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MLS128 antibody-induced suppression of colon cancer cell
growth is mediated by a desmocollin and a 110 kDa glycoprotein
Sarah C. Shuck1, Teresa Hong2, Markus Kalkum2, Ryo Igarashi1, Kota Kajiya1, John Termini1,
Kazuo Yamamoto3, Yoko Fujita-Yamaguchi4,*
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Summary

Protein glycosylation is a diverse form of post-translational modification. Two to three
consecutive O-linked N-acetylgalactosamines (Tn-antigens) are recognized by antibodies such
as MLS128. MLS128 mAb inhibited cell growth and bound to a 110 kDa glycoprotein (GP) in
LS180 and HT29 colon cancer cells. However, purification and identification of the 110 kDa
GP was unsuccessful due to its low abundance. The present study used a highly sophisticated
and sensitive mass spectrometry method to identify proteins immunoprecipitated with
MLS128 and separated by two-dimensional gel electrophoresis. Three desmosome
components were identified. Of these, desmocollin and desmoglein shared many similar
characteristics, including molecular mass, pI, and potential Tn-antigen sites. Western blotting
analyses of LS180 cell lysates revealed a common 110 kDa band recognized by MLS128 and
anti-desmocollin, but not by anti-desmoglein. Immunofluorescence microscopy of LS180 cells
revealed that desmocollin is membrane-bound, while desmoglein is primarily localized in the
cytosol. Confocal microscopy demonstrated colocalization of the desmocollin-specific antibody
with the MLS128 antibody on the cell membrane, suggesting that desmocollin may contain
Tn-antigens recognized by MLS128. Treatment of LS180 cells with siRNA to knock down
desmocollin expression or a desmocollin-specific antibody decreased cell viability, suggesting
a critical role for this protein in cell growth and survival. N-glycosidase F digestion of the 110
kDa GP and desmocollin suggested that although both proteins contain N-glycosylation sites,
they are not identical. These findings suggest that desmocollin colocalizes with the 110 kDa
GP and that growth inhibition induced by the MLS128 antibody may be mediated through a
mechanism that involves desmocollin.
Keywords: Desmocollin, colon cancer, MLS128, receptor, growth inhibitory mAb, anti-Tn
antigen, desmosome

1. Introduction
Mouse immunization with cancer cells, glycoproteins,
and mucins has been performed to produce cancerReleased online in J-STAGE as advance publication June 5,
2019.
*Address correspondence to:
Dr. Yoko Fujita-Yamaguchi, Diabetes & Metabolism Research
Institute, Beckman Research Institute, City of Hope, Duarte,
CA 91010, USA.
E-mail: yyamaguchi@coh.org

specific monoclonal antibodies (mAbs); many of which
have been isolated and characterized as carbohydratespecific. Two antibodies identified in this way,
MLS128 and 83D4, were found to recognize Tnantigens, which are two or three consecutively arranged
N-acetylgalactosamines (GalNAc) conjugated to serine
and/or threonine residues (1-4). The Tn-antigen is one
of the most common aberrations associated with cancer
progression and metastasis, and thus is an excellent target
for development of cancer diagnostics and therapeutics
(5-9). MLS128 (IgG3) was derived from a mouse
immunized with mucins secreted by LS180 human colon
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carcinoma cells (10) whereas 83D4 mAb (IgM) was
derived from a mouse immunized with human breast
cancer tissue-paraffin sections (11).
Previous studies in our laboratory revealed that
MLS128 binds a membrane glycoprotein (GP) with a
molecular weight of 110 kDa. This 110 kDa GP contains
N-glycans in addition to O-glycans consisting of 2 or
3 consecutive Tn-antigens which are recognized by
MLS128 (12). Tn-antigens are found in over 67% of
colon cancer cell lines tested, but not in MCF-7 breast
cancer cell lines (12,13). MLS128 antibody treatment
inhibited growth of LS180 and HT29 colon cancer cells
(13,14). Efforts to purify and identify the 110 kDa GP
bound by MLS128 have been very difficult, mainly due
to its low abundance.
In this study, our goal was to identify the 110 kDa
GP. To do this, we immunoprecipitated membrane
proteins with MLS128, separated them by 2-D gel
electrophoresis, digested them with trypsin/Lys-C, and
analyzed them by liquid chromatography multistage
mass spectrometry (LC-MS/MS). Proteomics analysis
identified several putative candidates for the 110 kDa GP,
which we further examined in various cell lines using
Western blotting, immunofluorescence microscopy,
antibody treatments, and siRNA knockdowns.
2. Materials and Methods
2.1. Materials
Production and characterization of the MLS128
antibody was previously described (1,11). Desmocollin
(ab150382) and desmoglein (ab124798) antibodies,
horseradish peroxidase (HRP)-conjugated goat antimouse IgG3, anti-rabbit IgG (H+L), and Fluoroshield
DAPI mounting media were obtained from Abcam
(Cambridge, MA). Goat anti-rabbit Alexa Fluor® 488,
goat anti-mouse Alexa Fluor® 647, Mem-PER Membrane
protein isolation kit, and protease inhibitor (87886) were
from Thermo Fisher Scientific (Waltham, MA). Cell
culture media (Dulbecco's Modified Eagles Medium
(DMEM) and McCoy's 5A) were purchased from Gibco
(Grand Island, NY). N-glycosidase F was purchased
from Roche Applied Science (Indianapolis, IN).
2.2. Cell lines and culture
C e l l l i n e s u s e d i n t h i s s t u d y, h u m a n c o l o n
adenocarcinoma LS180 cells, human breast carcinoma
MCF-7 cells, and human normal mammary epithelial
MCF-10A cells, were obtained from American Tissue
Type Culture Collection. LS180 colon cancer cells were
cultured in DMEM containing 10% fetal bovine serum
(FBS), 4.5 mg/mL D-glucose, and 110 μg/mL pyruvic
acid as described (12). MCF-7 breast cancer and MCF10A cells were cultured in DMEM containing 10%
FBS.

2.3. Preparation of whole cell lysates and membrane
and cytosolic fractions
LS180 cells were cultured in 75 cm flasks as previously
described (12). Whole cell extracts were prepared by
scraping followed by centrifugation at 200 × g for 5
min and solubilized on ice for 15 min in solubilization
buffer (50 mM Tris-HCl buffer, pH 7.4, containing 1%
NP40, 2 mM EDTA, 100 mM NaCl, 10 mM sodium
orthovanadate, 1 mM PMSF, and protease inhibitors).
Supernatants were obtained from solubilized cells
by centrifugation at 17,000 × g for 10 min. Protein
concentrations were measured using Bradford reagent
(Bio-Rad, Hercules, CA). Membrane and cytosolic
fractions were prepared using the Mem-PER membrane
protein isolation kit (Thermo Fisher Scientific)
according to manufacturer's instructions.
2.4. Western blot analyses
Solubilized proteins (10 μg) from LS180 cells were
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto
poly vinylidene difluoride (PVDF) membranes. The
membrane was blocked with 3% BSA in 50 mM TrisHCl buffer, pH 7.4, containing 0.15 M NaCl and 0.1%
Tween 20 (TBST) for 1 h at room temperature. Western
blotting was carried out with primary antibodies as
indicated, and then detected with HRP-conjugated
secondary antibodies and color development using Ez
West blue (ATTO Co., Tokyo, Japan).
2.5. Treatment of LS180 cell membrane and cytosolic
fractions with N-glycosidase F and Western blotting
Cytosolic and membrane protein fractions were isolated
as described above. Fractions (200 µg) were incubated
at 90°C for 3 min in 40 µL of PBS containing 0.5%
SDS and 1% β-mercaptoethanol. After cooling to room
temperature, 0, 1, or 3 U of N-glycosidase F and 10 µL
of 5% NP-40 were added. After overnight incubation
at 37°C, the reaction was stopped by addition of SDSPAGE sample buffer (62.5 mM Tris-HCl, pH 8).
Cytosolic and membrane fractions (10 µg) were loaded
onto a 4-12% gradient Bis-Tris gel (NuPAGE, Thermo
Fisher Scientific) and electrophoresed at 170 V for 1
h. Gels were transferred onto PVDF membranes at
50 V for 2 h followed by blocking with 2% blottinggrade blocker (Bio-Rad) in PBS with 0.05% Tween-20.
Membranes were immunoblotted with MLS128 or
anti-desmocollin (1:1,000) in blocking buffer for 1 h
and then washed 3 times with PBS containing 0.05%
Tween (wash buffer). Secondary antibodies, goat
anti-mouse anti for MLS128 or goat anti-rabbit for
anti-desmocollin were added and incubated for 1 h.
Membranes were then washed 3 times with the wash
buffer and visualized using Clarity Western ECL
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Figure 1. Western blotting with MLS128 of twodimensional (2-D) electrophoresis of MLS128-IP sample.
MLS128 antibody was used to IP proteins from 1.4 × 107
LS180 cells. Resulting IP samples were subjected to 2-D gel
electrophoresis as previously described (13). 1st dimension
was conducted at pH 4-7 linear gradient on the 11 cm strip
which was placed on 10% SDS-PAGE gel then electrophoresed
under reducing conditions. Shown is the Western blotting of
the resulting 2D-gel in which very faint positive staining with
MLS128 can be seen. Since IgG light chain (L chain) contains
O-glycans, and since the MLS128 was used for IP, those are
clearly detected.

