also been introduced. Endoscopic therapies, such as endo-
scopic mucosal resection (EMR) and endoscopic submucosal
dissection (ESD), have been adopted for early esophageal can-
cer and have achieved favorable outcomes, but postoperative
esophageal stricture frequently occurs after these treatments.
Furthermore, intensive follow-up is necessary to manage new
heterochronous lesions.®” Chemoradiotherapy (CRT), which
combines radiation, 5-fluorouracil (5-FU) and cisplatin
(CDDP), is a promising therapeutic alternative to esophagecto-
my with a survival rate equivalent to that of surgical thera-
pies.®? However, the acute and late adverse effects of
chemoradiotherapy, including pancytopenia and pneumonitis,
still require consideration. There is a demand for effective
molecular target drugs for esophageal cancer that combine an
improved therapeutic efficacy with fewer adverse effects.
Poly(ADP-ribose) polymerase (PARP) inhibitors induce the
accumulation of DNA single-strand breaks (SSB), which

Cancer Sci | February 2014 | vol. 105 | no.2 | 202-210

gous recombination repair (HRR) pathway in non-tumor cells,
they remain unrepaired and induce lethality in HRR-defective
tumor cells.""'® Based on this mechanism, PARP inhibitors
have been proposed as low toxicity agents for HRR-defective
tumors. BRCA1l and BRCA2 are key components of the
HRR machinery, and the abnormality of these genes is
known to cause sporadic and hereditary breast and ovarian
cancers."® Consistent with this, PARP inhibitors have been
developed for breast and ovarian cancers. In addition, an
increasing number of biomarker candidates that predict the
sensitivity of a tumor to PARP inhibitors have been
reported. 4719

Esophageal carcinoma is histologically classified into squa-
mous cell carcinoma (ESCC) and adenocarcinoma; the former
is common in East Asia. Although the direct relevance has
not been well investigated, several findings suggest that a
defect in the HRR pathway contributes to the twmorigenesis
of ESCC. The risk of esophageal and head and neck squa-
mous carcinoma is increased among Fanconi anemia (FA)

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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measured by the clonogenic assays.

patients whose HRR pathway was disturbed due to FA-predis-

‘posing gene alterations."**® In addition, recently reported
whole-exome sequencing data from 74 head and neck SCCs
revealed that more than half of SCC cases harbored mutations
in genes involved in DNA repair.*" Therefore, we assume
that some fraction of ESCCs harbor DSB repair defects and
might be favorable targets of PARP inhibitors. The aim of this
study was to examine the efficacy of a potent PARP-1 inhibi-
tor in a series of ESCC cell lines established from Japanese
patients.

Materials and Methods

Complete materials and methods were described in the supple-
mentary information (Data S1).
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Fig. 2. AZD2281-induced G2/M arrest in TE-6 cells. 3 &
(a) TE-6 and TE-1 cells were cultured with or *‘3
without AZD2281 for 24 h. DNA ploidy was 3

assessed by propidium iodide (Pl) staining and flow )
cytometry. (b) The proportion of estimated cell- T
cycle phases in TE-6 and TE-1 cells treated with or
without AZD2281. The data represent the average
of three independent experiments.
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Purchased materials, A PARP inhibitor, AZD2281 (Olaparib)
and BSI-201 (Iniparib) were purchased from Selleck Chemi-
cals (Houston, TX, USA). The TE-1, TE-4, TE-6, TE-8, TE-9,
TE-10, TE-11 and TE-14 cell lines were purchased from the
Riken BioResource Center (Tsukuba, Japan). The Capan-1,
HCC1937, MDA-MB-436 and MCF-7 cell lines were pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA, USA).

Clonogenic assays. A total of 500-2000 cells were cultured
with AZD2281- or vehicle-containing media. After
10-16 days, cells were fixed and stained with crystal violet.
Colonies consisting of more than 64 cells were subsequently
counted.

Immunoblotting analysis. The treated cell lysates were sepa-
rated by 15% SDS-PAGE and the blot was hybridized with the
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phospho-Histone H2A.X (Ser139) (20E3) rabbit monoclonal
antibody (1:1000; Cell Signaling Technology, Danvers, MA,
USA) and then with a HRP-conjugated secondary antibody
(1:50000; Santa Cruz Biotechnology, Dallas, TX, USA). Den-
sitometric analysis was performed with Image-J software
(http://imagej.nih.gov/ij/).

immunofluorescence analysis. To evaluate the formation of
DSBs, cells grown on 96-well plates were treated with an

©® 2013 The Authors, Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

at least 500 cells for each condition. **P < 0.01
(Student's t-test).

anti-y-H2AX rabbit monoclonal antibody (Cell Signaling Tech-
nology) followed by a goat anti-Mouse IgG (H + L) DyLight
549-conjugated secondary antibody (Thermo Scientific, Wal-
tham, MA, USA). y-H2AX was observed under an ArrayScan
HCS System (Thermo Scientific). To evaluate the formation of
53BP1 and RADS5! nuclear foci, cells grown on p-Dish® ™™
1% (ibidi) were treated with an anti-53BP1 rabbit polyclonal
antibody (Abcam, Cambridge, UK) or an anti-RADS1 rabbit

Cancer Sci | February 2014 | vol. 105 | no.2 | 204
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polyclonal antibody (Santa Cruz Biotechnology) followed by
an Alexa Flour 488 donkey anti-rabbit IgG (H + L) (Invitro-
gen, Carlsbad, CA, USA). These foci were observed under a
BIOREVO BZ-9000 microscope (Keyence, Osaka, Japan).

Neutral comet assays. Neutral comet assays were performed
using the CometAssay kit (Trevigen, Gaithersburg, MD, USA)
according to the manufacturer’s instructions.

Cell cycle analysis. The cells were fixed with 70% ethanol
and stained with propidium iodide. The DNA content of the
cells was evaluated using a FACS Cantoll flow cytometer and
FACS Diva software (BD, Franklin Lakes, NJ, USA).

Whole-exome sequencing. Targeted enrichment was per-
formed using the SureSelect Human All Exon 50 Mb Kit (Agi-
lent Technologies, Santa Clara, CA, USA) and sequenced using
Tllumina Genome Analyzer IIx (Illumina, San Diego, CA, USA).

Statistical analysis. Individual experiments were performed at
least in triplicate. The statistical significance of observed dif-
ferences was analyzed using Student’s t-test. One asterisk (*)
indicates a P-value smaller than 0.05. Two asterisks (**) indi-
cate a P-value smaller than 0.01.

Results

Sensitivity of TE series cell lines to AzZD2281. We tested the
sensitivity of the TE series of ESCC cell lines to AZD2281
using clonogenic assays. All of the cell lines were cultured
with various concentrations of AZD2281 for at least seven
doubling times (10-16 days), and the number of colonies
with more than 64 cells was counted. The concentrations of
AZD2281 that caused a 50% reduction in clonogenic survival
(ICsq) in the TE-6, TE-8, TE-10, TE-4, TE-11, TE-14, TE-9,
and TE-1 cells were 0.4, 1.5, 2.2, 2.5, 3.0, 3.5, 5.5 and
6.5 uM, respectively (Figs la—c, S1). The ICsy values for
HCC1937 and Capan-1 cells, which have deletions or muta-
tions in the BRCA genes and are reported to be sensitive to
PARP inhibitors,***® were 0.2 and 0.6 uM, respectively.
The ICsy values for MCF7 cells, which have wild-type
BRCA genes and are known to be resistant to PARP
inhibitors, was 8.0 pM. We further tested another PARP
inhibitor, BSI-201. The ICsq values for TE-6 and TE- 1 cells
were 9.6 and 22.0 uM, respectively (Fig. S2). Because
AZD2281 and BSI-201 suppressed the growth of the TE-6
cells as efficiently as it suppressed the growth of the BRCA-
deficient, PARP-inhibitor-sensitive cell lines and failed to
suppress the growth of the TE-1 cells; we designated TE-6
as a PARP inhibitor-sensitive ESCC cell line and TE-1 as a
PARP inhibitor-resistant cell line. We selected these cells for
further analyses.

AZD2281-induced G2/M arrest in TE-6 cells. To further study
the mechanism of growth retardation of TE-6 cells by
AZD2281, the status of the cell cycle in these cells was
assessed by analyzing the DNA ploidy pattern (Figs 2a,b, S3).
Treatment with 1 and 5 uM of AZD2281 for 12 h increased
the population with 4n DNA content from 36.7% to 40.7%
and 40.6%, respectively. Treatment for 24 h further increased
the population with 4n DNA content from 31.6% to 37.9%
and 46.3%, respectively. This suggested an increase in the G2
/M or M arrested population after AZD2281 treatment. On the
other hand, no significant increase of tetraploid cells was
observed in the TE-1 cells.

