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Identification of endometrioid endometrial carcinoma-associated
microRNAs in tissue and plasma
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HIGHLIGHTS

« A set of endometrioid endometrial carcinoma (EEC)-associated miRNAs in tissue and plasma was identified by next-generation sequencing approach.
» EEC-associated miRNAs in tissues and plasma samples could distinguish EEC sample from NE sample with high accuracy.
» EEC-associated miRNA levels in EEC tissues and plasma samples were associated with pathological characteristics.
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ABSTRACT

Objective. This study aimed to identify a set of endometrioid endometrial carcinoma EEC-associated
microRNAs (miRNAs) in tissue and plasma, and evaluate their clinical significance.

Methods. A set of EEC-associated miRNAs in tissue and plasma was identified by next-generation sequencing
(NGS), which could enable in-depth characterization of the global repertoire of miRNAs.

Results. NGS identified 11 candidate EEC-associated miRNAs. Quantitative reverse-transcriptase PCR
identified 8 EEC-associated miRNAs in tissue (upregulated: miR-499, miR-135b, miR-205, downregulated:
miR-10b, miR-195, miR-30a-5p, miR-30a-3p and miR-21). Expression of hsa-miR-499 in International
Federation of Gynecology and Obstetrics (FIGO) Stage IA and Grade 1 tissues was significantly lower than in
others (FIGO Stage IB or more advanced, and Grade 2 or 3). By receiver operating characteristic (ROC) curve
analysis, compared with single EEC-associated miRNA, two miRNA signatures (miR135b/miR195 and
miR135b/miR30a-3p) could distinguish between EEC and normal endometrial tissue samples yielding a high
area under the curve (AUC) of 0.9835 [95% confidence interval (ClI): 0.9677-1.0], and 0.9898 (95% Cl:
0.9677-1.0), respectively. As possible non-invasive markers for EEC, four EEC-associated miRNAs (increased
level: miR-135b and miR-205, decreased-level: miR-30a-3p and miR-21) in plasma were identified. Circulating
levels of three EEC-associated miRNAs (miR-135b, miR-205 and miR-30a-3p) in plasma were significantly
decreased after hysterectomy. ROC curves analysis revealed that miR-135b and miR-205 levels in plasma yielded
AUCs of 0.9722 (95% Cl: 0.913-1.0) and 1.0 (95% Cl: 1.0-1.0), respectively.

Conclusion. Measurement of tissue and plasma EEC-associated miRNAs may be useful for early detection,
diagnostic, and follow-up tests for EEC.

© 2014 Elsevier Inc. All rights reserved.

Introduction

However, such alterations are not uniformly found in all EEC cases,
and information regarding the molecular mechanisms of EEC etiology

Endometrial cancer is a common malignancy of the female repro-
ductive tract. The most dominant subtype, endometrioid endometrial
carcinoma (EEC) accounts for ~80% of cases [1]. Accumulation of several
genetic and epigenetic alternations in oncogenes and tumor suppressor
genes is involved in the development of endometrial carcinoma [2].
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is still limited. The search for novel molecular markers for early detec-
tion and predicting outcomes has been ongoing in most cancers with
a view to identifying molecular targets for therapeutic agents.
MicroRNAs (miRNAs) are non-protein-coding small RNAs (21-25
nucleotides) that function as regulators of gene expression by antisense
complimentarily to specific mRNAs [3,4]. As miRNAs are expressed in
tissue-specific patterns [3], miRNAs predominantly expressed in EEC
tissues are probably involved in cell proliferation, differentiation, apo-
ptosis, and carcinogenesis of the endometrium [5,6]. Recently, by
searching a panel of microarray assays, miRNA signatures in tissue and
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plasma could be used to distinguish EEC from normal endometrium
(NE) [7,8]. This suggests that EEC-associated miRNAs have the potential
to be developed as novel diagnostic and therapeutic molecules. Howev-
er, the data regarding EEC-associated miRNAs in tissue and plasma are
limited; therefore, investigation of EEC-associated miRNAs is likely to
shed light on the molecular mechanisms of EEC etiology.

Microarray technology is high throughput, but can only detect a
limited number of miRNAs because of the nature of probe hybridization
[9]. Next-generation sequencing (NGS) technology using Illumina tech-
nology generates short reads (35 bp) but more than 1 million bp of
sequence data per run, and can be used to measure the abundance of
small-RNA sequences in a sample. miRNAs are only 21-25 bp in length;
therefore, this technology can enable in-depth characterization of the
global repertoire of miRNAs [10].

In this study, to get a clue regarding novel diagnostic and therapeutic
molecules of EEC, we tried to identify EEC-associated miRNAs in tissue
and plasma. First, by comparative analysis of NGS-generated miRNA
expression profiles of EEC tissue, NE tissue and blood cells from the
same patient, we selected candidate EEC-associated miRNAs, whose
expression level was negative in the blood of patients, and in EEC tissues
was >2 times up- or downregulated compared with that in NE tissue.
Second, by comparative analysis of EEC and NE tissues using real-time
quantitative RT-PCR (qRT-PCR), we identified EEC-associated miRNAs
in tissue. Subsequently, to identify and characterize EEC-associated
miRNAs in plasma, the circulating levels of EEC-associated miRNA in
plasma in women with EEC or NE. Finally, the relationship between
EEC-associated miRNA expression and clinicopathological characteris-
tics, and the diagnostic value of EEC-associated miRNA expression in
tissue and plasma were analyzed tentatively.

Materials and methods
Sample collection

Study subjects were recruited at the Department of Obstetrics and
Gynecology, Nagasaki University Hospital, Japan. All samples were ob-
tained after receiving written informed consent, and the study protocol
was approved by the Institutional Review Board for Ethical, Legal and
Social Issues of Nagasaki University.

For NGS analysis, EEC tissue, NE tissue, and blood cells were obtained
from an identical patient with International Federation of Obstetricians
and Gynecologists (FIGO) Stage IA (Grade 1) EEC. EEC and NE tissue
samples were obtained immediately after total hysterectomy with bilat-
eral salpingo-oophorectomy. EEC was diagnosed by endometrial biopsy
prior to the operation. Diagnosis of EEC and NE tissue was confirmed
by pathological analysis. EEC and NE tissue samples were placed in
RNAlater (Ambion, Austin, TX, USA). The blood samples (7 mL) were
collected before the operation and placed in tubes containing EDTA.
Using a mirVana miRNA Isolation Kit (Ambion), total RNA containing
small RNA molecules was extracted from each sample immediately
after sampling. Quality assessment and concentration measurements
of total RNA, including small RNAs, were performed using a Bioanalyzer
(Agilent Technologies, South Queensferry, UK) and a NanoDrop spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA), respectively.

For subsequent expression analysis by qRT-PCR, EEC tissues were
obtained from 28 cases of EEC (EEC group) and NE tissues from 14
cases of non-EEC (NE group). In addition to total hysterectomy with
bilateral salpingo-oophorectomy, lymphadenectomy was performed
in 25 cases. Tumor stage was determined according to 2009 revised
FIGO classification [11]. In cases of NE, total hysterectomy was per-
formed because of uterine myoma. Final diagnosis of EEC or NE was con-
firmed by pathological analysis. None of the EEC patients had a history
of other malignant disease or had received neoadjuvant therapy. After
the operation, patients were submitted to radiotherapy and/or chemo-
therapy according to FIGO guidelines. Between the EEC and NE groups,
there were no significant differences in body mass index (BMI), history

of parity, smoking, diabetes, or family history of endometrial cancer
(data not shown). The mean (SD) patient age was 60.6 (10.8) years
in the EEC group and 42.8 (5.1) years in the NE group (Student’s ¢ test,
P = 0,001). Clinicopathological characteristics in the EEC group are listed
in Supplementary Table 1.

To obtain cell-free plasma miRNAs, blood samples (7 mL) were col-
lected from 12 cases of EEC and 12 of NE. Blood sampling was performed
1 day before the operation and 7 days after. Between the EEC and NE
groups, there were no significant differences in BMI, history of parity,
smoking, diabetes, or family history of endometrial cancer (data
not shown). The mean (SD) patient age was 50.8 (8.3) years in the
EEC group and 36.5 (8.3) years in the NE group (Student's ¢ test, P =
0.001). Pathological characteristics in the EEC group are listed in Supple-
mentary Table 2. Cell-free plasma samples were prepared from the
blood by a double centrifugation method as described previously [12].
Total RNA containing small RNA molecules was extracted from 1.2 mL
cell-free plasma samples as described previously [12]. Extracted total
RNAs were stored at — 80 °C. Although there were differences in age
between the EEC and NE groups in both tissue and plasma, there was
no significant correlation between expression of studied miRNAs and
age of patients {data not shown).

In miRNA expression analysis in endometrial tissue, there is no con-
sensus on universal endogenous normalization controls because small
RNAs, including RNU48 and RNUGB, have been suggested as reference
RNAs, but exhibit high variability [13]. In addition, it is recommended
that the quantitative mRNA measurements in plasma are expressed as
an absolute concentration [ 14]. Therefore, we considered that the quan-
titative miRNA measurements may be the same as quantitative mRNA
measurements in plasma. In this study, absolute real-time qRT-PCR
analysis was performed.

Small RNA library construction and NGS analysis

To screen for EEC-associated miRNAs, NGS was applied to a set of
EEC tissues, NE tissues and blood from the same EEC patient. Isolation
of total RNA including small RNAs, their quality assessment, concentra-
tion measurements, small RNA library construction, NGS and miRNA
mapping were performed as described previously [15-18].

To compare miRNA levels across data sets, the sequencing read
count for each miRNA was normalized to the total read count of
1,000,000 in each sample, and expressed as reads per million (RPM)
[15-17]. For mapped data, when the normalized miRNA read count
was negative in patient's blood, and was > 2 times up- or downregulated
in EEC tissues than in NE tissue, these miRNAs were selected as candi-
date EEC-associated miRNAs. These miRNAs were then analyzed by
RT-PCR in tissue and plasma from the EEC and NE group.