Substrate (Bio-Rad) with imaging on a ChemiDoc
Imaging Station (Bio-Rad).
2.6. 2-D gel electrophoresis and LC-MS/MS analyses
To identify peptides derived from 110 kDa proteins,
in-gel digestion and mass spectrometric analyses
were performed as previously described (15,16).
Immunoprecipitation (IP) of 110 kDa GP was carried
out and resulting IP samples were subjected to 2-D
gel electrophoresis as previously described (14). The
2-D gels were stained with SimplyBlue SafeStain
solution (Life Technologies, Carlsbad, CA) to visualize
proteins. Two areas designated in Figure 1 (110 and
70 kDa) were excised and destained in ammonium
bicarbonate (100 mM)/acetonitrile (45%) followed
by in-gel digestion, which included reduction with
Tris(carboxyethyl) phosphine (10 mM), alkylation with
iodoacetamide (50 mM) and digestion with Trypsin/
Lys-C Mix, Mass Spec Grade (300 ng per band, Promega,
Fitchburg, WI), in 100 mM ammonium bicarbonate, pH
7.9. Extracted peptides were acidified with formic acid
(1%) and injected into the LC-MS system.
Mass spectrometric analyses of the digested peptides
were conducted on an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific) equipped
with an Easynano UHPLC, using a 75 μm × 250 mm
Pepmap RSLC reverse phase column with a PepMap
1000 trapping column (Thermo Fisher Scientific). Ten
μL of digested peptide samples were loaded at 4 μL per
min. LC was performed with a gradient mobile phase
system containing mobile phase A (0.1% formic acid)
and mobile phase B (100% acetonitrile/0.1% formic
acid). A 40 min gradient was conducted from 3% to
80% B, followed by 45-60 minutes at 90% B. Flow
rate was 300 nL/min. Full mass scans (200-4,000 Da)

218

were collected by the orbitrap mass analyzer, operated
at 120K resolution. MS/MS spectra were generated
in data-dependent mode using collision-induced
dissociation (CID) and the linear trap mass analyzer. The
resulting data sets were analyzed with PEAKS Studio
(Bioinformatics Solutions Inc., Waterloo, ON, Canada)
and Proteome Discoverer (Thermo Fisher Scientific) and
matched against a non-redundant human protein database
(Swiss Prot and NR). Database searches were carried
out by considering three missed enzymatic cleavages,
a precursor ion mass tolerance of 5 ppm, and 0.02 Da
mass tolerance for fragment ions. Search parameters also
included cysteine carbamidomethylation and methionine
oxidation as expected amino acid modifications.
2.7. Confocal microscopy for detection of desmocollin
and MLS128
Cells were plated at a density of 30,000 cells/well
on collagen-coated coverslips in a 24-well plate.
Following overnight adherence, media were removed,
cells were washed with PBS, and then fixed with 4%
paraformaldehyde with 0.2% glutaraldehyde for 30
min at room temperature. Paraformaldehyde was then
inactivated by the addition of 25 mM glycine for 10
min at room temperature. Cells were then washed
for 5 min three times with PBS containing 0.01%
Tween-20 and then blocked for 15 min with 5%
BSA in PBS. Blocking buffer was then removed and
primary antibodies (anti-desmocollin and MLS128)
added at a final dilution of 1:50 with incubation at
room temperature for 1 h. It should be noted that while
MLS128 recognizes two to three consecutive O-linked
GalNAc, the desmocollin antibody (Abcam ab 150382)
recognizes an epitope within amino acids 850-950 on
the C-terminus of desmocollin. Following incubation,
cells were washed for 5 min 3 times with PBS and then
secondary antibodies were added at a dilution of 1:100
and incubated overnight at 4°C. Cells were then washed
and coverslips mounted onto Rite-On Frosted Slides
(Thermo Fisher Scientific) using Fluoroshield DAPI
mounting media (Abcam). Immunofluorescence was
detected using a Zeiss LSM 880 confocal microscope
with an LCI Plan-Neofluar 63×/1.3 NA Multi-Imm
Corr objective (Zeiss). Laser scanning modes used
include diode 405 nm, argon Laser 458, 488, and 514
nm, and helium/neon Lasers at 594 and 633 nm. Optical
slices were obtained using 0.7 µm intervals. Images
were processed using Zen Blue software (Zeiss version
2.3). Colocalization between MLS128 and desmocollin
antibodies was determined using Zen Blue. The Pearson
correlation coefficient was determined for MLS128 and
desmocollin antibodies within each cell. There was a
minimum of 100 cells analyzed in three independent
experiments. Data is presented as the average Pearson
correlation coefficient and standard deviation for all
experiments.
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2.8. siRNA knockdown of desmocollin
LS180 cells were plated at a density of 50,000 cells/
well in 24-well plates and allowed to adhere overnight.
Desmocollin-targeting siRNAs SASI_Hs01_00172856
(siRNA 1, approximate start site nucleotide 388) and
SASI_Hs02_00338620 (siRNA 2, approximate start site
nucleotide 732), as well as non-coding siRNAs were
obtained from Sigma-Aldrich (St. Louis, MI). siRNAs
were transfected using RNAi max transfection reagent
(Thermo Fisher Scientific) according to manufacturer's
instructions and incubated for 48 h. Following
incubation, RNA was isolated using Trizol (Zymo
Research, Irvine, CA) and concentrations determined
using NanoDropTM with absorbance readings at 260
nm (Thermo Fisher Scientific).
The extent of desmocollin knockdown was
determined by synthesizing cDNA from isolated
RNA (500 ng), dNTPs (40 mM), RNase inhibitor
(1U, Promega), random primers (3 µg, Invitrogen,
Wa l t h u m , M A ) , r e v e r s e t r a n s c r i p t a s e ( 2 0 0 U ,
BioChain, Newark, CA), and reaction buffer (5×
reaction buffer is composed of 250 mM Tris-HCl,
pH 8.3, 375 mM KCl, 15 mM MgC12, and 50 mM
DTT, BioChain). The cDNA synthesis reaction
was performed at 25°C for 10 min, 45°C for 30
min, and 85°C for 5 min. qRT-PCR was performed
with primers specific for desmocollin. The forward
primer was 5'-TTTGAGTGAGGAGTGTTTGGCA-3'
and the reverse primer sequence was
5'-AAGTTACCGAACTGTTGTGTGT-3'. Tubulin
forward (5'-TTCAATCTCCCTCCAAGCTC-3') and
reverse (5'-GGGAAGGATTCCACTTGACA-3') primers
were used for normalization. Reactions included cDNA,
primers, and Applied Biosystems™ Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific) and were
performed with initial denaturation at 95°C for 10 min
followed by 44 cycles of denaturation (95°C for 15s) and
annealing and extension (at 60°C for 30s). Relative gene
expression was calculated using cycle threshold values
for each gene.
2.9. Effects of antibody and siRNA treatment on cell
viability
LS180 cells were plated onto 96-well plates at a density

of 104 cells/well in DMEM supplemented with 1%
FBS and 4.5 g/L D-glucose. After adhering overnight,
cells were treated with increasing amounts of antidesmocollin, anti-desmoglein, MLS128, or anti-IgG
antibodies for 48 h. Following treatment, wells were
washed with PBS and then incubated with crystal violet
solution (0.5% crystal violet in 25% MeOH) for 10 min
at room temperature. Wells were then washed twice
with PBS and crystal violet solution, then cells were
solubilized by the addition of 1% SDS. Absorbance
was measured at 570 nm on a BioTek Synergy 4
spectrophotometer using Gen5 2.09 software (BioTek,
Winooski, VT). Cell viability was normalized to IgG
control antibody.
To determine viability following siRNA treatment,
cells were plated as described above and then treated
with increasing concentrations of control, SASI_
Hs01_00172856 (siRNA1), or SASI_Hs02_00338620
(siRNA2) for 48 hr. Viability was then determined
using crystal violet analysis as described above.
3. Results
3.1. 2-D gel electrophoresis and identification of
candidate proteins by LC-MS/MS
MLS128-IP samples were prepared from 1.4 × 10 7
LS180 cells and proteins separated using 2-D gel
electrophoresis. The gel was transferred and probed
with MLS128 antibody. Seven 2-D gels were prepared
for further analysis. A typical result of 2-D gel analysis
is shown in Figure 1. The areas marked on the Western
blot were cut out from seven slightly-stained 2-D gels
for proteomic analyses. Fifty μL of peptide digests
from A (110 kDa area) and B (70 kDa area) of Gel #1
and #2 were prepared. For the 1st experiment, 10 μL of
each sample and for the 2nd and 3rd experiment, twiceconcentrated samples were analyzed by LC-MS/MS.
The results are summarized in Table 1 and identified
protein amino acid sequences are presented in Table 2.
Identified 110 kDa GP candidates include
"desmocollin 1", consisting of 894 amino acids with
molecular weight (MW) of 99.8 kDa and isoelectric
point (pI) of 5.25, "desmoglein 1" consisting of 1049
amino acids, MW of 113.7 kDa, and pI of 4.90, and
"junction plakoglobin" containing 745 amino acids,