Increase of DSBs in TE-6 cells treated with AZD2281. To deter-
mine whether DSBs are formed after treatment with AZD2281
for 24 h, we assessed the amount of y-H2AX as a marker of
DSBs. Western blotting revealed that the level of y-H2AX
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Fig. 4. A strong correlation between base-level y-H2AX and sensitiv-
ity to AZD2281 of TE cells. (a) Eight non-treated TE-series cell lines
were subjected to Western biot analysis with antibodies against
v-H2AX and actin. (b) The correlation between basal y-H2AX expres-
sion levels and IC50 of AZD2281. The average intensity of y-H2AX was
standardized with actin. The data represent the averages and stan-
dard deviations of three independent experiments.

staining in TE-6 cells increased in a dose-dependent manner.
However, no such increase was observed in TE-1 cells
(Fig. 3a). The same trend was observed by immunofluores-
cence. Both the percentage of y-H2AX positive cells deter-
mined by visual inspection and the average fluorescence
intensity of y-H2AX staining per cell increased significantly in
a dose-dependent manner in TE-6 cells, but not in TE-1 cells,
suggesting that AZD?2281 induced an accumulation of DNA
damage in TE-6 cells (Fig. 3b—d).

A strong correlation between base-level y-H2AX and sensitivity
to AZD2281 of TE cells. The Western blotting and immunofluo-
rescence data also suggested that the baseline y-H2AX level
was higher in the AZD2281-sensitive TE-6 cells than in the
resistant TE-1 cells (Fig. 3a). Because the increased amount
of v-H2AX may suggest the accumulation of DSBs, we eval-
uated the correlation between the basal expression levels of
v-H2AX and sensitivity to AZD2281 among the eight TE cell
lines. A significant correlation between the basal levels of
v-H2AX and the ICsq of AZD2281 was observed
(R* = 0.5345) (Fig. 4a,b).

Sustained X-ray irradiation-induced DSBs in TE-6 cells. To
assess whether the impairment of DSB repair is relevant to the
sensitivity of TE-series cells to AZD2281, we evaluated X-ray

Table 1. Tail moment of the X-ray-irradiated TE-6 and TE-1 cells

Time after irradiation

Oh 15 min 2h 6 h
TE-6 2.43 + 3.19 5.27 +=4.35 9.78 + 6.27 13.7 + 8.20
TE-1 3.69 + 4.14 5.56 + 3.97 5.20 + 4.22 3.20 = 4.71

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 5. Sustained X-ray irradiation-induced double
strand breaks (DSBs) in TE-6 cells. (a) TE-6 and TE-1
cells were irradiated with 2 Gy X-ray. Cells were
stained with anti-y-H2AX antibody 15 min, 2and 6 h
after irradiation. (b) Percentages of y-H2AX-positive
cells. The data represent the average and
standard deviations of three independent experi-
ments. *P < 0.05, **P < 0.01 (Student's t-test).
(c) Representative neutral comet assay results of TE-6
and TE-1 cells treated with or without 5 Gy of X-ray
irradiation. {(d) Scatter diagrams show the tail
moment of individual TE-6 and TE-1 cells treated
with or without 5 Gy of X-ray irradiation. The lines
shown indicate the averages of the data plotted. The
data were obtained from at least 100 cells for each
condition. *P < 0.01 (Student's t-test).
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Table 2. The number of nuclear foci of the DNA repair proteins
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53BP1 Rad51
X-Ray (Gy)
0 0 10
Time - 15 min 2h - 2h
TE-6 0.55 + 1.44 0.94 + 1.12 1,48 + 1.20 0.67 + 2.20 2.25 + 3,20
TE-1 1.09 + 1.58 2.48 + 2,44 4,86 + 3.23 1.11 £ 1.50 3.65 + 3.59

irradiation-induced DNA DSBs in these cells. First, the amount
of y-H2AX was assessed by immunfluorescence. As mentioned
above, the y-H2AX level of TE-6 cells was high at baseline
and increased 15 min after irradiation and sustained for 6 h. In
TE-1 cells, increase of y-H2AX level was observed 2 h after
irradiation, but declined after 6 h (Fig. 5a,b). Next, a neutral
comet assay was performed to assess DNA damage. This assay
detects a wide range of DNA lesions, including DSBs; the tail
moment parameter is used as an index of DNA damage. We
found a sustained increase in the tail moment of TE-6 cells
(irradiation [-]; 243 + 3.19, 15 min; 5.27 + 4.35 2 h;
9.78 £+ 6.27, 6 h; 13.71 & 8.20), while in TE-1 cells, the tail
moment transiently increased at 2 h after 5 Gy X-ray irradia-
tion and then returned to the basal level at 6 h (irradiation [-];
3.69 & 4.14, 15 min; 5.56 £3.97 2h; 520=+422, 6h;
3.20 + 4.71) (Fig. S5c,d, Table 1). These results suggested that
the X-ray irradiation-induced DNA damage was properly
repaired in the TE-1 cells but was sustained in the TE-6 cells.

Impairment of DSB repair protein nuclear foci formation in
X-ray irradiated TE-6 cells. Because the TE-6 cells were found
to be defective in DSB repair, we assessed the amount of
BRCA1/2 expression in TE-series cells by Western blotting
(Fig. S4a,b). However, no significant difference in the expres-
sion of BRCA1/2 in TE-6 and TE-1 cells was observed. To
confirm the impairment of DNA repair machinery of TE-6
cells, we evaluated the nuclear focus formation of 53BPI,
which is recruited to the y-H2AX sites at an early stage in
DSB repair, and RADS51, which is recruited at a late stage in
DSB repair.** 2% The baseline expression levels of 53BP1 and
RADS51 were higher in the TE-6 cells (Fig. S5). However,
increase of the number of 53BP1 nuclear foci per cell was
much less in the TE-6 cells (irradiation [-]; 0.55 4+ 1.44,
15 min; 0.94 &= 1.12 2 h; 1.48 4 1.20), whereas 53BP1 foci
were increased in the TE-1 cells (irradiation [-]; 1.09 & 1.58,
15 min; 2.48 & 2.44 2 h; 4.86 + 3.23) (Fig. 6a,b, Table 2).
Similarly, 6 h after 10 Gy X-ray irradiation, the number of
RADS51 foci per cell was significantly increased in the TE-1
cells (irradiation [-]; 1.11 4 1.50, 6 h; 3.65 + 3.59), whereas
the increase in RADS1 foci was not significant in the TE-6 cells
(irradiation [-]; 0.67 & 2.20, 2 h; 2.25 £ 3.20) (Fig. 6¢.d,
Table 2). These results suggested that the interaction between 7v-
H2AX and 53BP1 and the subsequent recruitment of RADS1
were impaired in TE-6 cells.

A novel mutation in the RNF8 gene, and the reduced ability of
TE-6 cells to polyubiquitinate y-H2AX. To identify the molecular
mechanism underlying the impaired DNA repair in TE-6 cells,
we performed whole-exome sequencing of TE-6 and TE-1
cells and selected the DNA repair-related genes that were
mutated in the genomic DNA of TE-6 cells but not TE-1 cells.
In total, 16 722 and 16 543 single nucleotide variants (SNV)
were identified from the exomes of TE-1 and TE-6 cells,
respectively (Tables S1 and S$2). Another 260 and 240 indels
were identified from TE-1 and TE-6 cells, respectively. To
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reduce the probable germline variants, the single nucleotide
polymorphisms (SNPs) that were registered in the dbSNP and
in-house Japanese SNP databases were eliminated. Finaly, 606
SNVs and 118 indels were exclusively identified in the TE-6
cells. Among these mutations were hits in six genes (listed in
Table 3) that are related to DNA repair. We further evaluated
the impact of amino acid substitutions using the Polyphen2
prediction program; we focused in particular on the T448M
missense mutation of RNES, which is an E3-ligase polyubiqui-
tylating v-H2AX. The T448M mutation was close to the RING
domain (Fig. 7a). To assess the ubiquitylation status of
v-H2AX, we examined X-ray-irradiated TE-6 and TE-1 cells
by Western blotting (Fig. 7b). In the TE-1 cells, the levels of
mono- and di-ubiquitinated y-H2AX were increased at 2 h
after irradiation and decreased at 6 h after irradiation. Mean-
while, no significant increase in ubiquitination was observed in
the TE-6 cells (Fig. 7b-d).

Discussion

To date, the anti-tumor effects of PARP inhibitors to ESCC
have not been evaluated both in vitro and in vive. In this
study, we identified TE-6 cells as AZD2281-sensitive cell line
for the first time. The following findings support the idea that
the PARP inhibitor induced growth retardation in the DSB
repair-impaired background of TE-6 cells: (i) AZD2281
induced the accumulation of DNA damage, as evaluated by
y-H2AX expression levels. (ii) AZD2281 induced the accumu-
lation of a tetraploid cell population in a time-dependent
manner, consistent with previous reports that cells with accu-
mulated unrepaired DSBs caused in every S-phase are arrested
at G2/M boundary.®” (iii) Sustained damage to DNA, the
attenuated ubiquitination of y-H2AX and a defect in DSB
repair nuclear foci formation under X-ray irradiation suggest
that TE-6 cells have an impaired DNA repair ability.