Real-time qRT-PCR analysis of miRNAs

All specific primers and TagMan probes were purchased from
TagMan MicroRNA Assays (Applied Biosystems). Real-time qRT-PCR of
miRNAs in tissues and plasma samples was performed as described
previously [12,15]. For each miRNA assay, we prepared a calibration
curve by 10-fold serial dilution of single-stranded cDNA oligonucleo-
tides corresponding to each miRNA sequence from 1.0 x 10% to 1.0 x
10% copies/mL. Each sample and each calibration dilution were ana-
lyzed in triplicate. Each assay could detect down to 100 RNA copies/mL.
Every batch of amplifications included three water blanks as negative
controls for each of the reverse transcription and PCR steps. All data
were collected and analyzed using an ABI Prism 7900 Sequence Detec-
tor (Applied Biosystems).

Statistical analysis

Patient backgrounds were compared by Student's t test and
Pearson's y2 test for continuous and discrete variables, respectively, of
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EEC and NE cases. Absolute quantification data were analyzed with
SDS 2.3 software (Applied Biosystems). The expression levels of EEC-
associated miRNAs in tissues and the cell-free plasma concentrations
of EEC-associated miRNAs in cases of EEC and NE were converted into
multiples of the median (MoM) of concentration in the cases of NE.
Differences between the two groups were evaluated with Mann-
Whitney's U test or Kruskal-Wallis test. Changes in the cell-free plasma
concentration of EEC-associated miRNAs before and after the operation
were compared by the Wilcoxon signed-rank test. Statistical analyses
were performed with SPSS version 19 (IBM Japan, Tokyo, Japan). To de-
termine the ability of miRNAs to classify EEC and NE samples, receiver
operating characteristic (ROC) curves were plotted with an R package,
pROC [19]. To develop miRNA signatures featuring the best accuracy
in distinguishing between EEC and NE samples a multivariate logistic
regression model was utilized. Evaluation of obtained regression
models was performed with the Wald test. Statistical analyses were per-
formed using R (R Core Team, Vienna, Austria). Significant differences
were defined as P < 0.05.

Results
Screening of candidate EEC-associated miRNAs by NGS

NGS analysis yielded 20,674,015 reads from EEC tissue, 19,107,722
reads from blood cells, and 20,375,081 reads from NE tissue. All the
above sequence data were deposited in DDBJ Sequence Read Archive
(DRA) (accession ID: DRA001166). High-throughput sequencing assays
can be susceptible to noise and variability; therefore, measurement of
miRNA expression was normalized using the library size (1,000,000
reads). Eleven candidate EEC-associated miRNAs were identified
(Table 1). Candidate EEC-associated miRNAs identified were located
on various chromosomal regions. Out of 11 candidate EEC-associated
miRNAs, 5 (miR-10b, miR-499, miR-184, miR-195 and miR-135b)
were upregulated in EEC tissue, while 6 (miR-203, miR-10a, miR-30a-
5p, miR-205, miR-30a-3p and miR-21) were downregulated in EEC
tissue than NE (Table 1).

Confirmation of EEC-associated miRNAs in tissue by qRT-PCR

Expression levels of the 11 candidate EEC-associated miRNAs in 28
EEC and 14 NE tissues were measured by qRT-PCR. Eight miRNAs
showed significantly different expression between EEC and NE tissues,
and were identified as EEC-associated miRNAs in tissue. The expression
levels of 3 EEC-associated miRNAs (miR-499, miR-135b and miR-205)
were significantly higher in EEC than NE tissues (Mann-Whitney U
test, P = 0.003, P < 0.001 and P = 0.002, respectively), while those of
5 EEC-associated miRNAs (miR-10b, miR-195, miR-30a-5p, miR-30a-
3p and miR-21) were significantly downregulated in EEC tissue
(Mann-Whitney U test, P = 0.006, P < 0.001, P = 0.019, P = 0.001,
and P = 0.011, respectively; Table 2). Meanwhile, there was no

significant difference in the levels of 3 candidate EEC-associated
miRNAs (miR-184, miR-203 and miR-10a) between EEC and NE tissues
(Table 2). Using a database search of predicted miRNA targets in mam-
mals (www.targetscan.org), we searched the candidate target mRNAs
of EEC-associated miRNAs in tissue. Three mRNAs (MutS homolog 2:
MSH2, Leukotriene B4 12-hydroxydehydrogenase: LTB4DH and I<B ki-
nase ou: [KKor) were selected as common target mRNAs of 3 upregulated
EEC-associated miRNAs in EEC tissue, while there was no common
target mRNAs of 5 downregulated EEC-associated miRNAs.

Identification of EEC-associated miRNAs in plasma

Regarding the 8 EEC-associated miRNAs in tissue, circulating levels
of each miRNA in plasma from 12 women with EEC and 12 with NE
tissue were measured by qRT-PCR. Four miRNAs showed significantly
different circulating levels between the EEC and NE groups, and were
identified as EEC-associated miRNAs in plasma. The expression levels
of 2 EEC-associated miRNAs (miR-135b and miR-205) were significant-
ly higher in plasma samples from the EEC group than the NE group
(Mann-Whitney U test, P < 0.001), while those of 2 EEC-associated
miRNAs (miR-30a-3p and miR-21) were significantly lower in plasma
samples from the EEC group than the NE group (Mann-Whitney U
test, P = 0.009 and P = 0.033, respectively). Meanwhile, there was no
significant difference in the levels of 4 EEC-associated miRNAs (miR-
10b, miR-30a-5p, miR-195 and miR-499) between plasma samples
from the EEC and NE groups (Table 3).

Identification of EEC-associated miRNAs that showed significantly
decreased concentrations in plasma after hysterectomy

The 4 EEC-associated miRNAs that showed significantly increased or
decreased levels in plasma in the EEC group compared with the NE
group (Table 3, increased level: miR-135b and miR-205, decreased
level: miR-30a-3p and miR-21) were selected for analysis before and
after hysterectomy. The plasma concentrations of 3 miRNAs (Table 4,
miR-135b, miR-205 and miR-30a-3p) were significantly decreased
after hysterectomy (Wilcoxon signed-rank tests, P = 0.003, Table 3),
and were considered as possible molecular markers in plasma. Mean-
while, there was no significant difference in the plasma level of hsa-
miR-21 before and after hysterectomy (Table 3).

Relationship between EEC-associated miRNA expression and
clinicopathological characteristics

To investigate the clinical significance of EEC-associated miRNAs in
tissue and plasma, we compared EEC-associated miRNA expression in
groups distinguished based on FIGO stage, histopathological grade, or
relapse. Significant relationships were found between expression of
miR-499 and FIGO stage, and between expression of miR-205 and histo-
logical grade. The expression level of miR-499 in 14 cases of FIGO Stage

Table 1

Candidate EEC-associated miRNAs detected by next-generation sequencing analysis.
miRNA Chromosome Blood celt EEC tissue NE tissue EEC/NE

localization (reads per million) (reads per million) (reads per million)

hsa-miR-10b 2g31.1 3 2220 770 2.88
hsa-miR-499 20q11.22 0 2010 705 2.85
hsa-miR-184 15q25.1 11 2006 851 2.36
hsa-miR-195 17p13.1 0 12,901 6320 2.04
hsa-miR-135b 1932.1 0 133 66 2.02
hsa-miR-203 14q32.33 0 1712 3514 048
hsa-miR-10b 17q21.32 2 263 602 0.44
hsa-miR-30a-5p 6q13 50 15,732 45,694 0.34
hsa-miR-205 1322 0 285 1356 0.21
hsa-miR-30a-3p 6q13 29 1610 9476 017
hsa-miR-21 17q23.1 30 219 1369 0.16

Normalized read counts are described as reads per million.
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Table 2
Expression of candidate EEC-associated miRNAs in carcinoma tissues from patients with
EEC group and NE tissues from patients without carcinoma.

miRNA NE group (n = 14} EEC group {n == 28) Pvalue
miR-10b 1.0 (0.68-1.62) 0.79 {0.17-2.81} 0.006
miR-499 1.0 (0.28-1.99) 249 (0.22-40.08) 0.003
miR-184 1.0{0.1-182) 0.82 {0.06-169.3) NS
miR-195 1.0 {0.024-196) 0.32 {0.10-0.87) <0001
miR-135b 1.0 (0.57-3.40) 5.13 (049-15.13) <0.001
miR-203 1.0 (0.38-1.49) 1.13 (0.18-3.92) NS
miR-10b 1.0 {0.29-1.55) 0.79{0.17-2.81) NS
miR-30a-5p 1.0 (0.23-2.0) 0.61 (0.27-1.62) 0,019
miR-205 1.0 (0.06-4.07) 247 {0.0-6,19) 0.002
miR-30a-3p 1.0 (0.54-2.04) 0.53 (0.1-245) 0.001
miR-21 1.0 (0.39-2.76) 0,64 (0.27-1.22) 0.011

Expression levels are described as MoM values [median (minimum ~ maximum)].
Significant differences between groups were analyzed by Mann-Whitney U test.
P < 0.05 was considered significant,

NS, not significant.

I or more advanced was significantly higher than that in 4 cases of FIGO
Stage IA and IB (Mann-Whitney U test, P = 0.019, Supplementary
Table 1). The expression level of miR-205 in EEC cases with Grade 3
tumor (n = 2) was significantly higher than that in cases with Grade
1 (n=15)and 2 (n = 11) tumors (Kruskal-Wallis test, P = 0.024,
Supplementary Table 1). The expression level of miR-499 in 7 cases of
FIGO Stage IA and Grade 1 tumor was significantly lower than in 21
cases of other tumors (FIGO Stage IB or more advanced, and Grade 2
or 3) (Mann-Whitney U test, P = 0.047, Table 4). Meanwhile, there
was no significant difference in the tissue levels of all EEC-associated
miRNAs between groups distinguished according to the presence of
lymph node metastasis or occurrence of relapse (Table 4).