Table 1. List of candidates for 110kDa GP detected by an Orbitrap Fusion hybrid mass spectrometer
Items

Candidate proteins

110 kD area (probability*)

70 kD area

Experiment 1
Experiment 2

Desmoglein-1 preproprotein
Desmoglein-1 preproprotein
Desmocollin-1
Junction plakoglobin
Junction plakoglobin
Desmoglein-1 preproprotein
Desmocollin-1

2 (80-94%)
2 (over 95%)
2 (80-94%)
1 (over 95%)
1 (80-94%)
4 (over 95%)

2 (over 95%)
7 (over 95%)
2 (over 95%)
2 (over 95%)
3 (over 95%)
2 (over 95%)
3 (over 95%)

Experiment 3

*protein probability values as calculated by Scaffold proteome software at 1% protein FDR.
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Table 2. Examples of peptide sequences derived from the
candidate proteins
Protein

Peptide

Amino acids

Desmocollin
Desmocollin
Desmocollin
Desmoglein
Desmoglein
Desmoglein
Desmoglein
Desmoglein
Desmoglein
Desmoglein
Desmoglein
Junction plakoglobin
Junction plakoglobin
Junction plakoglobin
Junction plakoglobin

IEDDNDNAPYFEHR
VTATDLDEPDTLHTR
VQDQDLPNTPHSK
IHSDCAANQQVTYR
ISGVGIDQPPYGIFVINQK
IIRQEPSDSPMFIINR
TMNNFLDREQYGQYALAVR
TYVVTGNMGSNDK
DGGADGMSAECECNIK
YVMGNNPADLLAVDSR
ESSNVVVTER
SAIVHLINYQDDAELATR
LLNDEDPVVVTK
TMQNTSDLDTAR
ISEDKNPDYR

232-245
264-278
377-389
73-86
87-105
198-213
220-238
391-303
243-258
423-438
916-925
125-142
150-161
192-293
652-661

MW of 81.74 kDa, and pI of 5.75. In addition to similar
MW and pI expected for the 110 kDa GP, all three
candidates contain potential O-glycosylation sites for
MLS128 recognition. In addition, two candidates,
desmocollin and desmoglein, contain potential
N-glycosylation sites which are known to be present
in the 110 kDa GP [(12), Figure 6 in this article].
Desmocollin contains 12 potential MLS128 binding
sites along with two N-glycosylation sites. Desmoglein
contains 22 potential MLS128 binding sites and 3
N-glycosylation sites. Junction plakoglobin has 13
potential MLS128 binding sites but no N-glycosylation
sites. Thus, we focused on desmocollin and desmoglein
for the following studies.
3.2. MLS128 and desmocollin antibodies bind a 110
kDa protein
Western blotting analyses of LS180 cell lysates showed
both MLS128 and desmocollin antibodies recognized
a 110 kDa band (Figure 2A and 2B), whereas the
desmoglein antibody did not (Figure 2C). These results
suggested that desmocollin was the best candidate for
the 110 kDa GP.
3.3. MLS128 colocalizes with desmocollin in LS180
cells
To determine if MLS128 and desmocollin antibodies
colocalize, immunofluorescence microscopy was
performed using LS180 colon cancer cells as well as
breast cancer (MCF7) and normal mammary epithelial
(MCF10A) cell lines. In LS180 cells, desmocollin
was localized to the membrane and showed significant
colocalization with the MLS128 antibody (Figure 3A
upper panel and 3B). Desmoglein, however, showed
more diffuse staining throughout the cytoplasm and
had lower correlation for colocalization (Figure 3A
lower panel and B). The breast cancer cell line MCF7
showed significantly lower levels of staining with anti-

Figure 2. MLS128 and desmocollin antibodies recognized
a 110 kDa protein. LS180 cell lysates were prepared and
analyzed by Western blotting with MLS128 antibody (A) antidesmocollin (B), and anti-desmoglein (C).

desmocollin and anti-desmoglein compared to LS180
cells (Figure 3C). Interestingly, the normal breast
epithelial line MCF10A showed no staining by antidesmocollin, anti-desmoglein, or MLS128 antibodies
(Figure 3D). Since desmosomes, together with
adherens junctions, represent the major adhesive celljunctions of epithelial cells, it was expected that human
normal mammary epithelial MCF10A cells should be
expressing desmosomal proteins. Why we did not detect
desmosomal proteins may in fact be due to the cells
being sparsely grown instead of tightly associated. It
is notable that MCF7 but not MCF10A cells express
MLS128 receptors, which is consistent to previous
observations by Western blotting (13). Above-mentioned
experiments showing colocalization of MLS128 and
anti-desmocollin suggested that desmocollin may be the
110 kDa protein recognized by the MLS128 antibody or
may be associated with this protein.
3.4. Effect of desmocollin antibody or siRNA treatment
on LS180 cell viability
Previously, we reported LS180 cell growth is inhibited
by MLS128 (13), therefore, we investigated if treatment
with desmocollin or desmoglein antibodies also
decreases LS180 cell growth. LS180 cells were treated
with increasing concentrations of anti-desmocollin, antidesmoglein, or MLS128 antibody for 48 hr. Crystal
violet staining was used to determine cell viability. While
all antibodies were cytotoxic, the desmocollin antibody
was the most cytotoxic, displaying a 20-times lower IC50
compared to MLS128 and desmoglein antibodies (Figure
4).
To further investigate the role of desmocollin in
LS180 cell viability, we transfected cells with two
siRNAs targeting desmocollin (see Methods for
sequence). Transfection was performed for 48 h and
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Figure 3. Immunofluorescence staining of LS180, MCF-7, and MCF-10A cells suggests colocalization of anti-desmocollin and
MLS128 antibodies. Cells were stained with anti-desmocollin or anti-desmoglein (green) along with MLS128 (red) antibodies (A, C,
D). (A) shows the immunostaining of LS180 cells; (B) Colocalization was determined using Zen Blue software with calculation of
Pearson correlation coefficients. Average coefficients and standard deviations were calculated from a minimum of 100 cells in three
independent experiments (C) and (D) represent the immunostaining of MCF-7 and MCF-10A, respectively.

Figure 4. Treatment of anti-desmocollin, anti-desmoglein,
and MLS128 antibodies on LS180 cell decreased viability.
LS180 cells were treated with increasing amounts of each
antibody and viability measured using crystal violet. Viability
was normalized to treatment with an IgG control antibody.
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Figure 5. Desmocollin siRNA decreased LS180 cell viability. (A), LS180 cells were treated with control scramble or two different
desmocollin siRNAs for 48 hr. A. siRNA1 and siRNA2 decreased desmocollin expression by ~90% and ~50%, respectively. (B),
LS180 cells were treated with increasing amounts of control or desmocollin siRNAs for 48 hr. Viability was determined using crystal
violet and was normalized to untreated control.

Figure 6. N-glycosidase F digestion and Western blotting analyses of cytosolic and membrane fractions of LS180 colon
cancer cells suggest the presence of N-glycosylation in both the 110 kDa GP and desmocollin. Both fractions were treated with
N-glycosidase F (0. 1, or 3 unit) and then analyzed by Western blotting with MLS 128 (A) or anti-desmocollin (B).

then qPCR was used to quantify mRNA transcript
levels. siRNA1 targeting desmocollin decreased mRNA
levels by ~90% while siRNA2 only decreased levels by
~50% (Figure 5A). We next analyzed how the treatment
with siRNAs affected cell viability. We found that cells
transfected for 48 h with siRNA targeting desmocollin
were less viable than those treated with scrambled
siRNA. In accordance with the PCR data, siRNA1 had
an IC50 value three times lower than siRNA2 (Figure
5B).
3.5. The 110 kDa GP and desmocollin contain
N-glycosylation modifications
LS180 membrane and cytosolic fractions were digested

with N-Glycosidase F followed by Western blotting
with MLS128 or anti-desmocollin. A 110 kDa protein
was recognized in the membrane fraction by both
the MLS128 and desmocollin antibodies. Following
glycosidase treatment, bands recognized by MLS128
decreased in size to ~95 and 70 kDa (Figure 6A); while
the desmocollin antibody recognized two bands at 110
and 70 kDa (Figure 6B). Following N-glycosidase
treatment, the 110 kDa band intensity decreased slightly
while the 70 kDa band intensity increased (Figure 6B).
This result suggested that the 110 kDa band recognized
by both desmocollin and MLS128 antibodies may both
have N-glycosylation sites, but whether the 110 kDa
recognized by anti-desmocollin represents the same GP
bound by MLS128 requires further study.
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Figure 7. Potential roles of desmocollin and 110 kDa GP in LS180 colon cancer cell growth. (A), a desmosome structure
in non-cancerous epithelial cells is illustrated. (B), desmocollin (light blue), 110 kDa GP (green), and desmoglein (pale red) in
LS180 cells are highlighted to reflect the results of this study. (C) illustrates our hypothesis that LS180 cell growth is mediated by
desmocollin and 110 kDa GP. Other illustrations include desmosome (red), plakoglobin (orange), intermediate filaments (purple),
nuclei (blue) and cell membranes (yellow).