Several genomic biomarkers that predict the efficacy of
PARP inhibitors have been identified. Though the presence or
absence of BRCAI and BRCAZ alterations most strikingly dis-
tinguishes the PARP inhibitor-sensitive cells and patients, no
pathogenetic mutations in either gene were identified in the
TE-6 cells (Table S1). Consistent with this, expression of
BRCA1 and BRCA 2 proteins were not reduced in TE-6 cells
(Fig. S3a,b). The alteration of other genes, such as 53BPI,
RADS51, PTEN and USP11, also reportedly affects the sensitiv-
ity to PARP inhibitors."8%-32 To identify the genomic events
corresponding to the AZD2281 sensitivity of TE-6 cells, we
performed whole-exome sequencing. Because a paired non-
tumor genome is not available for the TE-series cells, we sub-
tracted previously identified germline variants from our set of
total SNVs and indels to enrich for potential somatic muta-
tions. Among the remaining mutations, we focused on those
located in the genes encoding DNA repair-related proteins and
identified a novel mutation of RNF8. RNFS8 is an E3-ligase

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of lapanese Cancer Association.
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rays and fixed 15 min and 2 h after irradiation. The formation of 53BP1 nuclear foci was evaluated by immunofluorescence. (b) Scatter diagrams show-

ing the number of 53BP1 foci in individual cells. The lines shown indicate the mean of the data plotted. The data were obtained from at least 100 cells

for each condition. *P < 0.05, **P < 0.01 (Student's t-test). (¢} TE-6 and TE-1 cells were irradiated with 10 Gy of X-rays and fixed 6 h after irradiation. The

formation of RADS1 nuclear foci was evaluated by immunofluorescence. (d) Scatter diagrams showing the number of RADS1 foci in individual cells. The
lines shown indicate the mean of the data plotted. The data were obtained from at least 100 cells for each condition. **P < 0.01 (Student’s t-test).

Table 3. Mutations in the DNA
identified in the exome of TE-6 cells

repair-related genes uniquely  genomic instability and a remarkably elevated tumor incidence
compared to p53~'~ mice,®® that the knockdown of RNF8
sensitized cells to ionizing radiation, and that disruption of the
RING domains of RNF8 impaired DSB-associated ubiquityla-

tion and inhibited retention of 53BP1 and BRCAL1 at the DSBs

Novel mutations of DNA repair involved genes of TE-6

Variant Amino

Gene chr. Position frequency  acid Poly!?hénz sites.fm The PolyPhen-2 program pr;dicts a probable deleteri-

change %) aiteration prediction  ous impact of the T448M substitution on the structure and

function of RNF8. Although the effect of the T448M mutation

RNF8 6 37349032 T 100 T448M  Probably on the polyubiquitination ability of RNF8 has not yet been

damaging  confirmed, the observation that the increase in ubiquitination

CHAF1A 19 4429530 G>A 87 R567Q  Probably after X-ray irradiation in the TE-6 cells was less than that of

damaging  the TE-1 cells suggests that RNF8 is impaired in the TE-6

CEP164 11 117222670 A>G 88.9 D120G  Probably cells. We hypothesized that this mutation might affect the

damaging  polyubiquitination ability of RNF8 and, as a result, contribute

CLSPN 1 36217027 T 19.4 A618T  Benign to the DSB repair defect to some extent. The impact of the

POLK 5 74865291  A>G 55 1128V Benign mutation or loss of RNF8 to PARP inhibitor sensitivity has to
ATRX X 76952184  G>A 100 S84L Benign be further evaluated.

Whether RNFS is the only factor contributing to TE-6 sensi-
tivity should be carefully considered. The anti-tumor effect of
PARP inhibitors is obviously determined by the BRCA1 or
BRCA2 status in ovarian and breast cancers.®” Meanwhile,

targeting y-H2AX that accumulates at DNA DSBs and recruits
repair proteins, including 53BP1 and RADS1.%%3% 1t was

reported that RNF8™'~ p53™'~ mice had increased levels of

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

the sensitivity of the TE-series cells to AZD2281 is altered by

Cancer Sci | February 2014 | vol. 105 | no.2 | 208



www.wileyonlinelibrary.com/journal/cas

Original Article
Nasuno et al.

(c)
(a) RING —
domain ®
RNF8| é’é
Aming ~ N W ]
acids FIE .‘>:
t 0
B >
T448M =
No No
(b) TE-6 TE1 ir 2R 6h 5 2h Bh
Tme MO onen N 2n6h (g TES TE-1
Di Ubi @ —=
Mono Ubi | {
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the reduced ability of TE-6 cells to polyubiquitinate
v-H2AX. (a) The structure of RNF8 protein and a
newly identified T448M amino acid-substitution
mutation. (b) Western blot analysis of y-H2Ax in TE-
6 and TE-1 cells treated with 2 Gy of X-rays. (c) The
proportion of diubiquitinated y-H2Ax standardized
to non-ubiquitinated y-H2Ax. The data represent
the averages and standard deviations of three
independent experiments. (d) The proportion of
monoubiquitinated y-H2Ax standardized to non-
ubiquitinated y-H2Ax. The data represent the
averages and standard deviations of three inde-
pendent experiments.

gradation and most cells exhibited intermediate sensitivity. It
may suggest that the AZD2281 sensitivity was regulated by
multiple molecular mechanisms in each cell line rather than a
single molecule. This multiplicity might make it difficult to
identify the distinctive genomic biomarkers of PARP inhibitor
sensitivity in ESCC.

We noticed a strong correlation between AZD2281 sensitiv-
ity and y-H2Ax levels in the cells without treatment; this
effect might represent the extent of baseline DNA damage.
Double strand breaks regularly occur in proliferating cells
because topoisomerases bind to DNA and cut the phosphate
backbone of the DNA during DNA replication. Though these
DSBs are properly repaired in non-tumor cells, it is plausible
that unrepaired DNA remains in tumor cells with impaired
DSB repair, such as the TE-6 cells. Once a correlation
between the baseline level of y-H2Ax expression and DSB
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From a MeOH extract of powdered roots of Wikstroemia indica, six dibenzyl-p-butyrolactone-type lignans with (2,3S)-absolute configuration [(+)-arctigenin
(1), (+)-matairesinol (2), (+)-trachelogenin (3), (+)-nortrachelogenin (4), (+)-hinokinin (5), and (+)-kusunokinin (6)] were isolated, whereas three
dibenzyl-y~butyrolactone-type lignans with (2R,3R)-absolute configuration [(—)-arctigenin (1*), (~)-matairesinol (2*), (—)-trachelogenin (3*)] were isolated
from Trachelospermum asiaticum. The in vitro preferential cytotoxic activity of the nine compounds was evaluated against human pancreatic PANC-1 cancer
cells in nutrient-deprived medium (NDM), but none of the six lignans (1-6) with (25,3S)-absolute configuration showed preferential cytotoxicity. On the other
hand, three lignans (1*-3*) with (2R,3R)-absolute configuration exhibited preferential cytotoxicity in a concentration-dependent manner with PCs, values of
0.54, 6.82, and 5.85 uM, respectively. Furthermore, the effect of (~)- and (+)-arctigenin was evaluated against the activation of Akt, which is a key process
in the tolerance to nutrition starvation. Interestingly, only (—)-arctigenin (1*) strongly suppressed the activation of Akt. These results indicate that the
(2R,3R)-absolute configuration of (—)-enantiomers should be required for the preferential cytotoxicity through the inhibition of Akt activation.

Keywords: Preferential cytotoxicity, Wikstroemia indica, Human pancreatic PANC-1 cell line, (2R,3R)-Absolute configuration.

Pancreatic cancer is the most aggressive form of cancer and has an
exceptionally high global mortality rate, with an estimated 267,000
deaths worldwide in 2008. It ranks 8th or 9th as the most frequent
cause of cancer death worldwide and is the 4th or 5th most frequent
cause of cancer death in most developed countries, including the
United States, Europe, and Japan. Moreover, it has been estimated
that the number of deaths from pancreatic cancer will reach 484,000
by 2030 [1]. As cancers increase in size, their immediate
environment often becomes heterogeneous and some regions of
large cancers often possess microenvironmental niches, which
exhibit a significant gradient of critical metabolites including
oxygen, glucose, other nutrients, and growth factors [2]. Thus,
angiogenesis is regarded as the key step in tumor progression, and
antiangiogenesis is the most promising cancer therapy, and
extensive studies have been conducted to prevent tumor
angiogenesis. However, pancreatic cancer survives with an
extremely poor blood supply and becomes more malignant [3]. It is
also largely resistant to most known chemotherapeutic agents,
including 5-fluorouracil, Taxol®, doxorubicin, cisplatin, and
camptothecin [4]. Therefore, effective chemotherapeutic agents that
target pancreatic cancer are urgently needed. Human pancreatic
cancer cells show a remarkable tolerance to extreme nutrient
starvation [5], enabling them to survive under hypovascular
conditions. Therefore, it has been hypothesized that eliminating the
tolerance of cancer cells to nutrition starvation may allow a novel
biochemical approach, known as “anti-austerity”, for cancer therapy
[6,7]. Considering this hypothesis, we searched for anti-austerity
agents in medicinal plants using the human pancreatic cancer cell
line PANC-1 and identified (-)-arctigenin as an active constituent
of Arctium loppa [8].

In a continuing study, we examined the preferential cytotoxicity of
arctigenin-related compounds and the following structural moieties
could be concluded to be important for the preferential cytotoxicity
of arctigenin: 1) the 3-hydroxy-4-methoxyphenyl group at the
2-position on the pbutyrolactone ring, 2) the less polar
substituent at the 3-position on the y-butyrolactone ring, and 3) the
y-butyrolactone ring [9]. On the other hand, it is well known that the
chirality is important for pharmacological activity and/or toxicity
[10,11]. In order to clarify the effect of the absolute configuration,
we examined the preferential cytotoxicity of (+)-arctigenin
derivatives.