Circulating miRNA levels of EEC-associated miRNAs in plasma were
compared in groups distinguished according to FIGO stage and histo-
pathological grade. We compared FIGO Stage IA Grade 1 tumors with
others (more advanced FIGO stage and/or histopathological grade).
The plasma concentration of miR-21 in 4 cases of FIGO Stage IA and
Grade 1 tumors was significantly higher than that in 8 cases of more ad-
vanced tumors {(Mann-Whitney U test, P = 0.017, Table 5). Meanwhile,
there was no significant difference in the plasma concentrations of
other EEC-associated miRNAs (miR-135h, miR-205 and miR-30a-3p)
and carbohydrate antigen {CA)125 before and after hysterectomy
(Table 5).

Diagnostic value of EEC-associated miRNA expression in tissue and plasma

ROC curves for discriminating EEC samples from NE were construct-
ed based on EEC-associated miRNA expression in tissues (EEC, n = 28;
NE, n == 14), Analysis of the ROCs revealed high area under curve (AUC)
values for each EEC-associated miRNA in tissues (Fig. 1): miR-499,
miR-30a-5p, miR-21, miR-10b, miR-205, miR-30a-3p, miR-195 and
miR-135b yielded AUC of 0.7143 [95% confidence interval (Cl):
0.5537-0.8749], 0.7245 (95% CI: 0.5445-0.9045), 0.7423 (95% CL:
0.5744~0.9103), 0.7602 (95% CI. 0.6132-0.9072), 0.8112 (95%
Cl: 0.666-0.9565), 0.8265 (95% CI: 0.6953-0.9578), 0.8736 (95% CI:
0.7145-1.0) and 0.9184 (95% Cl: 0.8285-1.0), respectively (Fig. 1A).
The miRNA signatures consisting of 2 miRNAs yielded elevated AUCs
in comparison to single miRNAs. miR135b/miR195 and miR135b/
miR30a-3p yielded AUCs of 0.9835 (95% CI: 0.9677-1.0, P < 0.048,
Wald test, Fig. 1A), and 0.9898 (95% CI: 0.9677-1.0, P < 0.038, Wald
test, Fig. 1A), respectively.

ROC curves for discriminating women with EEC from those with NE
were constructed based on EEC-associated miRNA levels in plasma
samples (EEC, n = 12; NE, n = 12). Analysis of the ROCs revealed
high AUC values for each EEC-associated miRNA in plasma (Fig. 1B);
miR-21, miR-30a-3p, miR-135b and miR-205 yielded AUC of 0.7569
(95% CI; 0.5611-0.9528), 0.8125 (95% Cl: 0.6381-0.9869), 0.9722 (95%
Cl: 0.913-1.0) and 1.0 (95% CI: 1.0-1.0), respectively.

Discussion

In this study, we identified EEC-associated miRNAs in tissue and
plasma, and evaluated their clinical significance.

NGS can be used to investigate all known and unknown miRNAs,
while oligonucleotide microarray methods can only be used to examine
a limited number of known miRNAs present on each array. Therefore,
using NGS allows whole genome analysis to be performed to identify
candidate miRNAs that are differentially expressed. In addition, the
miRNA expression in each case of EEC depends on the heterogeneity
of cancer. Our NGS analyses identified 11 candidate EEC-associated
miRNAs (upregulated: miR-10b, miR-499, miR-184, miR-19 and miR-
135b, downregulated: miR-203, miR-10a, miR-30a-5p, miR-205, miR-
30a-3p and miR-21) at various chromosomal regions. Although all
miRNAs were previously known, nine of the 11 were newly identified
as candidate EEC-associated miRNAs (except for miR-203 and miR-
205) that had not been identified in previous microarray studies
[5-7,20]. Therefore, this indicates that NGS enables a more in-depth

Table 3
Circulating levels of EEC-associated miRNAs in plasma samples from patients without carcinoma (NE plasma) and patients with EEC (EEC plasma) before and after surgery.

miRNA A B C Pvalue
NE plasma EEC plasma before operation EEC plasma after operation AvsB BvsC
(n=12) (n=12) (n=11)

miR-135b 1.0 513 0.0062 <0.001 0.003
(057-3.40) (0.49-15.13) (0-0.96)

miR-205 1.0 234 0.56 <0.001 0.003
(0.06-4.07) (0.0-6.19) (0.34-0.94)

miR-30a-3p 1.0 0.53 0.062 0.009 0.003
(0.54-2.04) (0.096-2.25) (0-0.12)

miR-21 1.0 0.64 0.59 0.033 NS
(0.39-2.76) (027-122) (0.023-3.11)

miR-10b 1.0 0.745 - NS -
(0.34-2.49) (0.05-1.55)

miR-30a-5p 1.0 0.48 - NS -
(0.21-2.74) (0.05-1.3)

miR-195 1.0 0.615 - NS -
(024-2.1) (0.05-1.73)

miR-499 ND ND - - -

Expression levels are described as MoM values [median (minimum — maximum)]. Significant differences between control and EEC plasma before surgery were analyzed by Mann-
Whitney U test, and significant differences between EEC plasma before and after operation were analyzed by Wilcoxon singed-rank test. P < 0.05 was considered significant.

-, not analyzed; ND, not detected; NS, not significant.
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Table 4
Association between clinicopathological characteristics and EEC-associated miRNA levels in EEC tissues.

FIGO stage and grade Lymph node metastasis Relapse
IAG1 Others® Pvalue - + Pvalue - + Pvalue
(n=7) (n=21) (n=21) (n=4) (n=125) (n=3)

miR-135b 5.64 4.39 NS 5.55 6.03 NS 5.67 4.09 NS
(3.51-12.13) (0.49-15.13) (0.49-12.13) (1.49-15.13) (0.86-15.13) (0.49-4.68)

miR-205 292 224 NS 2.14 3.03 NS 2.74 143 NS
(1.14-6.09) (0-6.19) (0-6.19) (1.43-6.12) (0-6.19) (1.4-2.34)

miR-21 0.89 0.58 NS 0.7 0.55 NS 0.7 0.55 NS
(0.43-1.22) (0.27-0.96) (0.32-1.22) (0.46-0.96) (027-1.22) (0.32-0.81)

miR-30a-3p 0.595 043 NS 0.28 0.57 NS 0.55 045 NS
(0.22-2.45) (0.1-2.15) (0.24-0.45) (0.13-2.45) (0.1-2.45) (0.2-0.72)

miR-499 1.09 292 0.047 2.09 524 NS 248 3 NS
(0.41-2.54) (0.22-40.08) (0.22-40.48) (2.48-26.26) (0.21-40.48) (2.73-7.21)

miR-10b 0.8 0.66 NS 0.79 0.88 NS 0.79 0.85 NS
(0.49-2.59) (0.17-2.81) (0.21-2.81) (0.3-1.15) (0.17-2.81) (0.56-1.15)

miR-30a-5p 0.69 0.61 NS 0.62 0.58 NS 0.61 061 NS
(0.39-1.26) (0.27-1.62) (0.27-1.62) (0.46-0.68) (0.28-1.62) (0.27-1.39)

miR-195 0.28 0.35 NS 0.26 0.35 NS 0.33 0.18 NS
(0.13-0.87) (0.1-0.74) (0.13-0.87) (0.1-0.54) (0.13-0.87) (0.1-0.74)

Expression levels of miRNAs are described as MoM values [median (minimum — maximum)]. Significant differences between groups were analyzed by Mann-Whitney U test. P < 0.05

was considered significant.
NS, not significant.

2 Includes tumors with more advanced FIGO stage and/or histopathological grade than Stage IA, Grade 1.

characterization of the global repertoire of miRNAs compared with
oligonucleotide microarray analysis and/or the heterogeneity of cancer
because the discovery set used for NGS analysis was obtained from a
single cancer patient, a limitation of this study. Therefore, it is critical
to explore additional studies of miRNAs based on the heterogeneity of
EEC. Consistent with a previous study, several dysregulated miRNAs in
EEC tissues were identified in our analyses [5-7,20]. However, in previ-
ous studies of EEC tissues, miR-200 family, miR-9, miR-203, miR-205
and miR-210 were upregulated, while miR-410, miR-17-5p, miR-214,
miR-99a,b, miR-199b, miR-100, miR-20a, miR-221, miR-222 and miR-
424 were downregulated [5,7,20-26]. The discrepancy between our
study and the previous studies reflects the difference in the way to
select the candidate EEC-associated miRNAs at the beginning of each
study. Previous studies have selected EEC-associated miRNAs with pre-
dominantly dysregulated expression in the EEC tissues at the beginning
of their study [7]. In contrast, we selected the miRNAs that had pre-
dominantly dysregulated expression in EEC tissues compared with NE
tissues, but negative expression (<100 read counts) in blood cells as
candidate EEC-associated miRNAs. This was because one of our goals
was to identify the EEC-associated miRNAs in plasma as non-invasive
diagnostic markers for EEC. Another reason for the discrepancy between
the present and previous studies may be related to the method of
obtaining samples for high-throughput analysis. Previous studies ob-
tained EEC and NE samples from different individuals. However, each
case had a heterogeneous background and each miRNA expression

Table 5
Association between pathological characteristics, EEC-associated miRNA levels and CA 125
levels in plasma from patients with EEC.

FIGO stage and grade

[AG1(n=4) Others® (n = 8) Pvalue
miR-135b 3.71(3.61-767) 6.52 (1.47-9.22) NS
miR-205 495 (3.95-5.79) 5.38 (2.96-7.36) NS
miR-21 0.24 (0.013-0.45) 0.82 (0.31-1.73) 0.017
miR-30a-3p 0.52 (0.34-0.65) 0.69 (0.52-1.08) NS
CA125 22.5(17.6-51.2) 17.5(7.7-127.4) NS

Expression levels of miRNAs are described as MoM values [median (minimum —
maximum)], and CA 125 levels as U/mL. Significant differences between groups were
analyzed by Mann-Whitney U test. P < 0.05 was considered significant.
NS, not significant.