4. Discussion
Western blotting of LS180 and HT29 colon cancer cells
with MLS128 antibody clearly showed the detection of
a 110 kDa protein (12,14). Purification of the 110 kDa
GP from these cells, however, has been unsuccessful
although our laboratory has extensive experience in
affinity chromatography (17).
This study thus used a very sophisticated and
sensitive mass spectrometry method that can detect
extremely low peptide levels. Three desmosome
proteins as illustrated in Figure 7A were identified
using this method, and among these, desmocollin
had characteristics similar to the 110 kDa GP. It has
a molecular weight of ~110 kDa, contains putative
Tn-antigen sites that can be recognized by MLS128,
and contains N-glycosylation sites. Desmoglein
was another candidate protein that also shared these
characteristics, but the desmoglein antibody did not
recognize a 110 kDa band in Western blot analysis
(Figure 2C). Immunofluorescence microscopy of LS180
cells revealed that desmocollin was membrane-bound
while desmoglein was localized to the cytosol (Figure
3A). This indicated random dispersion of desmosome
components on the cell membrane and in the cytosol
in LS180 colon cancer cells, whereas in normal cells

desmocollin and desmoglein hold epithelial cells in tight
association (Figure 7B). Many of the membrane-bound
desmocollin proteins were colocalized with the MLS128
binding molecules as clearly seen in the merged panel
of Figure 3A. Statistical analysis of Pearson correlation
coefficients revealed significant colocalization between
desmocollin and MLS128 antibodies (Figure 3B).
We demonstrated that blocking desmocollin
function by antibody or siRNA decreased cell viability,
suggesting a critical role for desmocollin in LS180 cell
growth and survival. Colocalization of MLS128 and
desmocollin antibodies suggested either that some but
not all desmocollin molecules contained Tn-antigens
recognized by MLS128, or that the 110 kDa GP was
associated with desmocollin. These results provide new
insight into how MLS128 antibody inhibits colon cancer
cell growth.
We previously reported that MLS128 binding to its
receptor on LS180 cells caused downregulation of the
IGF-I receptor, involved in cell growth and survival,
and that both 110 kDa GP and IGF-I receptor were
colocalized in microdomains (14). The previous study
thus suggested that MLS128 treatment resulted in
modulation of the signaling molecules localized in the
microdomains. New findings from this study suggest
that growth inhibition by MLS128 antibody treatment
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is likely to be mediated by desmocollin (Figure 7C). It
is plausible to state that although desmocollin functions
in keeping epithelial cells adhered, in colon cancer
cells it plays another important role in promoting cell
growth and survival. Consistent with our hypothesis,
previous studies by other groups supported that loss of
desmosome adhesion is a prerequisite for the epithelialmesenchymal transition, implicating epithelial cell
invasion and metastasis (18), and that modulation in
expression levels of the three desmocollin subtypes could
play an important role in colorectal cancer (19).
In summary, our goal to identify the 110 kDa GP
has not been completed. It is possible that we may have
missed 110 kDa GP-derived peptides for the following
reason. Since heavy O- and N-glycosylations are
anticipated, the enzyme-specific cleavage sites of 110
kDa GP may not be accessible to digestion by Trypsin/
Lys-C, resulting in no elution of its peptides from the
2-D gels. Alternatively, glycosylated peptides may not
produce sufficient sequence information in the CID
MS/MS experiments conducted. This study, however,
provides an attractive working hypothesis that growth
inhibition induced by MLS128 antibody is mediated via
the 110 kDa GP/desmocollin dimer or association of the
two molecules in microdomains.
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Summary

Newcastle disease virus (NDV), an avian paramyxovirus, causes Newcastle disease (ND)
which is a highly contagious and fatal viral disease affecting poultry and most species of
birds. The fusion (F) protein of NDV mediates membrane fusion, which is essential to the
processes of viral entry, replication, and dissemination. Although several domains of NDV F
are known to have important effects on regulating the membrane fusion activity, the role of
the region around domain III (DIII) and domain I (DI) still remains ill-defined. Site-directed
mutagenesis was utilized to change the conserved amino acids at 269, 274, 277, 286, 287,
290, 295, and 297 to alanine in order to investigate the effects of these conserved amino acids
around the DIII and DI linker region of the NDV F protein on fusion activity. It was found
that five of these substitutions almost abolished fusion activity except for mutants I269A,
Q286A, and N297A, which showed 57.1%, 161.1%, and 97.7% of the wt F level, respectively.
Four (I274A, D277A, V287A, and P290A) of these five mutants likely result in interfering
with folding or transporting of the molecule since these proteins were minimally expressed at
the cell surface, formed aggregates, or not proteolytically cleaved. However, mutant L295A
almost abolished fusion activity even with a similar level of cell surface expression. These data
indicated that conserved amino acids around the DIII-DI linker region are critical for the
folding of the F protein and have an important influence on fusion activity.
Keywords: NDV, F protein, Membrane fusion, Protein folding and transport

1. Introduction
Newcastle disease virus (NDV) causes fatal infections
in chicken (1), resulting in huge economic losses to the
poultry industry. Current vaccination strategies are not
fully efficacious and the development of new concepts
for vaccine generation are needed since multiple
outbreaks still occur worldwide (2) and NDV strains
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E-mail: zhiyu.wang@sdu.edu.cn

have been isolated from vaccinated chicken flocks (1).
To develop new vaccines or therapeutic drugs, it is
necessary to further clarify the fusion process caused by
NDV.
Two viral surface glycoproteins, the hemagglutininneuraminidase (HN) protein and the fusion (F) protein,
work together to accomplish the process of viral entry
of NDV (3,4). HN glycoprotein is responsible for
NDV's recognizing and binding to its target cells (5),
whereas the F protein is the ultimate performer of
membrane fusion, involved in the merger of the hostcell plasma membranes (6,7).
The NDV F protein, which belongs to type I
integral membrane proteins (8), is initially synthesized
as an inactive precursor, designated F0, which is then
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activated by proteolytic cleavage into a hetero-dimer of
F1 and F2 linked with a disulfide bridge during transport
within the Golgi organelle (9). To achieve fusion with
membrane, a hydrophobic amino acids stretch at the
N-terminus of the F1 subunit, named the 'fusion peptide'
(FP) (Figure 1A), is released and inserted into the host
cell membrane to initiate the fusion process. Then, two
heptad repeat (HR) regions in the F1 polypeptide, HRA
(located at the C-terminal of the fusion peptide) and
HRB (close to the trans-membrane region), fold onto
each other to form a stable 6-helix bundle (6HB) that
pulls the viral and target cell membranes together (1012).
There is still a large intervening region with
important functions between HRA and HRB (9), and

226

current crystallographic structures divide this region
into three distinct domains (Figure 1A), domains I-III,
from the N-terminus to the C-terminus (13). From
the top view of the F protein of NDV and human
parainfluenza virus 3 (hPIV3) (13), it was found that
the key domains of the heads were roughly of the
same shape, but there were some differences in the
orientation. This difference in orientation may be
attributed to the different arrangements of domains
DI-III, which may be related to the different junction
regions among these domains (13).
Though no obvious or direct linkage exits between
domains DIII and DI (Figure 1A), several important
amino acids have been found around this junction. The
NDV F protein L289A mutation found by Sergel et

Figure 1. Schematic diagram of the locations of mutations. (A) Domain structure of the NDV F protein and the relative location
of the DIII-DI junction in the primary sequence. Structural important domains are represented as different colors of rectangles, and
their corresponding residue ranges are indicated below. Fusion peptide (FP), heptad repeat region (HR), and structural domains DI,
DII, and DIII are shown. (B) Identification of the conserved amino acids around the DIII-DI linker region by sequence alignment
using software MEGA 6.0. Residues in yellow = conserved amino acids for both NDV F and hPIV3, and residues in red show the
position of the previously characterized hyperfusogenic mutant L289A. (C) Locations of the conserved amino acids in the pre-fusion
NDV F protein homology modeling structure which was generated based on the crystal structure of the pre-fusion PIV5 F protein
(PDB ID 2B9B). A side view of the ribbon diagram of the structural model of the NDV F protein in the pre-fusion conformation is
shown. Three monomers are shown in white. The mutant residues are shown in stick mode in one chain, FP is highlighted as blue.
(D) Close-up view of panel C, showing the conserved amino acids in cartoon and stick representation. Conserved amino acids are
colored in red and labeled with site numbers. The known L289 site is colored in black. The figures were generated with PyMOL 0.99.
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al. (14) can induce fusion without the HN protein. In
addition, mutant L268A, which can attenuate F protein
fusion, is also located around this region. Yin et al.
(13) suggested an important site 304 in the NDV F
protein around this region, corresponding to site 290 in
parainfluenza virus 5 (PIV5) F, which is the determinant
of the HN independent fusion induced by PIV5 F. Also,
the amino acids of this segment are considered to be a
key region that constitutes the radial channels (15) of
the head of the F protein, which play an important role
in the docking of FP.
Conserved sites were found around this junction
region (peptide 268-304) by sequence alignment of the
F protein from NDV, hPIV3, and PIV5 (Figure 1B), and
we speculated that these amino acids were conserved
due to important roles in the folding or fusion function
of the F protein. To address this, mutational analysis of
conserved amino acids between L268 and E304 was
performed.
The alanine residue was introduced into sites I269,
I274, D277, Q286, V287, P290, L295, and N297 with
site-directed mutagenesis. The effects on the fusion
activity, cell surface expression, and cleavage activity
of each mutated F protein were examined. As a result,
most of the mutants had a decreased fusogenic activity
except for mutants Q286A and N297A. This decreased
fusogenic activity may likely result from interfering with
folding or transport of the molecule since most mutated
proteins were minimally expressed at the cell surface.
The results indicated that conserved amino acids around
the DIII and DI junction are critical to the F protein's
proper folding, transport, and membrane fusion activity.
2. Materials and Methods
2.1. Homology modeling
The structure of the NDV F protein in the pre-fusion
conformation was generated based on the pre-fusion
PIV5 F protein (16) (PDB ID 2B9B) on the SWISSMODEL protein-modeling server (17). 2B9B was
chosen as a template to generate the trimerical structure
of NDV F because of its better coverage with NCBI
Blast.
2.2. Cell lines and viruses
BHK-21cells, obtained from the American Type Culture
Collection, were maintained in Dulbecco's modified
Eagle's medium (DMEM) (Biological Industries (BI),
Beit-Haemek, Israel) supplemented with 1% (v/v)
glutamine, 10% (v/v) fetal calf serum (FCS) (BI), and
1% (v/v) penicillin-streptomycin (BI). The wild type
(wt) vaccinia virus was used as a control to quantify cell
fusion, while the recombinant vaccinia virus was used
to provide the T7 RNA polymerase for the vaccinia-T7
RNA polymerase (vTF7-3) expression system.