(+)-Arctigenin  derivatives are reported to be contained in
Wikstroemia indica C.A.Mey (Thymelaeaceae) [10]. Thus, a dry
CHCl; extract from powdered roots of W. indica was separated by
MPLC, followed by purification by preparative TLC, to give six
(+)-enantiomers of arctigenin (1) [10], matairesinol (2) [13],
trachelogenin (3) [14], nortrachelogenin (4) [15], hinokinin
(5) [16], and kusunokinin (6) {13], which have the 25,3S absolute
configuration (Figure 1). In the separation procedure, we also
obtained a new guaian-type sesquiterpene (4,10,11-guaiatrien-3-
one-14-oic acid) and eight known compounds: oleodaphnal,
la,7a,10aH-guaia-4,11-dien-3-one, 7-methoxycoumarin, 7-
hydroxycoumarin  (umbelliferone), daphnogitin, daphnoretin,
salicifoliol, and (—)-pinoresinol [17].

Among the seven arctigenin derivatives, on the other hand,
(-)-enantiomers of arctigenin (1*) [9], matairesinol (2%) [9], and
trachelogenin (3*) [18] were isolated from a CHCIl; extract of the
powdered stems of Trachelospermum  asiaticum  Nakai
(Apocynaceae).
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Figure 1. Dibenzyl-pbutyrolactone-type lignans isolated from W. indica (1-6) and
T. asiaticum (1*-3%),

3*:R'=0H, R2=Me

Then, we evaluated the in vitro preferential cytotoxic activity of all
of the isolated compounds against human pancreatic cancer PANC-
1 cells in nutrient-deprived medium (NDM) (Figure 2). The PANC-
1 cell line is highly resistant to nutrient starvation, and can survive
in NDM even after 48 h of starvation [6-8]. This tolerance to
nutrient starvation was reported to be eliminated by (-)-arctigenin
and (-)-matairesinol [8,9]. As reported, (-)-enantiomers [(-)-
arctigenin (1%), (—)-matairesinol (2*), and (-)-trachelogenin (3*)],
which have the (2R,3R)-absolute configuration, exhibited
preferential cytotoxicity in a concentration-dependent manner with
PCs values of 0.54, 6.82, and 5.85 M, respectively. However, the
corresponding (+)-enantiomers [(+)-arctigenin (1), (+)-matairesinol
(2), and (+)-trachelogenin (3)], which have the (25,3S)-absolute
configuration, showed no cytotoxicity both in NDM and in nutrient-
rich medium (DMEM). Likewise, other (+)-enantiomers [(+)-
nortrachelogenin (4), (+)-hinokinin (5), and (+)-kusunokinin (6)]
having the 25,3§ absolute configuration also exhibited no
cytotoxicity. Thus, the (2R,3R)-absolute configuration of (-)-
enantiomers should be important for the preferential cytotoxicity.
Likewise, none of the other isolated constituents revealed
preferential cytotoxicity.

1) )
2 ki
>
8 _ i 8 0l B B
= 25 50 100 = 1 10 50 100
Cone. (uM) Conc. (uM)
2)
; £
= 25 50 100 = 1 10 50 100
Cone. (M) Conc. (uM)
3) 3%) 150
£ £
C kS
£ 75
:
) . : ; ] 23
= 25 50 100 ® 1 10 50 100
Conc. (uM) Conc. (uM)

Figure 2: Effects of both enantiomers of arctigenin, matairesinol, and trachelogenin on
cell survival in the PANC-1 cell line under either DMEM ( @) or NDM @) condition.
Data, mean from triplicate experiments. The cell number at the start of the starvation
was considered to be 100%. The numbers 1-3 and 1*—3* mean the compound number.

We then performed Western blot analysis to see the effect of a
(+)- and (—)-arctigenin against the activation of protein kinase B
(PKB)/Akt, a key pathway involved in the cell survival mechanism
in an austerity environment [5-7].

The serine/threonine kinase PKB/Akt is constitutively activated
in a majority of human pancreatic cancer cell lines [19]. High
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Figure 3: Effect of arctigenin enantiomers against the activation of Akt in DMEM and
NDM conditions. A) Representative Western blot showing phospho-Akt (Ser437) and
total Akt. B) Phospho-Akt (Ser437) expression in DMEM and NDM conditions. C)
Concentration dependent inhibition of phospho-Akt (Ser437) by the enantiomers of
arctigenin in NDM. Data represent the mean of three Western blot experiments. Signal
intensities (pixel x 10*) were calculated using ImageJ software (NIH). *#: significantly
different (p < 0.01) from either DMEM or control in NDM, respectively.

expression of phospho-Akt (Ser437) has been observed in PANC-1
cells exposed to nutrient starvation conditions, which is associated
with the tolerance to nutrient deprivation, hypoxic, and other stress
states [5). Therefore, increased phospho-Akt (Ser437) expression is
one of the austerity markers, and its inhibition is in part responsible
for their preferential cytotoxicity during nutrient deprivation by
antiausterity agents [8]. Therefore, we examined the effect of both
(+)- and (—)-arctigenin enantiomers against the activation of Akt in
DMEM and in NDM. As shown in Figure 3, there was an
approximately 1.5-fold increment of phospho-Akt (Ser437) in
PANC-1 cells in NDM compared with PANC-1 cells in DMEM at
120 min of exposure. However, this effect was significantly
diminished by (—)-arctigenin (1*) in a concentration-dependent
manner. On the other hand, the effect of (+)-arctigenin (1) was too
weak. These results clearly suggest that inhibition of Akt activation
by (—)-arctigenin (1*) is responsible for the preferential death of
PANC-1 cells in NDM. (+)-Arctigenin (1), which showed a weak
inhibition of phospho-Akt (Ser437) expression, exhibited only a
weak preferential cytotoxicity in NDM. These results strongly
support the strict requirement of the (2R,3R)-absolute configuration
in (-)-arctigenin (1*) and its derivative for the preferential
cytotoxicity through the inhibition of Akt activation.

Experimental

General: Optical rotations were recorded on a JASCO DIP-140
digital polarimeter. IR spectra were measured with a Shimadzu IR-
408 spectrophotometer in CHCl; solution. NMR spectra were
recorded on a JEOL JNM-LA400 spectrometer with
tetramethylsilane (TMS) as internal standard. HR-EI-MS were
obtained on a JEOL JMS-700T mass spectrometer. Medium-
pressure liquid chromatography (MPLC) was performed with a
Btichi pump module C-650 system. CC was performed with silica
gel (60N, spherical, neutral, 40-50 pm, Kanto Chemical Co., Inc.)
or reversed-phase silica gel (Cosmosil 75C;5-OPN, Nakalai Tesque,
Inc.). Analytical and preparative TLC was conducted on either
precoated silica gel 60F,s, or RP-18F,s, plates (Merck, 0.25 or 0.50
mm thickness).

Plant  material: Roots of Wiksiroemia indica C.AMey
(Thymelaeaceae) (Lot. No. 090401) were purchased from Anhui
Wansheng Chinese Traditional Medicine Electuary Co., Ltd.,
Anhui, China in April, 2009. Stems of Trachelospermum asiaticum
Nakai (Apocynaceae) were collected at Toyama, Japan on February,
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2009 and authenticated by Mr Hiroharu Fujino (Faculty of
Pharmaceutical Sciences, University of Toyama).

Isolation procedure from Wikstroemia indica: The powdered
roots of W. indica (1 kg) were extracted with MeOH 3 x6 L, 1 h
each) under sonication; the mixture was filtered and the filtrate
evaporated under reduced pressure to give the MeOH extract
(76.4 g). Part of this (25 g) was separated by MPLC on a silica gel
column (40-50 pm, 3 x 15 cm, precolumn 3 x 7 cm, flow rate 20
ml/min) eluted using a step gradient of MeOH-CHCI; and the
eluates were combined to 6 fractions based on their behavior on
TLC (fr. 1: 5% MeOH-CHCls, 730 mg; fr. 2: 10% MeOH-CHCl;,
430 mg; fr. 3: 15% MeOH-CHCl,;, 1.54 g; fr. 4. 20% MeOH-
CHCL;, 1.99 g; fr. 5: 25% MeOH-CHCl;, 1.71 g; fr. 6: 30%
MeOH-CHCl;, 2.64 g). Fraction 2 was separated by reversed-phase
preparative TLC with 50% MeOH-H,0 to give 5 [16] (2.2 mg),
oleodaphnal [20] (2.3 mg), and daphnoretin [21,22] (46.9 mg).
Fraction 3 was separated by reversed-phase preparative TLC with
30% MeOH-H,0 to give 2 [13] (3.6 mg), 6 [13] (6.2 mg),
le,7a,10aH-guaia-4,11-dien-3-one {23] (8.1 mg), 7-methoxy-
coumarin [24] (3.0 mg), daphnogitin [21,25] (17.8 mg), salicifoliol
[26] (5.1 mg), and (—)-pinoresinol [27,28] (4.5 mg). Fraction 4 was
separated by reversed-phase preparative TLC with 30% MeOH-
H,0 to give 1 (3.3 mg), 3 (8.6 mg), 4 (437 mg), 4,10,11-guaiatrien-
3-one-14-0ic acid [17] (25 mg), and 7-hydroxycoumarin
(umbelliferone) [29,21] (2.9 mg).