2 Includes tumors with more advanced FIGO stage and/or histopathological grade than
Stage 1A, Grade 1.

pattern in EEC and NE was affected by various factors, for example,
the phase during the menstrual cycle, and the background affecting
the molecular pathways of EEC and NE differed among individuals.
Therefore, in the present study, to make uniform the influence of back-
grounds affecting miRNA expression in EEC and NE, we compared EEC
and NE tissue from the same EEC patient (FIGO Stage IA, Grade 1) at
the same time.

Subsequent confirmation analysis using qRT-PCR identified 8
EEC-associated miRNAs in tissue (upregulated: miR-499, miR-135b
and miR-205, downregulated: miR-10b, miR-195, miR-30a-5p,
miR-30a-3p and miR-21). miR-205 was upregulated in the qRT-PCR
study, although it was downregulated in the NGS experiment. Addi-
tionally, miR-10b and miR-195 were downregulated in the qRT-PCR
study, although they were upregulated in the NGS experiment. This
discrepancy was also found in a previous study [7], and might have
been because single cases were analyzed by NGS but multiple cases
by qRT-PCR.

We identified novel and already known EEC-associated miRNAs
[5,7,20~26]. miR-205 is frequently dysregulated in many human
cancers, suggesting its important roles in initiation and progression of
cancer. Previous studies identified significantly overexpressed hsa-
miR-205 in endometrial cancer compared with NE tissue, and JPH4,
ESRRG and PTEN were the candidate tumor suppressor genes in EEC
[5,27,28]. In contrast, miRNA-205 was significantly suppressed in renal
cancer cell lines and tumors when compared with normal tissues and
a non-malignant cell line [29]. The expression of miRNA-205 is signifi-
cantly high in some malignancies but significantly low in other malig-
nancies, depending on the organs from which the malignancy comes.
These observations suggest that a miRNA has more than one target
mRNA.

By using the database search, 3 mRNAs (MSH2, LTB4DH and 1KKa)
were selected as common targets of 3 up-regulated EEC-associated
miRNAs in EEC tissue. An oncogenic miRNA acts as an oncogene and
has increased expression in tumor cells, while a tumor suppressor
miRNA acts as a tumor suppressor gene and has decreased expression
in tumor cells. All 3 candidate target mRNAs are tumor suppressor
genes [30-34], thus, it is compatible that they are candidate target
mRNAs of upregulated EEC-associated miRNAs (oncogenic miRNAs) in
EEC tissue.

The relationship between EEC-associated miRNA expression in EEC
tissue and clinicopathological characteristics was investigated. The
expression level of has-miR-499 in tissues of FIGO Stage Il or more



720 0. Tsukamoto et al. / Gynecologic Oncology 132 (2014) 715-721
a b
8 8]
- | I L o ‘
J x % |
o[l r— 3 T
l — p——t
L8 J} | <8 |
2 J
g |- | £
3 3
ol 2
n 3 (2 s 1 Prasma
— RV
MR8 Ip
MR350
- miR208
] &1
CE o1
100 80 60 40 20 0 100 80 60 40 20 0
Specificity(%) Specificity(%)
Fig. 1. ROC curve analysis using tissue and plasma miRNA profiles for discriminating EEC samples from NE samples. (A) Tissue miRNA profiles (EEC, n = 28; control, n = 14); miR-10b,

miR-499, miR-195, miR-135b, miR-30a-5p, miR-205, miR-30a-3p and miR-21 yielded AUC of 0.7602 (95% CI: 0.6132-0.9072), 0.7143 (95% CI: 0.5537-0.8749), 0.8736 (95% Cl:
0.7145-1.000), 09184 (95% Cl: 0.8285-1.0), 0.7245 (95% CI: 0.5445-0.9045), 0.8112 (95% CI: 0.666-0.9565), 0.8265 (95% CI: 0.6953-0.9578) and 0.7423 (95% CI: 0.5744-0.9103), respec-
tively. The miR signatures consisting of 2 miRNAs yielded elevated AUC values in comparison to single miRNAs. The miR135b/miR30a-3p yielded an AUC of 0.9898 (95% CI: 0.9677-1.0,
P < 0.038, Wald test), and miR135b/miR195 yielded AUC of 0.9835 (95% CI: 0.9677-1.0, P < 0.048, Wald test). (B) Plasma miRNA profiles (EEC, n = 12; control, n = 12); miR-135b, miR-205,
miR-30a-3p and miR-21 yielded AUC values of 0.9722 (95% CI: 0.913-1.0), 1.0 (95% CI: 1.0-1.0), 0.8125 (95% CI: 0.6381-0.9869), and 0.7569 (95% CI: 0.5611-0.9528), respectively.

advanced tumors was significantly higher than that in tissues of Stages
IA and IB tumors. The expression level of miR-205 in EEC of FIGO Grade
3 tumor was significantly higher than that in Grade 1 and 2 tumors. The
expression level of has-miR-499 in tissues of FIGO Stage IA and Grade 1
tumors was significantly lower than in tissues of other tumors (FIGO
Stage IB or more advanced, and Grade 2 or 3). ROC curve analysis re-
vealed that single regulated EEC-associated miRNAs in tissues could dis-
tinguish between EEC and NE tissue samples yielding high AUCs. In
addition, 2 miRNA signatures, miR135b/miR195 and miR135b/
miR30a-3p, classified EEC tumor tissues with higher accuracy than sin-
gle miRNAs. These observations suggest that EEC-associated miRNA sig-
natures in tissue could be a diagnostic marker, a supportive marker to
estimate the pathological stage and grade of EEC, and potential markers
to decide treatment strategies for each EEC case [7].

Finally, as non-invasive markers for EEC, four EEC-associated
miRNAs (increased level: miR-135b, miR-205, decreased-level: miR-
30a-3p and miR-21) in plasma were identified. Increased levels of
EEC-associated miRNAs in plasma also showed higher expression level
in EEC tissue, and decreased levels of EEC-associated miRNAs in EEC
plasma showed lower expression level in EEC tissue. This suggests
that circulating levels of EEC-associated miRNA in plasma reflect the ex-
pression status of EEC-associated miRNA in tissue. Torres et al. evaluat-
ed miRNA profiles in matched tissue and plasma samples from EEC
patients, and showed diagnostic and prognostic significance of plasma
miRNA signatures in EEC [7]. Although invasive procedures including
biopsies or surgery were performed in the current clinical diagnosis,
plasma-based biomarkers may lead to development of a non-invasive
test of EEC. To date, miRNA expression pattern is known to be aberrant
in cancer, and tumor-cell-derived miRNAs in circulation may be stored
in microvesicles that are secreted by various cell types. Additionally,
cell-free miRNAs are remarkably stable molecules in plasma [35].
Although the source of plasma EEC-associated miRNAs has not been de-
termined so far, they might derive from exosomes shed from apoptotic
or broken cells in EEC and NE [35-37]. In this study, circulating levels of
3 EEC-associated miRNAs (miR-135b, miR-205 and miR-30a-3p) in
plasma were significantly decreased after surgery, suggesting that

these miRNAs in plasma were mainly from EEC and NE, and may serve
as a non-invasive biomarker for diagnosis of EEC, for example, early
detection of early-stage EEC or relapse.

As for the clinical significance of plasma EEC-associated miRNASs, cir-
culating levels of EEC-associated miRNAs in plasma were compared in
groups distinguished according to FIGO stage and histopathological
grade. In comparison of FIGO Stage IA (Grade 1) tumors with others
(more advanced FIGO stage and/or histopathological grade), the plasma
concentration of miR-21 in cases of FIGO Stage IA (Grade 1) tumors was
significantly higher than in more advanced tumors, suggesting that this
miRNA may have the potential to detect early-stage EEC. ROC curve
analysis revealed that 4 single regulated EEC-associated miRNAs in
plasma could distinguish between EEC and NE cases yielding high AUCs
(Fig. 1B). Two single miRNAs, miR-135b and miR-205, yielded 0.9722
(95% CI: 0.913-1.0) and 1.0 (95% CI: 1.0-1.0), respectively. CA125 is
a current tumor marker for EEC, and can be measured simply and
non-invasively, and provide a useful indicator of tumor status. How-
ever, the sensitivity and positive predictive value of CA125 is relatively
low in detecting EEC [38]. In contrast, EEC-associated miRNAs have
different expression profiles in NE and EEC, suggesting that EEC-
associated miRNAs in plasma may be used as additional biomarkers
for EEC diagnosis.

In conclusion, a set of EEC-associated miRNAs in tissue and plasma of
EEC patients was identified by NGS, which could enable in-depth char-
acterization of the global repertoire of miRNAs. EEC-associated miRNA
levels in tissue and plasma were associated with pathological character-
istics, and could distinguish EEC from NE samples with high accuracy.
Although our data are still preliminary because of the small sample
size, the measurement of EEC-associated miRNAs in the tissue and plas-
ma may be used as a diagnostic, prognostic, and follow-up test for EEC.
Future studies regarding the biological pathway of EEC-associated
miRNAs in tissue and plasma may contribute to the elucidation of mo-
lecular pathogenesis of EEC, endometrium development, and discovery
of novel therapeutic targets of EEC.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygyno.2014.01.029.
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Identification of two novel mutations in the NOG
gene associated with congenital stapes ankylosis

and symphalangism

Akira Ganaha?, Tadashi Kaname??, Yukinori Akazawa'?, Teruyuki Higa!®, Ayano Shinjou'3,

Kenji Naritomi>® and Mikio Suzukil?

In this study, we describe three unrelated Japanese patients with hearing loss and symphalangism who were diagnosed with
proximal symphalangism (SYM1), atypical multiple synostosis syndrome (atypical SYNS1) and stapes ankylosis with broad thumb
and toes (SABTT), respectively, based on the clinical features. Surgical findings in the middle ear were similar among the
patients. By next-generation and Sanger sequencing analyses, we identified two novel mutations, c.559C>G (p.P178A) and
€.682T>A (p.C228S), in the SYM1 and atypical SYNS1 families, respectively. No pathogenic changes were found in the

protein-coding regions, exon—intron boundaries or promoter regions of the NOG, GDF5 or FGF9 genes in the SABTT family. Such
negative molecular data suggest there may be further genetic heterogeneity underlying SYNS1, with the involvement of at least
one additional gene. Stapedotomy resulted in good hearing in all patients over the long term, indicating no correlation between
genotype and surgical outcome. Given the overlap of the clinical features of these syndromes in our patients and the molecular
findings, the diagnostic term ‘NOG-related-symphalangism spectrum disorder (NOG-SSD)’ is advocated and an unidentified gene

may be responsible for this disorder.