2.3. Site-directed mutagenesis
Complementary oligonucleotide primers (Sangon
Biotech Co. Ltd., Shanghai, China) with the appropriate
sequence of the NDV F gene were designed to mutate
these identified conserved amino acids. Overlapping
PCR was used to produce each pair of the recombinant
plasmids. Two products with a short homologous
sequence were co-transformed into Escherichia coli
DH5α cells, where they recombined to form a complete
plasmid. All mutants were sequenced to verify that the
mutations were successful.
2.4. Syncytium formation assay
BHK-21 cells were placed into 24-well plates 12 h
before transfection. At 80% confluence, the cells were
co-transfected with wt F or F mutant genes along with
the NDV HN gene or the empty vector after incubation
with the recombinant vaccinia virus 1h earlier at 37°C.
At 24 h post transfection, monolayers were stained
with Giemsa solution for syncytia observation under an
inverted microscope (Olympus, Tokyo, Japan). Syncytia
are cells with three or more nuclei.
2.5. Content mixing assay
To quantify the fusion activities mediated by different F
mutants, a modified reporter gene assay was performed
as previously described (18,19). Briefly, monolayers of
BHK-21 cells infected with the recombinant vaccinia
virus 1 h earlier at 37°C were co-transfected with the
desired F and NDV HN genes. Monolayers of BHK-21
target cells infected with the wild-type vaccinia virus
at a MOI of 10 1 h earlier at 37°C were transfected
with 1 μg of plasmid pG1NT7 β-gal which encodes
β-galactosidase. Following a 16 h incubation at 37°C,
equal numbers (1 × 10 5) of the effector and target
cells were combined in duplicate wells of a 96-well
microtiter plate. After 7 h incubation at 37°C, the cells
were assayed for β-galactosidase activity according
to the procedures of the β-galactosidase assay kit
(Beyotime Biotechnology, Shanghai, China). The level
of fusion was quantified by subtracting background
fusion of BHK-21 cells transfected with comparable
amounts of the vector or only wt F.
2.6. Dye transfer assay of lipid mixing
The abilities of NDV F mutants and wt F to mediate
lipid mixing were assessed by the transfer of octadecyl
rhodamine b chloride (R18) (Invitrogen, California,
USA) (20) from chicken red blood cells (RBCs) to
BHK-21 cells co-transfected with NDV F and HN
genes, using a modification of a protocol described
by Bagai et al. (21). At 24 h post transfection, cell
monolayers co-expressing the wt or mutated F and their
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HN protein were washed and incubated with 50 mU/
mL of neuraminidase (Sigma Chemical Co., St. Louis,
Mo., USA) at 37°C for 1 h. Then the R18-labeled RBCs
were added and incubated at 4°C for 30 min. Unbound
RBCs were washed, and then the plate was incubated at
37°C for 1 h to initiate fusion. A fluorescent microscope
(Olympus) was used to photograph the events of lipid
mixing.
2.7. Indirect immunofluorescence assay (IIFA)
BHK-21cells were seeded into 24-well plates and
transfected with wt F and F mutant genes. The
monolayers were fixed with 4% paraformaldehyde
after 24 h transfection, then incubated with anti-NDV
antiserum (Abcam, Cambridge, UK) and a goat antichicken Alexa Fluor 488-conjugated immunoglobulin Y
(H + L) (Abcam) was used as the secondary antibody.
Photographs of the cells were taken under a fluorescent
microscope (Olympus) after the secondary antibody
was washed twice with cold PBS.
2.8. Flow cytometry analysis
Fluorescence-activated cell sorter (FACS) analysis was
used to assay the cell surface expression of the wt F and
each mutated F proteins as previously described (22).
At 24 h post transfection, the monolayers were removed
from plates by treatment with 5 mM EDTA in PBS,
pelleted by centrifugation, washed twice, and blocked
with PBSA (PBS with 3% bovine serum albumin) for
30 min on ice. The primary antibody and the secondary
antibody were the same those as used in the IIFA assay.
Then, the cells were fixed with 4% paraformaldehyde
and re-suspended in 0.4 mL of PBSA for analysis with
the CytoFLEX S Flow Cytometer (Beckman Coulter,
Inc., California, USA). Cells transfected with only the
vector were used as negative controls.
2.9. Western blot (WB)
To examine the cleavage activity of wt F and F mutants,
BHK-21cells were transfected with wt F and F mutant
plasmids using a standard transfection protocol. At
24 h post transfection, cell monolayers were removed
from the 12-well plate by treatment with 50 mM EDTA
in PBS, pelleted, and then lysed. Polypeptides were
analyzed under a nonreducing condition using 10% SDSPAGE without boiling. Anti-NDV antiserum recognizing
the NDV F protein (Abcam) and an IRDye® 800CW
donkey anti-chicken IgG (H + L) (LI-COR, Lincoln,
Nebraska, USA) as the second antibody were used, and
then the protein bands were scanned and visualized using
Odyssey (LI-COR). To test for expression of D277AHis, an anti-His antibody (Proteintech, Wuhan, Hubei,
China) and an IRDye® 800CW goat anti-mouse IgG (H +
L) (LI-COR) were used.
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2.10. Statistical analysis
All results were from at least three separate experiments
and indicated as the mean ± SD. Statistical analysis was
calculated by SPSS 17.0 using the Student's t test with a
significance level of p < 0.05 (*), p < 0.01(**) and p <
0.001 (***), respectively.
3. Results
3.1. Identification and mutagenesis of conserved amino
acid residues around the DIII-DI linker region of the
NDV F protein
In order to identify the conserved amino acid residues
around the DIII-DI linker region of the F protein,
sequences from NDV, hPIV3, and PIV5 F proteins
were aligned and analyzed. Eight conserved amino acid
residues were found and site-directed mutagenesis was
utilized to mutate to alanine at these sites (I269, I274,
D277, Q286, V287, P290, L295, and N297) in order to
determine the function for these conserved sites around
the DIII-DI linker in the NDV F protein (Figure 1B).
The NDV F protein in the pre-fusion conformation
was generated based on the pre-fusion PIV5 F protein
(16) (PDB ID 2B9B) on the SWISS-MODEL proteinmodeling server. These conserved sites were exhibited
on the NDV F homology modeling structure (Figures
1C and 1D). Most of these sites were located within the
F protein, while sites L295 and N297 were situated on
the surface of this protein (Figure 1D).
3.2. Fusion activity assessment for wt F and its mutants
In order to explore the effects of these single amino
acid substitutions of the conserved amino acids around
the DIII-DI linker region of the NDV F protein on their
fusogenic activity, three different types of membrane
fusion assays were done.
The syncytium formation was initially observed
to evaluate an overall level of cell-cell fusion. NDV
wt or mutated F proteins were co-expressed in BHK21 cells with their homologous HN protein. At 24 h
post transfection, an inverted microscope was used to
observe multinucleated giant cells and representative
photomicrographs of syncytia are shown in Figure
2A. The cells expressing only the NDV wt F protein
were used as negative controls. It was found that fewer
syncytia were formed by mutant I269A compared with
those produced by wt F and HN proteins. However,
mutants I274A, P290A, and L295A had very limited
ability to form syncytia and no syncytia were observed
for mutants D277A and V287A. Only mutant Q286A
produced significantly larger syncytia than wt F, while
N297A did not affect the formation of syncytia. These
results suggested that most of these mutants impaired
the formation of syncytia except for mutants Q286A
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Table1. Functional profile of mutants around the DIII-I
linker of NDV F (%wt F)
Name

Cell fusion (% of wt)

wt F
I269A
I274A
D277A
Q286A
V287A
P290A
L295A
N297A

100
57.1 ± 11.8
21.9 ± 14.5
5.6 ± 6.7
161.1 ± 20.3
7.8 ± 9.4
3.0 ± 6.9
24.2 ± 10.3
97.7 ± 34.6

Cell surface expression (CSE)
100
30.1 ± 3.8
#
#
94 ± 26.2
#
31.5 ± 19
100 ± 21.6
86.8 ± 23.9

The average of cell surface expression and cell fusion were determined
with FACS and Report Gene Method, respectively. The data are
averages of three independent experiments. Values are expressed as
percentages of wt F. # means no detectable data.