Isolation procedure from Trachelospermum asiaticam: The
powdered stems of 7. asiaticum (3.1 kg) were extracted with CHCl;
(2 x 10 L, 1 h each) under sonication; the mixture was filtered and
the filtrate evaporated under reduced pressure to give a CHCI;
extract (73.6 g). Part of this (12.5 g) was separated by CC
on silica gel with a AcOEt: n-hexane solvent system and the
eluates were combined to 13 fractions based on their behavior
on TLC (fr. 1: 20% AcOEt-n-hexane, 99.6 mg; fr. 2: 25% AcOEt—
n-hexane, 594 mg; fr. 3: 45% AcOEt-n-hexane, 1.66 g; fr. 4. 50%
AcOEt-n-hexane, 193 mg; fr. 5: 60% AcOEt-n-hexane, 341 mg;
fr. 6: 65% AcOEt-n-hexane, 215 mg; fr. 7: 70% AcOEt-n-hexane,
180 mg; fr. 8: 75% AcOEt-»-hexane, 240 mg; fr. 9. 80% AcOEt-
n-hexane, 237 mg; fr. 10: 85% AcOEt-n-hexane, 300 mg; fr. 11:
90% AcOEt-n-hexane, 212 mg; fr. 12: 95% AcOEt-»-hexane, 830
mg; fr. 13: AcOEt eluate, 191 mg). Fraction 12 was separated by
preparative TLC with 5% acetone~CHCl; to give 1* [9] (24.6 mg),
2% 9] (6.5 mg), and 3* [18] (22.5 mg).

Cells and culture: Human pancreatic cancer PANC-1 cell line was
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Nissui Pharmaceutical Co., Ltd.) supplemented with 10% fetal
bovine serum (FBS, Gibco BRL Products, Gaithersburg, MD,
USA), and 1% antibiotic—antimycotic solution (Sigma-Aldrich
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Inc.). Nutrient deprived medium (NDM) contained 265 mg/L
CaCl,-2H,0, 0.1 mg/L Fe(NO;)-9H,0, 400 mg/L KCl, 200 mg/L
MgS0, 7H,0, 6400 mg/L NaCl, 700 mg/L NaHCO;, 125 mg/L
NaH,PO,, 15 mg/L phenol red, 1 M HEPES buffer (pH 7.4, Wako
Pure Chemical Industries, Ltd., Osaka, Japan), and 10 mL MEM
vitamin solution (Life Technologies, Inc., Rockville, MD, USA).
The final pH was adjusted to 7.4 with 10% NaHCOs. For amino
acid supplementation, stock solutions (200 mM L-glutamine
solution, MEM amino acids solution, and MEM nonessential amino
acids solution; Life Technologies) were added at a concentration of
1%.

Preferential cytotoxicity: Preferential cytotoxicity was determined
as previously described [8] In brief, PANC-1 cells (2 x 10*
cells/well) were seeded in 96-well plates (Comning Inc., Corning,
NY, USA) and incubated in fresh DMEM at 37°C under 5% CO,
and 95% air for 24 h. The cells were washed with Dulbecco’s
phosphate-buffered saline (PBS, Nissui Pharmaceutical Co., Ltd.,
Tokyo, Japan) before the medium was replaced with either DMEM
or NDM containing serial dilutions of the test samples. After 24 h
of incubation, the cells were washed with PBS, and 100 zL of
DMEM containing 10% WST-8 cell counting kit solution (Dojindo,
Kumamoto, Japan) was added to the wells. After 3 h of incubation,
the absorbance was measured at 450 nm. Cell viability was
calculated from the mean values for 3 wells using the following
equation: Cell viability (%) = [(AbS(w“ samples) Abs(blank))/(AbS(comml)
~ AbSgianiy)] % 100. The preferential cytotoxicity was expressed as
the concentration at which 50% of cells died preferentially in NDM
(PCsp).

Western blot analysis: The proteins were separated by gel
electrophoresis on a polyacrylamide gel containing 0.1% SDS and
then transferred to nitrocellulose membranes. The membranes were
blocked with PBS containing 5%, w/v, skim milk, washed with PBS
containing 0.3% Tween 20 (Sigma), then incubated overnight at
room temperature with Akt antibody and the phosphospecific
(Ser437) Akt antibody (New England Biolabs, Ipswich, MA)
diluted with PBS. After washing, the membranes were incubated for
2 h at room temperature with horseradish peroxidase-conjugated
goat anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) as
the second antibody. The bands were detected with an enhanced
chemiluminescence system (Amersham Biosciences UK Ltd,,
Buckinghamshire, United Kingdom). Quantitative analysis of
Western blot was carried out with ImageJ software (NIH).
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Abstract

Arctigenin, a lignan-derived compound, is a constituent of the seeds of Arctium lappa. Arctigenin was previously shown to
inhibit osteoclastogenesis; however, this inhibitory mechanism has yet to be elucidated. Here, we showed that arctigenin
inhibited the action of nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), a key transcription factor for
osteoclastogenesis. NFATc1 in osteoclast precursors was activated through twao distinct pathways: the calcineurin-
dependent and osteoblastic cell-dependent pathways. Among the several lignan-derived compounds examined, arctigenin
most strongly inhibited receptor activator of nuclear factor kB ligand (RANKL)-induced osteoclast-like cell formation in
mouse bone marrow macrophage (BMM) cultures, in which the calcineurin-dependent NFATc1 pathway was activated,
Arctigenin suppressed neither the activation of nuclear factor kB and mitogen-activated protein kinases nor the up-
regulation of c-Fos expression in BMMs treated with RANKL. However, arctigenin suppressed RANKL-induced NFATc1
expression. Interestingly, the treatment of osteoclast-like cells with arctigenin converted NFATc1 into a lower molecular
weight species, which was translocated into the nucleus even in the absence of RANKL. Nevertheless, arctigenin as well as
cyclosporin A (CsA), a calcineurin inhibitor, suppressed the NFAT-luciferase reporter activity induced by ionomycin and
phorbol 12-myristate 13-acetate in BMMs. Chromatin immunoprecipitation analysis confirmed that arctigenin inhibited the
recruitment of NFATc1 to the promoter region of the NFATc1 target gene. Arctigenin, but not CsA suppressed osteoclast-
like cell formation in co-cultures of osteoblastic cells and bone marrow cells, in which the osteoblastic cell-dependent
NFATc1 pathway was activated. The forced expression of constitutively active NFATc1 rescued osteoclastogenesis in BMM
cultures treated with CsA, but not that treated with arctigenin. Arctigenin also suppressed the pit-forming activity of
osteoclast-like cells cultured on dentin slices. These results suggest that arctigenin induces a dominant negative species of
NFATc1, which inhibits osteoclast differentiation and function by suppressing both calcineurin-dependent and osteoblastic
cell-dependent NFATc1 pathways.
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Introduction

Arctigenin, a lignan-derived compound, is one of the constit-
uents of the seeds of Arctium lappa. Arctigenin is a biologically active
lignan with anti-tumor, anti-inflammatory, anti-oxidant, anti-
proliferative, and anti-diabetic activities. Arctigenin was shown to
block the activation of Akt signaling induced by glucose starvation
in pancreatic tumors [1,2]. Arctigenin also exhibited anti-
inflammatory properties against lipopolysaccharide in a macro-
phage cell line by suppressing inducible nitric oxide synthase
expression and mitogen-activated protein (MAP) kinase signals
{3,4]. Arctigenin was recently shown to inhibit osteoclast
formation in mouse bone marrow macrophage (BMM) cultures
[5]. However, the precise mechanism by which arctigenin inhibits
osteoclast development remains to be determined.

Osteoclasts are bone-resorbing multinucleated cells formed from
monocyte/macrophage-lineage precursors [6,7]. Osteoblastic cells
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such as immature osteoblast-lineage cells, osteoblasts, and osteocytes
regulate the differentiation of osteoclast precursors into osteoclasts.
Osteoblastic cells express two cytokines that are responsible for
osteoclastogenesis: macrophage colony-stimulating factor (M-CSF,
also called colony-stimulating factor 1) and receptor activator of
nuclear factor xB ligand (RANKL) [8-12]. Osteoclast precursors
have been shown to express c-Fms (the receptor of M-CSF) and
RANK (the receptor of RANKIL) and differentiate into osteoclasts
in the presence of M-CSF and RANKL [13,14]. Osteoblastic cells
also express osteoprotegerin (OPG), a decoy receptor of RANKL.
OPG inhibits osteoclast differentiation by suppressing the interac-
tion between RANKL and RANK. Osteoclasts also express RANK,
and the RANKL-RANK interaction was shown to induce the bone-
resorbing activity of osteoclasts {6,7].

A previous study showed that bone-resorption stimulating
factors such as lo,25-dihydroxyvitamin Ds [1a,25(OH)Ds],
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parathyroid hormone, and prostaglandin Eq (PGE,) enhanced the
expression of RANKL in osteoblastic cells [7]. RANKL activates
RANK:-mediated signaling, including MAP kinases, nuclear factor
kB (NF-xB), c-Fos, and nuclear factor of activated T-cells,
cytoplasmic 1 (NFATcl). These RANK-mediated signals induce
the expression of osteoclast-related genes such as tartrate-resistant
acid phosphatase (TRAP, coded by A¢p5), cathepsin K (Citsk),
osteoclast-associated receptor (Oscar), and NMatc] itself [15-17].