Journal of Human Genetics advance online publication, 13 November 2014; doi:10.1038/jhg.2014.97

INTRODUCTION

Proximal symphalangism (SYM1) with conductive hearing loss was
first described in 1960 by Vesell.! In 1999, Gong et al? found that
mutation in the NOG gene was responsible for SYM1. This gene
encodes a secreted protein, noggin, a bone morphogenetic protein
antagonist essential for normal bone and joint development in
humans and mice.> NOG gene mutations leading to aberrant functions
of the noggin protein have been found in some syndromes involving
digital anomalies, including SYM1,! multiple synostosis syndrome
(SYNS1),*  facioaudiosymphalangism,>  tarsal-carpal  coalition
syndrome,®’ stapes ankylosis with broad thumb and toes (SABTT)®
and brachydactyly type B2.° Because these syndromes share several
overlapping features, it is sometimes difficult to reach an exact
diagnosis. Given the overlapping clinical features and shared genetic
cause of these syndromes with symphalangism, the collective term
NOG-related symphalangism spectrum disorder (NOG-SSD) was
proposed by Potti et al!® in 2011. Following this proposed terminol-
ogy, the same mutation in the NOG gene was reported in these
overlapping syndromes with symphalangism.>!! In addition to NOG
mutations, mutations in growth differentiation factor-5 (GDEF5) on
chromosome 20qll.2 or in fibroblast growth factor 9 (FGF9) on
chromosome 13q12 have been found in patients with SYNS1.1213

However, as the GDF5 protein interacts with the NOG protein,'%1>
the diagnostic category of NOG-SSD does appear to be promising.

In this study, we present the clinical findings, including surgical
results for hearing loss, and the molecular findings of the NOG, GDF5
and FGF9 genes for three unrelated Japanese patients clinically
diagnosed with SYMI, SYNSI or SABTT. Our results are consistent
with the advocated disease category of NOG-SSD.

PATIENTS AND METHODS

Three affected patients from unrelated families were investigated. The patients’
clinical histories, including hearing loss and symphalangism, were taken and
physical examinations, including otoscopy, hearing tests and computed
tomography of the temporal bones, were conducted. All patients were
examined for the presence of conductive hearing loss, symphalangism,
hyperopia, broad thumbs or great toes, syndactyly and fusion of vertebrae.
Hearing level was defined as the average of the hearing threshold at 0.5, 1.0, 2.0
and 4.0 kHz determined by pure-tone audiometry. Stapedius reflex tests were
performed using standard audiometric procedures and equipment. High-
resolution temporal bone computed tomography scans were performed to
identify middle or inner ear malformations. All patients underwent radio-
graphic scans to identify possible fusion of the bones in the hands or feet.
Stapes surgery was performed in three patients to restore hearing loss.
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Table 1 Summary of clinical features of three patients

Hearing
level (dB) Findings at operation
Stapes Fixed short Short distal  Fused cervical vertebrae
Case Right Left ankylosis process Symphalangism  Syndactyly  Hyperopia  Hemicylindrical nose  phalanges o roenigenograms
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Figure 1 Pedigree of the three reported patients. Pedigrees of (a) patient 1 (111-2), (b) patient 2 (11l-1) and (c) patient 3 (11-5).

Before enrollment, all patients provided written informed consent. The
research protocol was approved by the Ethical Review Board of the University
of the Ryukyus, Japan.

NOG genotyping

Next-generation sequencing.  Genomic DNA was extracted from whole blood
using a QlAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). Targeted
resequencing of the NOG gene, including the promoter region, was performed
by next-generation sequencing following long and accurate PCR. The NOG
genomic region, spanning 6.5kb (including a 3.5-kb upstream region), was
amplified by long-range PCR with the primer pair 5-GTCCAAAGGTGTTG
GAGTTGATTTCAG-3" and 5'-AGGCTGTGAGCCTTGTTGATTCCAAG-3'.
The amplicon was then purified and fragmented using a Covaris sonicator
(Covaris, Woburn, MA, USA). The fragmented DNA was end-repaired and
ligated with an adapter for next-generation sequencing. The target DNA was
sequenced with a GS Junior System (Roche, Basel, Switzerland).

Sanger sequencing. To confirm the coding sequences and substitutions, the
NOG gene was Sanger sequenced using three primer pairs (primer sequences
are available on request) in six subjects. PCR was performed as follows: initial
denaturation at 94 °C for 5 min; 35 cycles of 94 °C for 40s, 64 °C for 405, and
72°C for 1 min; and a final extension at 72 °C for 5 min. PCRs were run using a
programmable thermal cycler (Verti 96-Well Thermal Cycler; Applied Biosys-
tems, Foster City, CA, USA). PCR products were purified using a Wizard SV
Gel and PCR Clean-Up System (Promega, Madison, WI, USA) and directly
sequenced using an ABI PRISM 3130x] Genetic Analyzer (Applied Biosystems).
The sequences obtained were aligned and compared using the BLAST program
with known human genome sequences available in the GenBank database.

PCR-restriction fragment length polymorphism analysis of NOG
mutations in control subjects

We surveyed the substitutions ¢.559C> G (p.P178A) and c.682T > A (p.C228A)
in 200 healthy unrelated Japanese individuals used as controls. The genotypes of
the ¢559C>G (p.P178A) and c.682T>A (p.C228A) substitutions were
detected by digestion of the PCR product with the restriction enzymes Bigl
and HpyCH4V (both from New England Biolabs, Ipswich, MA, USA),
respectively.

Journal of Human Genetics

In silico analysis of substitutions

The Double Prediction Method'® was used for predicting the secondary
structure of the proteins. To analyze the pathological effect of coding variants
on protein function in each substitution, four different prediction programs
were used: SIFT (http://sift.jcvi.org),’” PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2/),'® PROVEAN (http://provean.jcvi.org)!? and Mutation Taster.2

RESULTS

Case presentation

Table 1 presents a summary of the clinical findings of the three
patients (1 man and 2 women; age range, 19-31 years). Patients 1 and
2, whose hearing loss appeared in childhood, wore hearing aids in
both ears at the first visit to our hospital. All three patients had no
history of ear disease-related hearing loss, such as chronic otitis media
or cholesteatoma, and had similar otologic examination results. They
had conductive hearing loss in both ears (Figure 3): bone conduction
levels in both ears were almost normal and air conduction hearing
levels ranged from 70 to 35dB. They had a type A tympanogram,
absence of the stapedius reflex and a normal eardrum under
microscopic observation. Computed tomography scan showed no
apparent ossicle malformation in either ear in any patient.

Patient 1 (patient III-2 in family 1). A 22-year-old Japanese woman
(II-2) was referred to our institution at age 16 years because of
hearing loss since early childhood. The family pedigree is illustrated in
Figure 1a. Her facial appearance is shown in Figures 2a and b. Her
hands showed cutaneous syndactyly between the second and third
digits and symphalangism in both distal interphalangeal joints of the
fifth fingers (Figures 4a and b). Her feet also showed symphalangism
in the third to fifth toes and short first toes of both feet (Figures 5a
and b). Symphalangism in both little fingers and short proximal
phalanges in both first toes were observed on X-ray examination
(Figures 4b and 5b). Ophthalmologic examination displayed no
abnormal findings such as hyperopia or strabismus. No facial
dysmorphism was observed (Figures 2a and b). She underwent
exploratory tympanotomy of the left ear at the age of 16 years that
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Figure 2 Facial appearance of the patients. (a, b) Patient 1 (patient IlI-2 in family 1). (c, d) Patient 2 (patient IlI-1 in family 2). Note the hemicylindrical
nose, hypoplastic nasal alae and thin upper vermilion. (e, f) Patient 3 (patient 1I-5 in family 3).

revealed ankylosis of the stapes footplate without incus fixation and
congenital malformation of the ossicles. Stapedotomy was performed
using a Teflon piston. Her postoperative hearing threshold improved
to 25dB in the left ear (Figure 3b) and has been stable for > 5 years
after the surgery. A diagnosis of SYM1 was made based on the clinical
findings.

Patient 2 (patient III-1 in family 2). A 19-year-old Japanese man
(I1I-1) was referred to us because of bilateral hearing loss since early
childhood. His family pedigree is illustrated in Figure 1b. His hands
showed symphalangism in both proximal interphalangeal joints of the
fifth fingers (Figure 4c). Physical and X-ray examination of the feet
revealed symphalangism in the fifth toes of both feet (Figures 5¢ and
d). X-ray of the cervical vertebrae revealed fusion of C6~C7 without
reduced motion of the neck. He wore glasses for bilateral hyperopia.
Dysmorphology examination showed a hemicylindrical nose, hypo-
plastic nasal alae and thin upper vermilion (Figures 2¢ and d).

Exploratory tympanotomy in the left ear was performed at age 19
years and revealed ankylosis of the stapes footplate. Only slight
immobility without malformation of the incus was detected and was
considered acceptable. Stapedotomy was performed using a Teflon
piston. His postoperative hearing threshold improved to 25 dB in the
operated ear (Figure 3d) and his hearing level has remained stable for
more than 2 years after surgery. A diagnosis of SYNSI was made based
on the clinical findings.

Patient 3 (patient II-5 in family 3). A 31-year-old Japanese woman
(I1-5) was referred to our hospital at age 9 years because of hearing
loss since early childhood. The family pedigree is illustrated in
Figure lc. Her facial appearance is shown in Figures 2e and f. Her
son has conductive hearing loss without symphalangism or hyperopia.