Figure 2. Syncytium formation and content mixing of NDV
wt and mutated F proteins. (A) Syncytium formation in
monolayers co-expressing wt or F mutant proteins and NDV
HN. At 24 h post-transfection, BHK-21 monolayers transfected
with only wt F, wt F and HN, or F mutants and HN were fixed
with methanol and stained with Giemsa solution. Images
were immediately acquired with a 10× objective under an
inverted microscope. (B) Content mixing of wt F and F mutant
proteins co-expressed with NDV HN. Values are expressed
as percentages of content mixing detected in cells transfected
with wt F and HN. The data represent the means of three
independent experiments plus standard deviations. P values
were calculated using the Student's t test to determine statistical
significance of differences between each mutated F and wt F. (*,
p < 0.05; **, p < 0.01; otherwise, p > 0.05)

and N297A.
To quantify the fusogenicity of these F mutations,
a modification of the reporter gene assay was carried
out to measure content mixing. Two populations of
cells are indispensable for this assay: BHK-21 effector
cells and BHK-21 target cells. Values were expressed
as percentages of content mixing detected in cells
transfected with wt F and HN proteins. The data are
summarized in Figure 2B and Table 1. The F protein
carrying the individual I269A mutation resulted in
weakened content mixing, retaining only 57.1% of
the wt F level, when co-expressed with the NDV HN
protein. Mutants I274A and L295A reduced the levels
of content mixing to extremely lower levels, 21.9%
and 24.2% of that of wt F proteins. Additionally, a
background level of fusion activity, 5.6%, 7.8%, and
3.0% of wt F, respectively, was detected for mutants

D277A, V287A, and P290A. Mutant Q286A produced
fusion activity over 1.5 fold of the level of the wt F,
whereas mutant N297A showed a similar amount of
fusion, approximately 97.7% of the wt F (p > 0.05).
Therefore, most of the mutated F proteins led to
reduction in content mixing except for Q286A and
N297A, reflecting the results observed in the syncytial
assay in Figure 2A.
Through the process of membrane fusion, activation
of F and insertion of the FP into the target membrane
initially led to the merger of the lipid bilayers before
fusion pore formation and content mixing (23). To
address whether or not the mutated F proteins impaired
their ability to mediate lipid mixing, a dye transfer
assay with R18-labeled RBCs was carried out to
assess the extent of the lipophilic probe R18 transfer
from RBC membranes to transfected BHK-21 cell
membranes. Two negative controls were set for this
experiment: cells expressing only NDV HN and only
the F protein. As expected, cells expressing the HN
protein bound RBCs, but there was no transfer of
fluorescence from the RBCs to the BHK-21 cells. In
contrast, cells expressing both HN and wt F proteins
became more fluorescent as a result of the dye transfer
(Figure 3). The results of lipid mixing almost mirrored
the Giemsa staining results of wt or mutated F and the
HN protein. Five of these mutants (I274A, D277A,
V287A, P290A, and L295A) produced only a very
small number of fusion events, almost similar to the
negative control level. In addition, mutant I269A
showed less and weak fluorescence. However, mutant
Q286A showed a stronger fluorescence than wt F, while
mutant N297A produced a similar level in lipid mixing.
Therefore, these alanine substitutions also resulted in
defects in mediating lipid mixing except for Q286A and
N297A.
3.3. Cell surface expression of wt F and its mutants
Indirect immunofluorescence detection of the F protein
on the surfaces of intact cells transfected with mutant F
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Figure 3. Promotion of lipid mixing for NDV wt and
mutant F proteins. The extent of lipid mixing is shown by
the spread of the dye transferred from R18-labeled red blood
cells (RBCs) into the cell membranes of transfected BHK-21
cells. Labeled RBCs were added to each monolayer, and then
the cells were incubated on ice for 30 min. After 30 min, the
cells were washed and fusion between the transfected cells
and RBCs was initiated by transferring the cells to 37°C for
1 h. Images were immediately acquired under a fluorescent
microscope
Figure 5. Quantitative expression of wt F and F mutant
proteins detected with FACS analysis. Surface expression
levels of wt F and F mutants were determined with FACS
analysis at 24 h post-transfection using anti-NDV antiserum and
then with fluorescent-labeled goat anti-chicken antibody, the
same as used in the IIFA assay. (A) Representative fluorescent
histograms for each mutant are shown. The x axis is the
fluorescent intensity values shown in log scale and the y axis is
cell counts. (B) Quantitation of the cell surface expression level
detected by FACS analysis. Data were normalized to the value
obtained with wt F. The means and standard errors are from
triplicate experiments, # means no detectable data. (*, p < 0.05;
**, p < 0.01; otherwise, p > 0.05).

Figure 4. Expression of wt F and F mutant proteins detected
with indirect immunofluorescent assay (IIFA). Intact
confluent monolayers of BHK-21 cells transfected with wildtype or mutant F protein cDNAs were incubated with anti-NDV
antiserum and then with fluorescent-labeled goat anti-chicken
antibody. All fields shown were obtained using a 20× objective.
White arrows indicate scattered fluorescent points.

and V287A were not detected at the cell surface.
Surface expressions of these mutants were
quantitated with FACS analysis and compared with that
of wt F. Mutants I274A, D277A, and V287A could not
be detected with FACS, while mutants Q286A, L295A,
and N297A were very well expressed, 94%, 100%, and
86.8% of that of wt F, respectively (p > 0.05). However,
mutants I269A and P290A showed a reduced expression
level, only about one-thirds of that of wt F (Figure 5
and Table 1).
3.4. Cleavage activity of NDV wt F and mutants

protein genes was used to determine whether or not the
mutant proteins were expressed at the cell surface. As
shown in Figure 4, three of these F mutants (Q286A,
L295A, and N297A) were detected at the surface, with
a fluorescent signal similar to that of the wild-type
protein. Mutant I269A and P290A were also detected at
the surface, although the signal was much less intense
than that of wt F. However, mutants I274A, D277A,

The cleavage abilities of the NDV wt F and mutants
expressed in BHK-21 cells were detected with total cell
lysates. The results from Western blot assay showed
that mutants I274A, D277A, and V287A were noncleaved and expressed less than the wt F protein (Figure
6). Mutants I269A, Q286A, P290A, L295A, and
N297A showed similar cleavage efficiency. However,
a high expression level in total cell lysate for P290A
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Figure 6. Expression and cleavage of NDV wt F and F
mutants transfected without HN. At 24 h post-transfection,
the wt F and F mutants transfected BHK-21cells were
harvested and lysed. (A) Expression and cleavage of NDV F
proteins from total cell lysates were detected using Western blot
without boiling or reducing. (B) To detect total expression of
D277A, a 6× His was introduced at C- terminal. The total cell
lysates were detected with His tag antibody under a boiling and
reducing condition. The positions of precursor (F0) and cleaved
subunit (F1) of the F protein are shown.

was detected, which was contrary to its reduced cell
surface expression levels detected with FACS. It is
worth noting that an extra slower-migrating band than
F0 was detected for mutants Q286A and P290A, which
may have been protein aggregates due to high level
expression of whole protein molecules.
4. Discussion
F protein-mediated membrane fusion is an important
process for NDV to complete cell invasion and
dissemination. The exact steps of the F protein from a
pre-fusion conformation to a post-fusion conformation
during the fusion process are not fully understood, but
biochemical and physiological evidences along with
X-crystal structures outline how the F protein mediates
viral and cell membrane fusion (10,11,13,15,24-27).
The key conformational changes in the F-protein
refolding pathway have been highlighted, including
the insertion of FP (25) and the forming of 6HB (10).
Through this process, DI-DIII domains rearranged
their orientation or structure to help achieve fusion. DI
and DII as rigid modules are repositioned during the
conformational transition, while a refolding process
occurs in DIII (15,16). In this condition, potential
hinge points, especially the linker between domains I
and III, could be important for potential structural and
functional changes (13).
In the present study, eight conserved sites near
the junction of domains DIII and DI were found and
the impacts of these sites on protein expression and
membrane fusion were assessed after site-directed
mutagenesis. The results showed that the fusion
activities of the majority of mutant proteins were