NFATcl was identified as a key transcription factor for
osteoclastogenesis  [15,18]. The Ca® oscillation/calcineurin-
dependent activation and amplification of NFATcl in osteoclast
precursors are essential for their differentiation into osteoclasts.
RANKL induces Ca®* oscillations in osteoclast precursors, and
these oscillations activate calcineurin, a Ca?*-dependent phospha-
tase. Activated calcineurin then dephosphorylates multiple serine
residues in the NFATcl protein, which permits the nuclear
translocation of NFATcl. NFATcl in the nucleus acts as a
transcription factor for genes specifically expressed in osteoclasts
such as Aceph, Cisk, Oscar, and Nfacl itself. The calcineurin
inhibitors, cyclosporin A (CsA) and FK506, have been shown to
suppress RANKI -induced osteoclast formation in BMM cultures.

Osteoclastogenesis induced by RANKL also requires co-
stimulatory receptor signaling through adaptors containing im-
munoreceptor tyrosine-based activation motifs ITAMs). ITAM-
containing proteins, such as DNAX-activating protein 12 (DAP12)
and Fc receptor common 7 chain (FcRy), facilitate the calcium-
mobilizing mechanism during osteoclastogenesis [19-22]. Thus,
RANK and ITAM signalings cooperated to induce calcium
oscillations, resulting in the activation of NFATcl. FcRy and
DAPI12 are adaptormolecules that associate with immunoglobu-
lin-like receptors such as OSCAR, triggering receptor expressed
on myeloid cells 2 (TREM?2), signal-regulatory protein fl
(SIRPP1) and paired immunoglobulin-like receptor A (PIR-A).
OSCAR and PIR-A use FcRy, while TREM?2 and SIRPJ1
associate with DAP12. Recently, Barrow et al reported that
OSCAR bound to a specific motif of collagen and stimulated
osteoclastogenesis [23]. These results suggest that osteoblastic cells
express not only RANKL and M-CSF but also ligands for
immunoglobulin-like receptors.

Besides Ca®"/calcineurin-dependent signaling, the osteoblastic
cell-dependent pathway has also been shown to activate NFATc1
[24,25]. BMMs obtained from type 2 inositol-1,2,5-triphosphate
receptor (IP3R2) knockout mice exhibited neither RANKI-
induced Ca®" oscillations nor RANKL-induced differentiation
into osteoclasts. However, IP;R2-deficient osteoclast precursors
could normally differentiate into osteoclasts when they were co-
cultured with osteoblastic cells. This Ca®* oscillation-independent
osteoclastogenesis was shown to be insensitive to FK506 [24].
Kuroda ez al. recently showed that Cot, a serine/threonine kinase,
was involved in the activation and amplification of NFATc] in the
absence of Ca®* oscillations. Cot in osteoclast precursors was
activated by cell-cell interactions with osteoblastic cells. Activated
Cot increased NFATc] protein levels through phosphorylation-
dependent protein stabilization, thereby amplifying NFATc1 [25].
Cot likely phosphorylates residues of NFATc] that differ from
those targeted by calcineurin-mediated dephosphorylation. Al-
though the osteoblastic cell-derived molecules that activate Cot in
osteoclast precursors is unknown, Cot-mediated NFATc! stabili-
zation contributes to osteoclastogenesis i vivo. Mice doubly
deficient in DAP12 and FcRy exhibited severe osteopetrosis
owing to the lack of osteoclasts [22]. These results suggest that
both calcineurin-dependent and osteoblastic cell-dependent acti-
vations of NFATc! are physiologically important in controlling
osteoclast differentiation i vivo.
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Arctigenin Inhibits NFATc1 in Osteoclasts

The aim of this study was to elucidate the inhibitory mechanism
of arctigenin on the osteoclast differentiation and function.
Especially, we examined the intracellular signals including
NFATcl in detail. Arctigenin converted NFATcl into a lower
molecular species, which was translocated in the nucleus of
osteoclast-like cells even in the absence of RANKL. Arctigenin
inhibited osteoclast-like cell formation not only in BMM cultures,
but also in co-cultures of osteoblastic cells and bone marrow cells.
In addition, arctigenin suppressed the pit-forming activity of
osteoclast-like cells cultured on dentin. These results suggest that
arctigenin suppresses both calcineurin-dependent and osteoblastic
cell-dependent NFATcl pathways through the generation of a
dominant species of NFATcl.

Materials and Methods

Reagents and animals

Arctigenin, arctiin, and secoisolariciresinol were purified from
Arctium lappa and single peaks were confirmed by high performance
liquid chromatography. The chemical structures of these com-
pounds were shown in Figure 1A. Human recombinant RANKL
was purchased from PeproTech (Rocky Hill, NJ). Human M-CSF
(Leukoprol) was obtained from Kyowa Hakko (Tokyo, Japan).
10,25(0OH)oD3 was from Wako Pure Chemical (Osaka, Japan).
CsA, PGEy, phorbol 12-myristate 13-acetate (PMA), and iono-
mycin were from Calbiochem-Sigma (St. Louis, MO). Antibodies
for p38, ERK, JNK, IxBa, AKT, and NF-xB p65, and antibodies
for phosphorylated forms of p38, ERK, JNK, IxBo, and AKT
were from Cell Signaling Technology (Danvers, MA). Antibodies
for NFATc] (7A6), Lamin A/C, and B-actin were obtained from
Thermo (Rockford, IL), Santa Cruz (Dallas, TX), and Sigma,
respectively. Other chemicals used were of analytical grade.
Newborn and 6-week-old ddY mice were purchased from Japan
SLC (Shizuoka, Japan).

Ethics statement

All animal experiments in this study were approved by the
Institutional Animal Care and Use Committee of Matsumoto
Dental University. All steps were performed to limit suffering in all
animal experiments.

In vitro osteoclast-like cell differentiation

Mouse BMMs were prepared as previously described [26].
Briefly, mouse bone marrow cells were cultured for 16 h in o-
modified minimal essential medium (o-MEM) with 10% fetal
bovine serum (FBS) and 5000 U/mL M-CSF. Non-adherent cells
were then collected and used as BMMs. BMMs (3 x10% cells/well)
for osteoclast formation assay were cultured for 3 days in 96-well
culture plates in the presence of 5000 U/mL M-CSF and 100 ng/
mL RANKL together with increasing concentrations of lignan-
derived compounds or 0.1% dimethyl sulfoxide (DMSO, vehicle
control). Osteoblastic cells were obtained form newborn mouse
calvariae for the co-culture experiments. Bone marrow cells
(1x10° cells/well) and calvarial osteoblastic cells (1x10* cells/
well) were co-cultured for 6 days in a-MEM with 10% FBS in the
presence of 10 nM 16,25(0OH)oD3 together with or without test
compounds. After cultivation for the indicated periods, cells were
fixed and stained for TRAP. TRAP-positive multinucleated cells
containing more than three nuclei were counted as osteoclast-like
cells. The effects of lignan-derived compounds on the proliferation
of BMMs were also evaluated. BMMs (1x10° cells/well) were
cultured with increasing concentrations of lignan-derived com-
pounds in 96-well culture plates. The cultures were subjected to
the cell viability Alamar Blue assay (Invitrogen, Carlsbad, CA).
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Figure 1. Effects of arctigenin on osteoclast-like cell formation and cell proliferation in BMM cultures. (A) Chemical structures of
arctigenin, arctiin, and secoisolariciresinol. (B) Effects of lignan-derived compounds on osteoclast-like cell formation in BMM cultures. BMMs were
cultured in 96-well culture plates in the presence of RANKL and M-CSF together with increasing concentrations of the lignan-derived compounds.
After cultivation for 3 days, cells were stained for TRAP. TRAP-positive cells appeared as dark red cells. TRAP-positive multinucleated cells containing
more than three nuclei were counted as osteoclast-like cells. (C) Effects of arctigenin on the proliferation of BMMs. BMMs were cultured in the
presence of M-CSF together with increasing concentrations of arctigenin. Cell proliferation was evaluated on days 0, 1, 2, and 3 using an Alamar Blue
assay. The results were expressed as means +/— SD (n=3). ¥, p<0.05.

doi:10.1371/journal.pone.0085878.9001

Pit formation assay and actin ring staining lysates. Lysates (20 ug/lane) were electrophoresed on SDS-PAGE
Functionally active osteoclast-like cells were prepared using a gels, transferred to polyvinylidene difluoride membranes, and

mouse co-culture system [27]. Bone marrow cells (1 x107 cells)and ~ subjected to immunoblotting using the ECL plus chemilumines-

osteoblastic cells (1 %108 cells) were co-cultured in collagen gel- cence detection system (GE Healthcare, Buckinghamshire, UK).