Physical examination of the hands revealed symphalangism in both
proximal interphalangeal joints of the fifth fingers (Figure 4e), whereas
both feet had symphalangism in the third to fifth toes (Figure Se).
Symphalangism and short intermediate phalanges in both fifth fingers
were confirmed by X-ray examination (Figures 4f and 5f). Ophthal-
mologic examination revealed hyperopia. No facial dysmorphism was
observed. Exploratory tympanotomy was performed in the left ear at
age 9 years and 5 months later in her right ear. Ankylosis of the stapes
footplate without incus fixation and malformation of the ossicles were
evident in both ears. Stapedotomy was performed using a Teflon
piston in both ears. Her postoperative hearing threshold in the left and
right ears improved to 17 and 27 dB, respectively (Figure 3f), and her
hearing level has been stable for 22 years after surgery. The diagnosis
was SABTT based on the clinical findings.

Genetic analysis

Family 1. Next-generation sequence analysis revealed the presence of
a heterozygous substitution in the NOG gene, c.559C>G (p.P178A)
(Figure 6). The ¢.559C>G substitution in patient 1 (III-2) was
confirmed by direct sequence analysis (Figure 6¢). This substitution
was not found in 200 controls.

Family 2. Molecular analyses were performed in patient 2 (III-1) and
his parents (II-3, II-4). Next-generation sequencing analysis revealed
the presence of a heterozygous substitution of the NOG gene,
c.682T>A (p.C228A) (Figure 6). The c.682T >A substitution was
identified in the father (II-3) and son (III-1) but not in the mother
(II-4). The heterozygous c.682T>A substitution was confirmed by
direct sequence analysis (Figure 6d). This substitution was not found
in 200 controls.
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Figure 3 Pure tone audiograms of the patients. Preoperative audiograms of (a) patient 1, (c) patient 2 and (e) patient 3 showing bilateral conductive hearing
loss. Postoperative audiograms of (b) patient 1, (d) patient 2 and (f) patient 3 showing improvement in hearing threshold in the operated ear.

Figure 4 Views and radiographs of the patients’ hands. (a, b) Patient 1, (c, d) patient 2 and (e, f) patient 3. (a, ¢, e) Views of hands and (b, d, )
radiographs of hands. Black arrows indicate symphalangism in (a) the distal interphalangeal joint and (c, d) proximal interphalangeal joint of the fifth fingers.
Black arrowheads indicate cutaneous syndactyly. White arrowheads indicate short fifth fingers (brachydactyly).

Family 3. Molecular analyses were performed in patient 3 (II-5) and ~ Analysis of the secondary structure of the NOG protein

her son (I11-1). Next-generation sequence analysis and direct sequence ~ We identified two novel mutations, ¢.559C>G (p.P178A) and
analysis of the NOG, GDF5 and FGF9 genes showed no pathogenic  c.682T>A (p.C2285), in two of our patients, respectively. The
mutations in patient 3 (II-4) or her son (III-1) (data not shown). secondary structure of the NOG protein was predicted to be altered
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Figure 5 Views and radiographs of the feet of the patients. (a, b) Patient 1, (c, d) patient 2 and (e, f) patient 3. (a, c, e) Views of feet and (b, d, f)
radiographs of feet. Black arrows indicate short first toes. White arrows indicate symphalangism. Arrowheads indicate short proximal phalanges (hypoplasia).

from a random coil to an «-helix between A187 and E188 by the
mutation of p.P187A (Figures 7a and b), leading to an extended strand
between C184 and S185 (Figure 7b). The secondary structure of the
mutated NOG protein p.C228S was altered from an extended strand
to a random coil between S226 and E227 (Figures 7c and d). These
conformational changes may inhibit dimer formation or interaction
with other transforming growth factor-p family members, possibly
leading to the clinical features constituting the proposed disease
category of NOG-SSD.

In silico substitution analysis

The four prediction methods used to evaluate the potential impact of
amino acid substitutions on the structure and function of the noggin
precursor protein revealed that both mutations affected protein
function, except for PolyPhen2 for P187A (Table 2).

DISCUSSION

NOG mutations and diseases

We performed molecular investigation of three patients who showed
overlapping clinical features of hearing loss and symphalangism. Next-
generation and Sanger sequencing analyses revealed two novel muta-
tions, ¢.559C>G (p.P178A) and c.682T > A (p.C228S), in the SYM1
and atypical SYNS1 families, respectively. These mutations have not
been described previously and were not found in 200 controls. The
predicted secondary structures of these mutated proteins were
different from those of the wild-type protein. The NOG region amino
acid 178 is located in the dimerization domain.’ The two novel
substitutions of p.P187A and p.C228S affect the dimerization of the
NOG protein. SIFT, PROVEAN and Mutation Taster, but not
PolyPhen-2, predicted that both substitutions affect protein function.
For mutation p.P187A, a different amino acid change at the same
position, P187S, has also been reported as a pathological mutation
disrupting the dimerization of the NOG protein in a patient with
proximal symphalangism.’® The noggin protein contains seven cysteine

residues within the carboxyl terminal region, matching the pattern
found in the Kunitz-type protease inhibitor superfamily.?! The
cysteine-rich Kunitz domain can mediate specific interaction with
another protein by forming disulfide bonds between cysteine residues.
The cysteine knot motif of the C-terminal domain of noggin was
disrupted and noggin failed to function when these sites were mutated
because of damage to the formation of disulfide bonds in noggin
dimerization.?>?? These data suggest that the two novel substitutions
¢.559C>G (p.P178A) and c.682T > A (p.C228S) are pathological.
Mutations in the NOG gene have been found in several syndromes,
including SYM1,! SYNSL,* facioaudiosymphalangism,” tarsal—carpal
coalition syndrome,®” SABTT® and brachydactyly type B2, leading to
the somewhat controversial proposal of the novel category NOG-SSD
that combines the syndromes.! Among our three patients, there is a
marked overlap between the SYMI, atypical SYNS1 and SABTT
syndromes with respect to the clinical features associated with joint-
fusion syndromes (Table 3), supporting their assignment to the same
spectrum with phenotypic variation. Further supporting evidence is
that the same mutation of p.P35S in the NOG gene has been found in
both tarsal-carpal coalition syndrome and SYM1.2* In the present
study, variable phenotype expressivity was observed in each family, but
our patients had overlapping symptoms with one another. In patient
1, we diagnosed the disorder as SYM1 because typical symptoms of
SYM1 were displayed. In patient 2, we diagnosed atypical SYNSI
because the clinical features best matched the diagnostic criteria of
SYNSI, although the patient was hyperopic. NOG mutations were
found in both cases, lending support to the concept of NOG-SSD.
NOG-SSD may display locus heterogeneity, given that mutations in
other genes such as GDF5'2% and FGF9'3 have been reported in some
families with the overlapping syndromes associated with symphalan-
gism. In patient 3, because the diagnosis was typical SABTT, we
examined the NOG gene, including its promoter region, by next-
generation sequencing. However, no mutation was identified in the
NOG gene or the promoter. We also examined the GDF5 and FGF9

o
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Figure 6 NOG gene sequencing profiles for the patients. (a, b) Integrative genomics viewer images of next-generation sequencing analysis of the NOG gene.
(c—f) Sanger sequencing diagram for the (c, d) patients and (e, f) wild types. (a, ¢) Patient with the c.559C>G (p.P178A) mutation and (b, d) patient with

the ¢.682T>A (p.C228A) mutation. Arrows indicate the variant nucleotide.

genes in patient 3 by direct and next-generation sequencing, but found
no pathological substitutions in the protein-coding regions, exon—
intron boundaries or promoter regions of either gene. Such negative
molecular data for family 3 indicate that there may be further genetic
heterogeneity underlying SYNSI, with the involvement of at least one
additional gene. In fact, two studies by Dawson et al.'> and van den
Ende et al?® found no mutations in either NOG or GDF5 in the
patient with NOG-SSD. Moreover, they did not find any mutations in
NOG, BMPRIB, GDF5 or FGF9 in a patient with a clinical phenotype

Journal of Human Genetics

showing features of SYNSI or facioaudiosymphalangism, suggesting
further genetic heterogeneity for these syndromes.

Surgery

In addition to stapes ankylosis, fixation of the short process of the
incus in the fossa incudis has been reported in patients with NOG-
SSD.82730 n patient with incus fixation, incudal mobilization was
required at the time of stapes surgery.®?’" In the present study,
fixation of the incus was identified in patient 2, but because the



Wild type 180 ¥ 190
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Figure 7 Prediction of the secondary structure of NOG protein. (a, b) Wild-
type P187 and P187A and (c, d) wild-type C228 and C228S. Arrows
indicate targeted amino acids. c, random coil; DPM, double prediction
method;18 e, extended strand; h, a-helix; t, p-turn.

Table 2 Summary of analysis in silico

Variant PROVEAN SIFT PolyPhen-2 Mutation taster
P187A Deleterious Intolerant Benign Disease causing
C228S Deleterious Intolerant Probably damaging Disease causing

Table 3 Phenotypes of symphalangism spectrum disorder and cases
of this report

SYNSI SYMI TCC SABTT Casel Case2 Case 3

Symphalangism + + + - + + +
Stapes ankylosis + + - + + + +
Hyperopia - - ~ + - n .
Typical face + - - + _ n

Fusion of carpal and + - + - - + _

tarsal bones

Abbreviations: SABTT, stapes ankylosis with broad thumb and toes; SYM1, symphalangism;
SYNS1, muitiple synostosis syndrome; TCC, tarsal-carpal coalition syndrome.

immobility was considered acceptable, incudal mobilization was not
performed and the outcome was hearing improvement with mild
conductive hearing loss. Disappointing long-term results of stapes
surgeries with proximal symphalangism syndrome have been
reported.?>?! The improved hearing threshold after stapes surgery
deteriorates during the follow-up period because of a dislocated
piston, a process considered to result from bony reclosure of the
footplate.?®?! Thus, partial stapedectomy or stapedectomy should be
considered to prevent reclosure of the oval window.?>3! In the present
study, stapedotomy was performed in all patients and all retained good
hearing over the long term (between 2 and > 20 years). In view of our
surgical outcomes, stapes surgery for conductive hearing loss in
symphalangism spectrum disorder may be a good therapeutic option.
Moreover, as the ossicular condition during surgery was not different
among patients, there was no clear relationship between genotype and
surgical outcome in our patients.