reduced, among which three mutants (I274A, D277A,
and V287A) completely lost fusion ability. However,
Q286A exhibited an increased ability to mediate cell
fusion and N297A performed a similar level of fusion
compared with wt F.
The lost fusion ability was found to be closely
related to undetected cell surface protein expression.
Three mutants (I274A, D277A, and V287A), for
example, were poorly expressed at the cell surface and
as a result no fusion activities were detected. Only a
weak F0 band was detected by anti-NDV antiserum.
This reduction in expression may be attributed to the
abnormal structure since the anti-NDV antiserum only
recognizes natural NDV F trimers. To further detect
expression of D277A (an example of the mutants
undetectable with NDV antiserum), a 6× His tag was
introduced at the C-terminal and a reducing WB was
carried out. The results showed that D277A displayed
a single F0 band without F1 compared with wt F. Thus,
this lost fusion capability of these three mutants (I274A,
D277A, and V287A) may directly correlate with the
non-cleavage of the F protein. Interestingly, these three
mutants were present within the structure of NDV F
(Figure 1D), suggesting important roles of these inside
amino acids in protein folding. As expected, mutant
I269A and P290A, which are located inside the F
protein, also showed a reduced surface expression level,
with only about 30% of that of wt F. However, these
kinds of reduced surface expression were different from
those of I274A, D277A, and V287A, which may result
from defects in transport to the cell surface (Figures 4
and 6). Mutant P290A showed an impaired expression
on the cell surface but a higher level in total protein
expression than wt F (Figure 6A). This indicated that
the P290A protein may accumulate within the cell
cytoplasm and cannot be properly transported to the cell
membrane (9). However, another inside site, mutant
Q286A produced an F protein, which exhibited a
hyperfusogenic phenotype in our study. A similar inside
site, like L289A (Figure 1D, colored as black), was
reported to increase the fusion activity or even induce
HN independent fusion (14). However, Q286A did not
induce the same HN-independent fusion as L289A in
our study, while it expressed in BHK-21 cells alone
(Data not shown). Whether or not the Q286A mutant
could induce fusion without HN needs to be further
tested in more cell lines, since the HN-independent
fusion of L289A is cell-specific (28). Two mutants,
T458D and G459D, in the linker between domain
I and HRB of NDV F are proved to increase fusion
activity and induce HN independent fusion regardless
of cell types (22). Our results along with these results
suggested important roles of the connecting region
between different domains in regulating the fusion
activity of the NDV F protein.
A special site was mutant L295A, which almost
lost fusion activity with a similar level of cell surface
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expression. Shown as the generated pre-fusion form of
the NDV F protein (Figure 1D), this amino acid was
located on the surface of the protein molecule. Thus,
a possible explanation is that this mutant may have an
influence on the interaction between HN and F (24).
In addition, mutant N297A was another site located on
the surface of the protein structure (Figure 1D) without
affecting expression. However, N297A had a similar
level of fusion to wt F. The different levels of fusion
activity for these two surface amino acids indicated that
a hydrophobic amino acid is more likely to participate
in the interaction between HN and F (24). Thus, site
L295 could be a potential drug target to block the
interplay between HN and F by a mimic peptide (29)
with the sequence surrounding this site.
In the NDV F protein, the above conserved sites
are located within or near the radial channels (14,15).
The radial channels are considered to be the "dock" of
the FP (13,15), which plays an important role in the
correct insertion of the FP into the host cell membrane.
Thus, these sites may be important in maintaining the
correct structure of radial channels and mutations of
these sites could influence the intrinsic radial channels,
resulting in defects in the protein structure. A more
detailed description of the refolding process of PIV5 F
found that two peptides, 239-272 and 273-308, showed
significant changes in oxidation states during the release
of FP (25). These two peptides correspond to peptides
250-283 and 284-319, respectively, of the NDV F,
which is the area surrounding the DIII-DI (peptide 268304) junction. Thus, conservative amino acid mutant
introduction may destroy the relative activities of these
two fragments, affecting the fusion process F proteins.
Given that the DIII-DI connection region appears to
be a conserved structure in paramyxovirus F proteins,
this region presents an alternative way to investigate
structure-based rational vaccine or drug designs (30,31).
In conclusion, this study identified eight conserved
amino acids at the junction of domains DIII and DI,
seven of which play important roles in the folding,
transport and regulation of the F protein's fusion
activity. However, different sites play different roles.
For example, sites I274, D277, and V287 are important
for F's folding and cleavage activation. And two other
sites, I269 and P290, are essential for protein transport.
In addition, site L295 may participate in the interaction
between HN and F. A deeper understanding of the roles
of this junction region in the structure and function of
the F protein could lay the foundation for developing
new structure-based antiviral vaccines or drugs.
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Summary

Mitochondrial trans-2-enoyl-CoA reductase (MECR) is a protein-coding gene, and
the protein encoded by this gene is an oxidoreductase that catalyzes the last step in
mitochondrial fatty acid synthesis (mtFASII). Numerous studies have shown disorder of
lipid metabolism is closely related with malignance, especially in liver cancer. Through
pre-experiment, we found that the expression of MECR gene was highly expressed in
hepatocelluar carcinoma (HCC) cell lines in vitro. This suggests that the MECR gene may
play a role of oncogene in HCC. Therefore, we conducted a preliminary experimental
study on the role of MECR gene in HCC cells in vitro. Objective to explore whether the
MECR gene can affect the malignant biological behavior of HCC. We selected HCC cell
line BEL-7404 as experimental cell, which involves the highest expression of MECR in the
pre-experiment. We constructed MECR knockdwon lentivirus vector, and then infected
HCC cell lines to down-regulate MECR expression, and establish negative control group
(NC). Through various experiments of cytology, our study showed that knockdown of
MECR inhibited cell proliferation and colony formation, promoted apoptosis, and inhibited
metastasis in HCC cell lines BEL-7404. MECR might serve as a novel gene therapeutic
target for the treatment of HCC. Further study is needed to elucidate the signaling pathway
through which MECR functions in HCC.
Keywords: Hepatocellular carcinoma, MECR

1. Introduction
Hepatocellular carcinoma (HCC) arises from hepatocytes
and represents the most frequent type of primary liver
cancer, occuping more than 90% (1). Worldwide, there
are more than 700,000 new HCC patients each year,
ranking fifth and seventh in the incidence of malignant
tumors in men and women, respectively (2). At present,
the overall prognosis rate of liver malignant tumors is
still low. According to statistics, the 5-year survival rate
of liver cancer in the United States is only 16.6%. Due to
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the continuous improvement of HCC treatment methods,
the prognosis of HCC is relatively improved (3,4). Poor
prognosis means finding more accurate biomarkers to
predict a patient's prognosis and finding a more effective
therapeutic gene targets are top priority for current
research (5,6). Although some carcinogenic mechanisms
and molecular mechanisms of HCC have been studied
and proved, including genomic instability (7,8), gene
mutation (9,10), carcinogenic and tumor suppressor
gene expression (11), signaling pathways and so on
(12-15), the overall and exact molecular pathology of
HCC remains unclear. Still need a lot of basic scientific
research and studies.
Despite the presence of a cytosolic fatty acid
synthesis pathway, mitochondria have retained their own
means of creating fatty acids via the mitochondrial fatty
acid synthesis (mtFASII) pathway. Mitochondrial enoylCoA reductase (MECR), the last enzyme in the mtFASII
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pathway, is a 2-enoyl thioester reductase that acts as a
dimer, with a pocket forming between the two monomers
that can accommodate fatty acid chains up to 16 carbons
in length (16-18). The initial study of the MECR gene
was found to be associated with peroxisome proliferatoractivated receptor alpha (PPARα). Recent studies
further elucidate that overexpression of the MECR gene
activates the PPARα transcriptional pathway, possibly
as a coactivator, or by increasing mtFASII activity
(19,20). PPARα is a transcription factor whose main role
is to participate in liver fat metabolism and adipocyte
differentiation. Studies have also shown that PPARα
plays a role in promoting metabolic pathways in the
development of liver cancer (21). There are few studies
on the relationship between MECR gene and disease.
According to the literature, mutations in MECR gene
can cause dystonia and optic atrophy in children (22).
Animal experiments show that overexpression of MECR
leads to cardiac dysfunction in mouse (23). In addition, it
may be related to small airway obstruction (24). In terms
of tumors, the MECR gene has not yet been reported.
A large number of studies have shown that lipid
metabolism disorders are closely related to tumor cells,
especially liver malignancies (25). However, studies on
mitochondrial fat metabolism and HCC are still lacking.
Therefore, we conducted a preliminary experimental
study on the role of the MECR gene (encoding a key
protein for mtFASII) in HCC cells in vitro. Objective to
explore whether MECR gene can affect the malignant
biological function of HCC.
Through pre-experiment, we found that MECR gene
was highly expressed in four HCC cell lines, BEL7404,
BEL7402, SMMC7721, and HepG2. This suggests that
the MECR gene may play a role as oncogene in the HCC
cell lines. Therefore, we further explored the effects
of MECR gene on the malignant biological behavior
of HCC cells by knocking down the MECR gene and
establishing a negative control group, laying a foundation
for future molecular pathway research.
2. Materials and Methods