coated 10-cm plates in the presence of 10 nM 10,25(0OH)oD3 and
1 uM PGE,. After a co-culture for 7 days, the collagen-gel plate ~ RNA isolation and quantitative RT-PCR

was treated with collagenase. All cells recovered were suspended in Total RNA was isolated using TRIzol reagent (Invitrogen).
10 mL of «-MEM containing 10% FBS, and were used as Reverse transcription was performed on 1 ug of RNA using
osteoclast-like cell preparations. Osteoclast-like cell preparations oligo(dT) primers and ReverTra Ace reverse transcriptase

were plated on dentin slices (a square piece of 4 mm, 0.75 mm in (Toyobo Life Science, Osaka). cDNA was then amplified using
thickness) in 96-well culture plates (0.2 mL/well) and incubated SYBR green Taq RT-PCR reagent (Takara Bio, Shiga, Japan)
for 1 h. Dentin slices were then transferred into 48-well culture and expression levels were quantified using the Opticon II real-
plates and cultured for an additional 48 h in o-MEM containing time PCR instrument (Bio-Rad, Hercules, CA). The primers used
10% FBS (0.5 mL/well) together with or without 1 pM arctigenin. for PCR were as follows; Gapdh: 5'-TGT GTC CGT CGT GGA
Dentin slices were then recovered, fixed, and stained for TRAP. TCT GA-3’ (forward) and 5'-TTG CTG TTG AAG TCG CAG
TRAP-positive cells were counted as osteoclast-like cells. Cells on GAG-3' (reverse); Natkcl: 5'-TGG AGA AGC AGA GCA CAG
the slices were removed by cotton swabs and slices were further AC-3’ (forward) and 5'-GCG GAA AGG TGG TAT CTC AA-3’
stained with Mayer’s hematoxylin to detect resorbing pits. (reverse); c-Fos: 5'-CCG AGC TGG TGC ATT ACA GAG A-%/
Resorption pit areas were measured using Image] software. To (forward) and 5'-TGG ATG CTT GCA AGT CCT TGA G-3'
evaluate actin ring formation by osteoclast-like cells, cells on (reverse); Acp5: 5'-TTG CGA CCA TTG TTA GCC ACA TA-3'
dentin slices were fixed, permeabilized with 0.2% Triton X-100/ {forward) and 5'-TCA GAT CCA TAG TGA AAC CGC AAG-3'

PBS, and stained with rhodamine-phalloidin (Invitrogen). (reverse), Cisk: 5'-CAG CAG AAC GGA GGC ATT GA-3’
(forward) and 5'-CTT TGC CGT GGC GTT ATA CAT ACA-
Western blot analysis 3’ (reverse); Oscar: 5'-CGT GCT GAC TTC ACA CCA ACA-3’

Cells were lysed in lysis buffer [20 mM Tris-HCI, pH7.6, (forward) and 5'-CAC AGC GCA GGC TTA CGT T-3'
150 mM NaCl, 1 mM EDTA, 50 mM B-glycerophosphate, 1% (reverse); Rankl: 5'-CAT GTG CCA CTG AGA ACC TTG
NP-40, and supplemented with 1x protease inhibitor cocktail ~ AA-3' (forward) and 5" CAG GTC CCA GCG CAA TGT AAC-
(Sigma)], sonicated, and supernatants were collected as total cell 3’ (reverse); Opg: 5'-CAT GAG GTT CCT GCA CAG CTT C-%'
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(forward) and 5'-ACA GCC CAG TGA CCA TTC CTA GTT
A-3' (reverse); IL-2: 5'-GCT GTT GAT GGA CCT ACA GGA-
3’ (forward) and 5'-TTC AAT TCT GTG GCC TGC TT-3
(reverse); GM-CSF: 5'-GCA TGT AGA GGC CAT CAA AGA-3’
(forward) and 5° CGG GTC TGC ACA CAT GTT A-3'
(reverse).

Nuclear extract preparation

Crude osteoclast-like cell preparations were cultured for 4 h on
24-well culture plates. Osteoblastic cells were then removed by
washing with 0.1% trypsin/EDTA solution. Purified osteoclast-
like cells were further cultured with M-CSF for 16 h. Cells were
then incubated for 20 min with 1 pM arctigenin, 1 pg/mL CsA,
or 0.1% DMSO (vehicle control) in the presence or absence of
100 ng/mL RANKL. Nuclear and cytoplasmic fractions were
prepared using a nuclear extraction kit (Active Motif, Carlsbad,
CA) and subjected to Western blot analysis.

Immunocytochemical localization of NFATc1

The localization of NFATcl was immunocytochemically
examined [28]. Purified osteoclast-like cells on glass coverslips
were further cultured for 16 h in the presence of M-CSF, but in
the absence of RANKL. Osteoclast-like cells were then incubated
for 20 min with 1 pM arctigenin, 100 ng/mL RANKL, or 0.1%
DMSO (vehicle control). Cells were fixed with 4% paraformalde-
hyde, permeabilized with 0.2% Triton X-100/PBS, and blocked
with 2% BSA/PBS. An anti-NFATc] antibody was added to cell
preparations, followed by incubation with biotinylated goat anti-
mouse IgG and fluorescein-conjugated streptavidin (Vector
Laboratories, Burlingame, CA). Nuclei were counterstained with
propidium iodide (PI).

Forced expression of NFATc1

BMMs were retrovirally transduced with NFATcl ¢cDNA. The
constitutively active (ca)-NFATcl mutant with the alanine
substitution of twenty serine residues, which are typically
phosphorylated, was shown to be autonomously translocated into
the nucleus [29]. The pCX4pur-ca-NFATc] (constitutively active),
pCX4pur-wt-NFATcl  (wild-type), or pCXd4pur-GFP control
plasmid was transfected into the retrovirus packaging cell line
Plat-E [30]. BMMs were incubated for 2 days with virus-rich
supernatant in the presence of M-CSF and polybrene. Infected
BMMs were further cultured for 3 days with M-CSF and
RANKL. Nuclear and cytoplasmic fractions were prepared from
infected BMMs as described above, and subjected to Western blot
analysis.

Luciferase reporter assay

The luciferase reporter plasmid pNFAT-Luc, which contained
four copies of the NFAT binding site, 5'-GGA GGA AAA ACT
GTT TCA TAC AGA AGG CGT-3', was used (Stratagene-
Agilent, La Jolla, CA). BMMs were transfected by electroporation
in serum-free solution with Nucleofector II (Amaxa Biosystems-
Lonza, Basel, Switzerland). Forty-eight hours after transfection,
cells were stimulated with 1 pM ionomycin and 20 nM PMA, in
the presence or absence of arctigenin and CsA. Cells were lysed
24 h after stimulation, and luciferase activity was measured with a
luciferase assay system (Promega, Madison, WI).

Chromatin immunoprecipitation (ChIP) assay

BMM:s were stimulated with M-CSF and RANKL for 2 days
to form mononuclear pre-osteoclast-like cells. These cells were
further treated with 100 ng/mL RANKL in the presence or
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absence of 1 uM arctigenin. Cells were crosslinked with 1%
formaldehyde 1 h after the treatment and a nuclear fraction was
extracted. The protein-chromatin complex was immunoprecip-
itated overnight at 4°C with the anti-NFATcl antibody or
control IgG after shearing DNA by sonication. Fragmented
DNA were purified and amplified by PCR using primers specific
for the Oscar promoter [17]: 5-GAA CAC CAG AGG CTA
TGA CTG TTC-3' and 5'-CCG TGG AGC TGA GGA AAA
GGT TG-3'".

Cultures of osteoblastic cells

Osteoblastic cells were obtained from newborn mouse calvariae
as described [27]. Osteoblastic cells were cultured in «-MEM with
10% FBS. Osteoblastic cells were cultured in the presence or
absence of 10 nM 10,25(0OH),D3 together with or without 1 pM
arctigenin for gene expression analysis. The expression of Rankl
and Opg mRNAs was analyzed after cultivation for 24 h by
quantitative RT-PCR. Osteoblastic cells were cultured in the
presence or absence of 1 M arctigenin to stain for alkaline
phosphatase, a marker of osteoblasts. After cultivation for 6 days,
cells were fixed and stained for alkaline phosphatase. Osteoblastic
cells were cultured with increasing concentrations of arctigenin for
the cell growth assay. The cultures were then subjected to the cell
viability Alamar Blue assay (Invitrogen).

Statistical analysis

All data were expressed as the mean +/— SD. Differences were
evaluated by Mann-Whitney’s U-test. P values less than 0.05
were considered to be significant. All experiments were indepen-
dently repeated at least three times and similar results were
obtained.

Results

Effect of lignan-derived compounds on osteoclast-like
cell formation

Arctigenin, arctiin, and secoisolariciresinol are major lignan-
derived compounds of Arctium lappa. We first compared the
inhibitory effects of these compounds on osteoclast-like cell
formation in mouse BMM cultures (Fig. 1 and Fig. S1). Mouse
BMMs were cultured in the presence of RANKL and M-CSF
together with increasing concentrations of these compounds.
Osteoclast-like cells formed within 3 days in control cultures.
Arctigenin and arctiin inhibited osteoclast-like cell formation in a
dose-dependent manner (Fig. 1B). Arctigenin showed stronger
inhibitory effects on osteoclast-like cell formation than that of
arctiin. Secoisolariciresinol failed to inhibit osteoclast-like cell
formation (Fig. S1). Thus, arctigenin showed the strongest
inhibitory effect on osteoclast-like cell formation among the three
lignans. We next examined the effects of arctigenin on the growth
of BMMs (Fig. 1C). Arctigenin had little effect on the growth of
BMMs, through 10 pM arctigenin slightly suppressed it on days 1
and 2. The treatment of BMMs with granulocyte-macrophage
colony-stimulating factor (GM-CSF) induced their differentiation
into dendritic cells. Arctigenin at 1 uM had no inhibitory effect on
the dendritic differentiation of BMMSs (Fig. S2).These results
suggested that the inhibitory effect of arctigenin was specific for
osteoclast-like cell differentiation, and was not due to its action on
cell growth. Arctigenin at 1 pM inhibited osteoclast-like cell
formation more strongly than arctiin did. Therefore, arctigenin at
1 uM was used in further experiments.
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Effect of arctigenin on RANKL-induced signaling in
osteoclastogenesis

RANKL was previously shown to induce the transcription of
osteoclast-related genes such as Aep5, Cisk, and Oscar by activating
NFATc! [15]. The expression of Matc! itself was also shown to be
up-regulated during osteoclastogenesis [31]. We examined the
effect of arctigenin on the expression of these osteoclast-related
genes in BMMs during osteoclastogenesis (Fig. 2A). Arctigenin
reduced the expression of Aep5, Cisk, and Oscar at each time point.
The expression of the transcription factors, Natel and ¢-Fos, was
also up-regulated by the treatment with RANKL. The RANKL-
induced up-regulation of Nfatcl expression, but not that of ¢-Fos,
was reduced by arctigenin throughout the experimental period.