CONCLUSION
In three patients with overlapping clinical features of hearing loss and
symphalangism, we identified two novel mutations, p.P187A and

Novel mutation in NOG-SSD
A Ganaha et al

p.C228S, in the SYM1 and atypical SYNSI families, respectively. The
NOG gene mutations clearly give rise to a spectrum of clinical
findings. The two novel NOG mutations identified lend support to
the notion of NOG-related symphalangism spectrum disorder. We
also found no pathogenic changes in the protein-coding regions,
exon-intron boundaries or promoter regions of the NOG, GDF5 or
FGF9 genes in the SABTT family, suggesting an unidentified gene may
be responsible for this disorder. These two novel mutations and
clinical manifestations in patients in this study will contribute to an
understanding of NOG-SSD.
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Abstract The present study established a primary hepa-
tocyte culture for the small Indian mongoose (Herpestes
auropunctatus). To determine the suitable medium for
growing the primary hepatic cells of this species, we
compared the condition of cells cultured in three media that
are frequently used for mammalian cell culture: Dulbecco’s
Modified Eagle’s Medium, RPMI-1640, and William’s E.
Of these, William’s E medium was best suited for culturing
the hepatic cells of this species. Using periodic acid-Schiff
staining and ultrastructural observations, we demonstrated
the cells collected from mongoose livers were hepatocytes.
To evaluate the distribution of mercury (Hg) in the liver
tissue, we carried out autometallography staining. Most of
the Hg compounds were found in the central region of
hepatic lobules. Smooth endoplasmic reticulum, which
plays a role inxenobiotic metabolism, lipid/cholesterol
metabolism, and the digestion and detoxification of
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lipophilic substances is grown in this area. This suggested
that Hg colocalized with smooth endoplasmic reticulum.
The results of the present study could be useful to identify
the detoxification systems of wildlife with high Hg content
in the body, and to evaluate the susceptibility of wildlife to
Hg toxicity.

Keywords Small Indian mongoose - Primary hepatocyte
culture - Hepatic lobule - AMG staining - Mercury
distribution

Introduction

Mercury (Hg), one of the most toxic elements, is com-
monly found in the global environment, and is present at
very high concentrations in marine mammals (Wagemann
et al. 1998; Cardellichio et al. 2000; Fant et al. 2001;
Woshner et al. 2001; Cardellicchio et al. 2002; Chen et al.
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2002: Monteiro-Neto et al. 2003; Tkemoto et al. 20044, b;
Lemes et al. 2011). Marine mammals that have high Hg
contents in their livers may have a prominent detoxification
system in this organ. The ratio of organic Hg(O-Hg) to total
Hg(T-Hg) tends to be higher in individuals with low T-Hg
content than in those with high T-Hg contents in the liver.
This shows that demethylation of methyl Hg is promoted in
the body, particularly in the liver (Caurant et al. 1996;
Meador et al. 1999; Cardellichio et al. 2000; Cardellicchio
et al. 2002). In addition, a positive correlation between Se
and T-Hg was found in marine mammals with high T-Hg in
the liver (Caurant et al. [996; Wagemann et al. [998;
Meador et al. 1999; Fant et al. 2001; Woshner et al. 2001;
Cardellicchio et al. 2002; Endo et al. 2002; Decataldo et al.
2004). It is generally accepted that the Hg toxicity is
reduced by being bonded with selenium (Wagemann et al.
1998; Cardellichio et al. 2000; Endo et al. 2002; Arai et al.
2004). Mercuric selenide (HgSe) and/or HgS which are
considered as inert nontoxic compounds have been found
in higher trophic marine mammals, such as striped dolphin
(Ng et al. 2001), northern fur seal and black-footed alba-
tross (Arai et al. 2004). Although the first report on marine
mammals with high Hg in their bodies was made by Ko-
eman et al. (1973), the detail Hg detoxification system is
not yet identified in these apparently Hg-tolerant animals.

It has been found that the amount of Hg in the atmo-
sphere increased as much as threefold since the beginning
of the industrial revolution (Lindberg et al. 2007). The
primary sources of Hg are natural, anthropogenic, and re-
emitted sources (Environmental Protection Agency (US)
1997). Globally, approximately 2,000-2,200 tons of Hg is
released annually into the atmosphere from anthropogenic
sources, representing two-thirds of the total release (Sei-
gneur et al. 2004). Recently, increasing temporal trends of
Hg in wildlife and ecosystems have been reported (Rigét
et al. 2011; Sonne et al. 2012; Blévin et al. 2013). Rigét
et al. (2011) reported that most of the Hg level increasing
data sets in Arctic biota was marine species, especially
marine mammals. Methylmercury is the only species of Hg
to get concentrated in each successive level in the food
chain, reaching levels in predatory fish that are about a
million times higher than in seawater (Mason et al. 2012;
Krabbenhoft and Sunderland 2013). Fish are the main
methylmercury exposure source for most wildlife species
and human (Krabbenhoft and Sunderland 2013). In human,
effects of chronic low-level methylmercury exposure
showed long-term neurocognitive deficits in children,
impaired cardiovascular health and immune system in
adults (Karagas et al. 2012). In vitro assay of methylmer-
" cury on peripheral blood mononuclear cells (PBMCs) of
harbor seal revealed that the number of lymphocytes, via-
bility, metabolic activity, DNA and RNA synthesis
decreased, suggesting deleterious effects of methylmercury
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concentrations naturally encountered in free-ranging seals
(Das et al. 2008). Therefore, Hg level of exposure to
wildlife, particularly marine mammals, has increased, and,
accordingly, understanding Hg toxicity and detoxification
mechanisms in wildlife is an urgent issue.

In vivo and in vitro assays are generally available for
determination of the toxicity and detoxification mecha-
nisms of chemicals including Hg. There are few reports on
in vitro assays of Hg using wildlife, harbor seal PBMCs
(Das et al. 2008; Dufresne et al. 2010), grey seal PBMCs
(Dufresne et al. 2010) and beluga whale lymphocytes
(Frouin et al. 2012), whereas in vivo assays using marine
mammals have never been reported. These techniques
seem to be difficult to use for marine mammals in view of
their body weights and lengths, and protective measures of
conservation and so on.

The Javan mongoose (Herpestes javanicus) has been
exterminated as it is an alien species in Japan. In our
previous study, we observed that the Javan mongoose
(Herpestes javanicus) had high Hg levels in the liver
similar to those reported for marine mammals. A positive
correlation and 1:1 molar ratio between Se and T-Hg was
also found in the liver of Javan mongoose (Horai et al.
2006). In addition, O-Hg/T-Hg ratio degradation with
increasing of T-Hg concentration was observed in the liver
of this species similar to those of marine mammals (Horai
et al. 2000). These results raise the possibility that the liver
of Javan mongoose has Hg metabolism and/or detoxifica-
tion system similar to those of marine mammals. We
considered Javan mongoose as an animal model for wild-
life that has high Hg content in the liver as in marine
mammals.

Primary hepatocytes are supposed to synthesize and
secrete serum proteins, synthesize and decompose glyco-
gen, and metabolize xenobiotics in a similar way as in the
whole liver in vivo (Miyazaki and Namba 1992), sub-
stantiating the possibility that in vitro assays of Hg using
primary hepatocytes of wildlife, which has high Hg
content in the liver, may disclose in vivo Hg detoxifica-
tion and metabolism in those wildlife. There is no infor-
mation on Hg-in vitro assays using primary hepatocytes
from wildlife, whereas some studies using those from
experimental animals, such as rat (Hasgekar et al. 2006)
and mouse (Toyama et al. 2011) are available. Different
media are available for primary hepatocyte culture studies
such as Earle’s modified Eagle’s medium (MEM) (Has-
gekar et al. 2006) or William’s E medium (Sashi et al.
2013) for rat hepatocytes, William’s E medium (Toyama
et al. 2011) or Dulbecco’s Modified Eagle’s Medium
(DMEM) (Chang and Hughes-Fulford 2014) for mouse
hepatocytes. First, to establish primary mongoose hepa-
tocyte culture, therefore, we should determine the most
suitable medium for it.



Establishment of a primary hepatocyte culture

The purpose of the present study is to isolate and
establish primary hepatocyte culture from mongoose liver
using screening of appropriate medium, PAS staining and
ultrastructural observation, and to understand the Hg dis-
tribution in these hepatocytes using AMG staining.

Though mongoose inhabits Japan had been recognized
as Javan mongoose (Herpestes javanicus), its genome
analysis identified this species in Japan as the small Indian
mongoose (Herpestes auropunctatus) by Watari et al.
(2011). Therefore, we described this species in this study
not Javan mongoose (Herpestes javanicus) but the small
Indian mongoose (Herpestes auropunctatus).

Materials and methods
Sample collection

Three adult specimens of the small Indian mongoose,
Herpestes auropunctatus (2 males and 1 female) were used
for the establishment of a primary hepatocyte culture. Male
and female hepatocyte cultures were used in the analysis,
without further differentiation between sexes. In the pres-
ent study, we evaluated only adult mongooses. One adult
female mongoose was used for PAS staining and AMG
staining. One adult female mongoose was used for electron
microscopy. They were collected from Okinawa, Japan in
2007 and 2008 as a part of a program to control harmful
wildlife.

With regard to the way of animal sacrifice, there are
three major methods to sacrifice experimental animals,
guillotine, anesthetization and CO, gas. We think guillo-
tine is the best method for sacrifice as it will not effect
various metabolisms in the body. However, mongoose is a
wild animal, and so it is difficult to fix it under the guil-
lotine without anesthetization even though anesthetization
and CO, gas could change some metabolic processes in the
body. Moreover, anesthetization is much less painful than
CO; gas. In the present study, we have used the same
experimental conditions for both mongooses and rats.
Therefore we presume that the results can be compared.