We next examined the effect of arctigenin on RANKI-induced
signals in BMMs (Fig. 2B). RANKL has been shown to activate
NF-xB and MAP kinases, including p38 MAP kinase, ERK, and
JNK [32,33]. Western blot analysis revealed that these signals
were similarly activated by RANKL in BMMs in the presence and
absence of 1 uM arctigenin (Fig. 2B). A previous study showed
that Akt was one of the targets of arctigenin in tumor cells. The
phosphorylation of Akt in BMMs was up-regulated by RANKL,
and arctigenin had little effect on this phosphorylation (Fig. 2B).
These results suggested that arctigenin inhibited other pathways
involved in osteoclastogenesis, independent of MAP kinase, NF-
kB, and c-Fos signaling.

We next compared the inhibitory action of arctigenin with that
of the well-known inhibitors of osteoclastogenesis, CsA (a
calcineurin-NFAT inhibitor) and SB203580 (a p38 MAP kinase
inhibitor). Arctigenin, CsA, and SB203580 were added to BMM
cultures at different time points (Fig. 2C). Osteoclast-like cell
formation was inhibited by the addition of these agents during the
entire culture period (0-3 days). Arctigenin and CsA, but not
SB203580 inhibited osteoclast-like cell formation when they were
added 24 h after RANKL stimulation (1-3 days). Thus, signals
mediated by p38 MAP kinase appeared to be necessary for the
commitment of osteoclast precursors but not for the expression of
osteoclast-related markers in the committed cells [34]. The
inhibitory action of arctigenin on osteoclastogenesis was similar
to that of CsA. These results suggested that NFATc! was a target
molecule of the arctigenin action in BMMs.

Effects of arctigenin on the transcriptional activity and
localization of NFATc1 in osteoclast-like cells
Osteoclast-like cells, which were formed in BMM cultures in the
presence of RANKL for 3 days, highly expressed NFATc!
(Fig. 2A). Using purified osteoclast-like cells obtained from co-
cultures performed in collagen gel-coated plates, we examined the
effect of arctigenin on the nuclear localization of NFATcI
(Fig. 3A). Osteoclast-like cells were cultured overnight in
RANKL-free medium. Cells were then treated with RANKL
together with or without arctigenin and CsA. Interestingly,
NFATCc] was translocated into the nuclei of osteoclast-like cells
in response to arctigenin even in the absence of RANKL (Fig. 3A,
lane 3). CsA did not show such activity, and inhibited the nuclear
translocation of NFATc¢! induced by RANKL in osteoclast-like
cells (Fig. 3A, lanes 5 and 6). NF-xB p65 was also translocated into
the nuclei of osteoclast-like cells in response to RANKL (Fig. 3A,
lanes 2, 4, and 6). Neither arctigenin nor CsA inhibited the nuclear
translocation of NF-xB p65 (Fig. 3A, lanes 4 and 6). Immunocy-
tochemical analysis confirmed that arctigenin, even in the absence
of RANKL, promoted the nuclear localization of NFATcI in
osteoclast-like cells (Fig. 3B). The nuclear localization of NFATc!
was also observed in osteoclast-like cells treated with RANKL.,
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Treating cells with ionomycin and PMA led to Ca®" oscillations,
which induced the nuclear translocation of NFATcl through the
activation of calcineurin. We then examined the effect of
arctigenin on the transcriptional activity of NFATcl in BMMs
using a luciferase reporter assay, in which the luciferase gene was
driven by the NFAT-binding site (Fig. 3C). The treatment of
BMMSs with ionomycin and PMA increased NFAT-driven
luciferase activity in BMM cultures. Arctigenin as well as CsA
suppressed the luciferase activity enhanced by ionomycin and
PMA. We then examined whether arctigenin inhibited the
recruitment of NFATcl on the target gene promoters by using a
ChIP assay with the Oscar promoter (Fig. 3D). BMM:s treated with
RANKL for 2 days were further cultured in the presence or
absence of arctigenin. RANKL stimulation induced the recruit-
ment of NFATc] on the Oscar promoter (Fig. 3D, lane 3), whereas
arctigenin inhibited it (Fig. 3D, lane 4). These results indicated that
arctigenin inhibited NFATc! transcriptional activity by suppress-
ing the recruitment of NFATcl onto the target gene promoter,
and also that the mechanism for the inhibitory action of arctigenin
on osteoclast formation was different from that of CsA.

NFATc] is commonly retained in the cytosol as a multi-
phosphorylated form. Ca®™ oscillations activate calcineurin, which
dephosphorylates NFATc]l [29,30). We examined the effect of
arctigenin on the molecular mass of NFATcl in osteoclast-like
cells (Fig. 3E). NFATc] in osteoclasts was recognized as a broad
band around 90 kDa (Fig. 3E, lane 1). In contrast, NFATc] in
osteoclast-like cells treated with arctigenin was detected as a major
band at 85 kDa (Fig. 3E, lane 3). NFATcI in osteoclast-like cells
treated with CsA accumulated as a band at approximately
100 kDa, which may have been due to the hyper-phosphorylation
of NFATcI. It was reported that calf intestine alkaline phosphatase
(CIAP) dephosphorylated NFATcl at more than 20 phosphory-
lated amino acid residues and produced lower molecular weight
species of NFATcl i vitro [37]. NFATc] in these cell lysates
shifted to approximately 85 kDa after being treated with CIAP
(Fig. 3E, lanes 2 and 4). These results suggest that arctigenin
converted NFATc] into a lower molecular weight species.

Effect of arctigenin on osteoclastogenesis induced by the
forced expression of NFATc1

The constitutively active NFATcl mutant (ca-NFATcl) was
shown to be autonomously translocated into the nucleus [37]. We
examined whether the forced expression of ca-NFATcl could
rescue arctigenin-inhibited osteoclastogenesis (Fig. 4). BMMs were
retrovirally transduced with ca-NFATcl, wild-type (wt)}-NFATcI,
and control GFP ¢DNA. The forced expression of ca-NFATcI,
but not wt-NFATcl in BMMs rescued osteoclast-like cell
formation inhibited by CsA (Fig. 4A, lowest panels). In contrast,
ca-NFATcl failed to rescue osteoclastogenesis inhibited by
arctigenin. Western blot analysis confirmed that ca-NFATc1 was
mainly located in the nucleus of BMMs, whereas wt-NFATc was
dominantly retained in the cytosol (Fig. 4B). These results suggest
that arctigenin did not inhibit the nuclear translocation of ca-
NFATcl, but reduced its transcriptional activity. It was also
reported that the survival of thymocytes was supported by
interleukin 7 (IL-7) through the phosphorylation of Tyr-371 in
NFATcl, and the forced expression of Y371F-NFATcl mutant
enhanced the thymocyte survival [38]. Therefore, we examined
the effect of the Y371F mutant of NFATc] on osteoclastogenesis
in the presence or absence of arctigenin. The overexpression of
Y371F-NFATcl in BMMs neither induced osteoclastic differen-
tiation nor rescued osteoclastogenesis inhibited by arctigenin (Fig.
33), suggesting that the phosphorylation status of Tyr-371 in
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Figure 2. Effects of arctigenin on RANKL-induced signaling in BMMs. (A) Effects of arctigenin on the expression of osteoclast-related genes.
BMMs were cultured in the presence of RANKL and M-CSF together with or without 1 uM arctigenin. After cultivation for the indicated periods, the
expression of Acp5, Ctsk, Oscar, Nfatc1, and c-Fos mRNAs was analyzed by quantitative RT-PCR. Expression levels were normalized to Gapdh and
expressed relative to day 0. Statistical analysis was performed between the control and arctigenin-treated values at indicated time points. (B) Effects
of arctigenin on RANKL-induced signals in BMMs. BMMs were pretreated for 10 min with 1 pM arctigenin and further treated with RANKL. Whole cell
lysates were harvested and analyzed by Western blotting with the indicated antibodies. (C) Effects of arctigenin, CsA, and SB203580 on osteoclast-like
cell formation in BMM cultures. BMMs were cultured for 3 days in the presence of RANKL and M-CSF. BMM cultures were also treated with 1 uM
arctigenin, 1 pg/mL CsA, or 1 uM SB203580 during days 0 ~ 3 and days 1 - 3. Cells were then fixed and stained for TRAP. TRAP-positive
multinucleated cells containing more than three nuclei were counted as osteoclast-like cells. The results were expressed as means +/— SD (n=3).
*, p<0.05.

doi:10.1371/journal.pone.0085878.g002
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