All of the animal handling protocols were approved by
the Animal Ethics Committee of Ehime University
(approval number: 35N32).

Primary hepatocyte culture

Primary hepatocytes were cultured using the method of Sato
and Miyazaki Sato and Miyazaki (1984) with slight modi-
fication. In brief, mongooses were anesthetized using pen-
tobarbital. The dose was 35 mg kg™ " body weight which
was referred a previous work by Ishibashi et al. (2009). After
the anesthesia took effect, the body was rinsed with 70 %

ethanol, and was fixed to a dissecting table. The skin and
abdominal muscles were cut with sterilized dissecting scis-
sors. The first 100 mL perfusate was warmed to 37 °C and
flowed into the portal vein at a rate of 10 mL min™". After
the perfusate had permeated the entire liver, the abdominal
inferior vena cava was cut in order to remove the blood and
perfusate from the body. After the first 100 mL perfusate, a
second perfusate was administered. The dose and flow speed
was the same as for the first perfusate. After the second
perfusate, the liver became less cohesive. The liver was
removed, placed in a 50 mL conical tube, and fragmented in
the second perfusate. The fragmented sample was centri-
fuged (50xg, 2 min, 4 °C), and then the supernatant was
discarded. The precipitated sample was rinsed with 10 mL
Hank’s solution (Life Technologies, Pleasanton, CA) and
centrifuged (50xg, 2 min, 4 °C) again. Rinsing and centri-
fugation was repeated three times. To remove red blood cells
from the sample, 10 mL cold red blood cell lysis buffer was
added to the sample. After allowing the sample to settle for
5 min, the sample was centrifuged (50x g, 5 min, RT). This
step was repeated three times, resulting in a sample of hepatic
cells that was collected from mongoose liver. A total of
5 x 108, 1 x 10%and 1 x 10° cells were collected from the
three mongoose livers, respectively. The hepatic cells were
cultured in one of three media: DMEM (Life Technologies),
RPMI-1640 (DS Pharma Biomedical, Osaka, Japan), or
William’s E (Sigma-Aldrich, St. Louis, MO) supplemented
with 10 % heat inactivated fetal bovine serum, I pM insulin,
0.1 mg mL~" kanamycin, 0.5 ug mL ™" amphotericin B in
collagen-coated dishes. The cell culture has repeated more
than twenty times, and the collected cells were used for
assays when the cell number was over 10 order.

Periodic acid-Schiff (PAS) staining

Glycogen storage of the isolated cells was evaluated by
Periodic acid-Schiff (PAS) staining (Wislocki 1950) on day
3 after hepatocyte isolation. The isolated cells were cul-
tured on a poly-L-lysine (PLL)-coated glass slide and fixed
with 20 % Mildform® for 20 min. Then the cells were
oxidized in 1 % periodic acid solution for 10 min, washed
and treated with Schiff’s reagent for 15 min, with sub-
sequent color development in sulfite solution for 9 min. To
compare isolated hepatic cells with liver tissue, a liver
section was also stained with periodic acid Schiff reagents
as control.

Autometallography (AMG) staining
AMG staining is a histochemical method to metal and
metal compounds such as ZnS, ZnSe, Au, BiS, BiSe, AgS,

AgSe, HgS and HgSe (Danscher and Stoltenberg 2006).
While the AMG staining is broad for such all materials, the
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staining specificity can be narrowed by pretreatments of
removing non-target materials. ZnSe, Au, BiS, AgS and
AgSe can be removed by exposure of 0.5-2 % KCN for
10 s to 30 min. ZnS can be removed by treatment of 0.1 N
HCI. Since BiSe and Hg compounds are resistant to such
KCN and HCI pretreatment, the combination with the
pretreatments and AMG development detects those mate-
rials as particles in the light microscope (Stoltenberg and
Danscher 2000).

We performed according to the method described by
Danscher and Stoltenberg (2000) with slight modification.
In brief, the liver perfused with PBS was collected, fixed
with 20 % Mildform, embedded in paraffin and sectioned
at 6 uM. The sections were dipped in | % Farmer solution
(1 % Sodium thiosulphate—0.1 % Potassium ferricyanide)
for 10 s and in 0.5 % gelatin solution before mounting onto
gelatin-coated slides. Deparaffinized and rchydrated sec-
tions were exposed to HCl or KCN to selectively remove
certain metal and metal compounds such as ZnS, ZnSe, Au,
BiS, AgS and AgSe, but not BiSe, HgS and HgSe (Stol-
tenberg and Danscher 2000). The Hg compounds were
developed as silver nano clusters in silver acetate solution
containing hydroquinone (AMG development) (Danscher
and Stoltenberg 2006). The liver from an adult female rat
housed in a specific pathogen free facility condition was
used as control.

Electron microscopy

The mongoose liver and the cultured cells on glass slides
were fixed with 2 % glutaraldehyde 2 % paraformaldehyde
in 0.1 M PBS. Ultrastructure of them was observed using
H-7600 (HITACHI, Japan) operating at 100 kV (performed
in Hanaichi Ultra Structure Research Institute (Aichi,
Japan)).

Hg analysis

Each part of the liver tissues after the second perfusate
treatment were dried at 80 °C for 16 h, and then uniformly
homogenized to a fine powder. The samples were dried on
petri dishes covered with Teflon sheets. After that the dried
samples were homogenized using porcelain mortar and
pestle. Approximately 0.2 g of each sample was digested in
a microwave system (Ethos D, Milestone S.r.l., Sorisole,
BG, Italy) with nitric acid (Nacalaitesque, SP grade for
hazardous metal analysis). The Hg level was determined
using a Hg analyzer (Model HG-300; Hiranuma, Tsukuba,
Japan) with a cold vapor technique. The accuracy of the
method was assessed using the standard reference material
DOLT-4 (National Research Council Canada) in triplicate.
Recoveries of Hg ranged from 100-103 %.
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Results and discussion

Selection of a primary hepatocyte culture medium
for mongoose

The cells isolated from mongoose livers were maintained
in RPMI-1640, DMEM or William’s E medium for 72 h.
Morphology of the cells was observed every 24 h by phase-
contrast microscope. The cells were attached on collagen-
coated dishes after 24 h. The cells had polygonal shape
with one or two round nuclei that were morphologically
compatible with hepatocyte. There was no recognizable
difference among the cell-morphologies cultured in three
media in 24 h (Fig. S1, Supporting Information). From 24
to 48 h of the culture, considerable cells were detached
from the dishes in RPMI-1640 and DMEM. The attached
cells decreased clearly in volume of the cytoplasm in
DMEM in 72 h. A typical morphologically different cells
were recognized in RPMI-1640 in 48 h (Fig. S2, Sup-
porting Information). These morphological changes
became more obvious in 72 h (Fig. I). Morphological
examination with phase-contrast microscope, therefore,
indicated that William’s E was the most suitable medium
among the three media used for dose experiments, intake
and excretion tests of Hg up to 72 h using the isolated cells.

The compositional unit of liver tissue is the hepatic
lobule (Wakui and Kaneda 2001). There is a central vein in
the central region of each hepatic lobule, and hepatic cords
are radially arranged around the central vein (Wakui and
Kaneda 2001). Hepatic parenchyma is composed of hepa-
tocytes and four types of sinusoid cells, including endo-
thelial cells, hepatic stellate cells, Kupffer cells and pit
cells (Wakui and Kaneda 2001). Wakui and Kaneda (2001)
reported that the hepatocytes accounted for 78 % of cells,
whereas sinusoid cells accounted for 6 % of cells in human
liver. To confirm that the collected cells were mainly
hepatocytes, not fibroblasts which exist in extra-paren-
chyma cellular space, we carried out PAS staining. Gly-
cogen is stored in hepatocytes (Wakui and Kaneda 2001);
therefore, the cells are stained by PAS staining. Collected
primary cells were stained similar for a liver tissue section
(Fig. 2).

Next, cell structures between the collected primary cells
and hepatocytes in the liver were compared using electron
microscope (Fig. 3). With regard to characteristics of
hepatocyte, one or two bigger nucleus, development of
rough-surfaced endoplasmic reticulum and Golgi appara-
tus, enriched mitochondria, and lysosome near bile cana-
liculus are generally observed (Wakui and Kaneda 2001).
Ultrastructure observations in the present study revealed
that a cell had one or two round nuclei, and nucleoli were
shown clearly in a nucleus of both the primary cells and the
hepatocytes in the liver. Ultrastructure observations further
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Fig. 2 PAS staining of primary hepatic cells (left) and the liver (right) in the small Indian mongoose. The magnification is x400 each

indicated that enriched mitochondria and endoplasmic
reticulum, lipid droplet, waste pigment existed in both the
primary cells and the hepatocytes in tissue. Microvilli
which enable to intake proteins and other plasma constit-
uents from sinusoid to hepatocytes were also observed in
the primary cells and the hepatocytes in the liver (Fig. 3,
arrow heads). In the isolated primary cells, two lysosomes
were found clearly (Fig. 3, upper right), and rough-sur-
faced endoplasmic reticulum was clearly observed in the
hepatocyte of the liver (Fig. 3, lower right). On the other
hand, these mongoose individuals were possibly under
starvation, because few glycogen granules, which are rich
in normal hepatocyte, and some waste pigments were
observed. These ultrastructural characteristics of the pri-
mary cells were similar to the hepatocytes in the liver.

Therefore, these results demonstrated that the primary
hepatic cells isolated from the mongoose liver were hepa-
tocytes, and that a primary hepatocyte culture in mongoose
had been established.

Hg distribution in hepatic tissue

To demonstrate what metal particles exist in the mongoose
liver, we performed AMG staining after the pretreatments.
KCN resistant particles were observed in central legion of
the hepatic lobules even after pretreatment with 2 % KCN
for 30 min (Fig. 4, upper). Particles were also detected
after pretreatment with 0.1 N HCI (data not shown). In
contrast, these particles were not detected in the rat liver
(Fig. 4, lower). Bismuth-Se and Hg(-S, Se) cannot be
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