manufacturer's instructions and was then used for RT
reaction. Briefly, 2 µg of total RNA from each sample
was reverse transcribed to single-stranded cDNA. One
microliter of cDNA was used as a template for the
following PCR. The primers used were as follows: for
MECR forward, 5'-GTTGGAGGGAACGAAGGTGT-3'
and reverse, 5'-CGCTCTGAAGAGGGATGTCA-3'; for
TP53 forward, 5'-GAG GTTGGCTCTGACTGTACC-3'
and reverse, 5'-TCCGTCCCAGTAGATTACCAC-3';
and for GAPDH forward, 5'-TGACTTCAACAGCG
ACACCCA-3', and reverse, 5'-CACCCTGTTGCTGTA
GCCAAA-3'. The quantitative RT-PCR comprised an
initial denaturation at 95℃ for 15 sec, then 45 cycles at
95℃ for 5 sec and 60℃ for 30 sec. The PCR products
of MECR, TP53 and GAPDH were 175, 133 and 121 bp.
All samples were examined in triplicates.
2.3. Recombinant lentiviral vector production and cell
infection
The complementary DNA sequence (TCATAT
CTTCAAAGCAGAT) of MECR was designed from the
full-length MECR sequence (NIM: 608205, GenBank:
NM_016011.3) by GeneChem Co. Ltd. (Shanghai, China).
After testing knockdown effciencies, the stem-loop
oligonucleotides were synthesized and inserted into the
lentivirus-based PSCSI-GFP (GeneChem Co. Ltd.) with
AgeI/EcoRI sites. Lentivirus particles were prepared as
previously described (26).
For lentivirus infection, BEL-7404 cells were
cultured into 6-well plates and then the MECR-shRNAlentivirus or negative control (NC) lentivirus was added
according to a multiplicity of infection (MOI). After 72 h
of infection, the cells were observed under a fluorescence
microscope (MicroPublisher 3.3RTV; Olympus, Tokyo,
Japan). After 120 h of infection, the cells were harvested
to determine knockdown effciency by quantitative RTPCR.
2.4. Western blot analysis

Human HCC cell lines, BEL-7402, BEL-7404, SMMC7721, HepG2 and human renal epithelial 293T cells
were purchased from the Shanghai Cell Bank (Shanghai,
China). Cell lines were cultured in RPMI-1640 medium,
supplemented with 10% fetal bovine serum FBS (Gibco®,
Shanghai, China), 1% penicillin and 1% streptomycin at
37℃ in a 5% CO2 incubator.

After protein quantization by the Coomassic brilliant
blue assay, 20 µg of protein was bloed in loading
buffer, resolved on 10% SDS-polyacrylamide gels,
electrotransferred to nitrocellulose membranes, and
incubated overnight with antibodies against MECR
(1:2000 dilution; Sigma), TP53 (1:500 dilution; CST)
and BAX (1:500 dilution; Abcam). Secondary antibody
was applied, and the relative content of the target
proteins was detected by chemiluminescence. GAPDH
was used as loading control.

2.2. Quantitative RT-PCR

2.5. Cell growth assay

Total RNA from the 4 cell lines, BEL-7402, BEL-7404,
SMMC-7721, HepG2, was extracted using the TRIzol
reagent (Invitrogen, Shanghai, China), according to the

BEL-7404 cells at the logarithmic phase after infection
with MECR-shRNA-lentivirus and scrambled shRNA
lentivirus were digested, resuspended, counted and

2.1. Cell Culture
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inoculated in 96-well plates. From the second day, cells
with green fluorescence were taken photos and counted
by Cellomics ArrayScan VT1 Readers once a day. Cell
growth was observed continuously for 5 days, and cell
growth curves were drawn.
2.6. Colony formation assay
Cells at the logarithmic phase after infection were
inoculated in 6-well plates at the density of 800 cells/
well. Culture medium was changed every three days.
Cells were allowed to grow for 11 days to form colonies.
When the cell numbers in most single colonies were
greater than 50, cells were washed with PBS once and
fixed in paraformaldehyde (Sangon Biotech Shanghai
Co. Ltd) for 30 min. Cells were then washed with PBS
and stained with Giemsa dye (Chemicon) for 20 min.
After washing with ddH2O for several times, the number
of colonies was counted under fluorescence microscope
(Olympus, Japan).
2.7. FACS (fluorescence assisted cell sorting) cell cycle
analysis
Cells were cultured in 6-well plates and were infected
with MECR-shRNA-lentivirus or control. When the
cells grew to 80% confluence, they were collected by
trypsinization and centrifugation at 1500 rmp for 5 min,
washed once with PBS, and fixed in 70% alcohol for 1
h. Then, cells were rehydrated and resuspended in PBS
containing Rnase (100 mg/mL) on ice, stained with
propidium iodide (PI), filtered through a 50- mm nylon
mesh, and then analyzed using a BD FACS Calibur Flow
Cytometer (BD Biosciences, San Diego, CA, USA). All
experiments were performed in triplicate.
2.8. Detection of apoptosis by FACS
Cell apoptosis was assayed by staining with Annexin
V-APC and detected by FACS. For analysis of apoptosis,
the cells were harvested, washed with 1 × binding buffer
and resuspended in 1 mL 1 × staining buffer. Then 5
mL Annexin V-APC was added into 100 mL of the
above cell suspension (about 1 × 105 – 1 × 106 cells),
and incubated at room temperature in the dark for 10-15
min. After incubation, cells were analyzed using the BD
FACS Calibur Flow Cytometer (BD Biosciences, San
Diego, CA, USA). All experiments were performed in
triplicate.
2.9. Transwell assay
The upper surface of Transwell invasion assay filters
(Corning Costar, Shanghai, China) was coated by
matrigel at 37℃ for 30 min. Then cell culture medium
(600 mL) was added into the basolateral chamber, and
the apical chamber was added with serum-free medium
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containing 5 × 104 transfected cells. After 24h culture
at 37℃, the serum-free medium was absorbed, and the
adherent cells in upper surface were removed. Next, the
rest cells were fixed with 100% methanol and stained
with crystal violet. The number of cells penetrating
through matrigel was the standard to evaluate the
invasive ability. Three high power fields were randomly
chosen to calculate the cell number. Each experiment
was independently performed in triplicate.
2.10. Immunoflorescence detection
Cells of each group, which were incubated for 48 hours
in 24-well plates, were fixed with 2.5% glutaraldehyde
for 15 minutes after the upper residual liquid was
removed. Then they were incubated with 0.25% Triton
X-100 for 15 minutes at room temperature, followed by
blocking with 4% goat serum for 30 minutes at room
temperature. TP53 antibody (1:100) was added and
incubated for 12 hours at 4°C. After washing with PBS
for three times, rhodamine-labeled florescent secondary
antibody (1:400) was added and incubated in a 37°C
incubator for 40 minutes. 4',6-Diamidino-2- phenylindole
was added to stain for 5 minutes. At last, the cells were
observed under a florescence microscope and the number
of positive cells was counted. Cells that exhibited blue
immunoflorescence were TP53-positive cells.
2.11. Statistical analysis
SPSS 21.0 statistical software was used to analysis.
The data shown are presented as the mean ± standard
deviation (SD) of three independent experiments.
Statistical significance was determined with Student's
t test. A P value of less than 0.05 was considered
significant.
3. Results
3.1. MECR mRNA detection in four HCC cell lines
In order to find out whether there is a relationship
between MECR and HCC, we detected the MECR
mRNA in four HCC cell lines BEL-7402, BEL-7404,
SMMC-7721, HepG2 by PCR. GAPDH gene was
amplified as internal control. The relative expression of
target gene was calculated with 2﹣∆∆Ct method (27). The
results showed that MECR mRNA was expressed in all
four cell lines and the MECR gene expression abundance
in these cell lines was high (Figure 1).
3.2. Knockdown efficiency determined by western blot
analysis
Human embryonic kidney 293T cells were infected with
MECR-shRNA lentivirus or NC lentivirus. Western blot
was used to detect the MECR protein expression. As
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shown in Figure 2, compared with NC group the content
of MECR protein was greatly reduced in the MECRshRNA lentivirus group. This result indicated effective
knockdown of the target sequence.
3.3. Lentivirus-mediated knockdown of MECR in the
human HCC cell line BEL-7404

HCC cell line BEL-7404, which involved the highest
relative expression of MECR, was adopted to explore
the role of MECR. Knockdown of MECR gene BEL7404 cell line group and NC group were established
by infected with MECR-shRNA lentivirus and NC
lentivirus. As shown in Figure 3A, by day 3 post
infection, the proportion of infected cells was > 80% for
both groups. And at day 5 post infection, MECR mRNA
was assessed by real-time PCR. In the experiment group,
the expression level of MECR mRNA was significantly
lower than NC group (Figure 3B).
3.4. Knockdown of MECR in BEL-7404 cells inhibited
cell proliferation

Figure 1. MECR mRNA levels in four HCC cell lines.
Expression of MECR mRNA was measured by RT-PCR in the
indicated cell lines. A constitutively expressed GAPDH gene
was used as an internal control.

To investigate the effect of MECR on cell growth, BEL7404 cells were infected by either the MECR-shRNA
or NC lentivirus, and then were seeded into 96-well
plates and analyzed by Cellomics Arrayscan with timedependent manner for 5 days. As showed in Figure 4A,
fluorescently stained cells were greatly increased in the
NC group, and the cell-count comfirmed our observation
(Figure 4B). By analysis, the growth rate was also
higher in the NC group while the number of MECRshRNA-transfected cells did not change much. The
results showed MECR knockdown signifcantly inhibited
proliferation of the BEL-7404 cells (P < 0.05).
3.5. Knockdown of MECR inhibited BEL-7404 cells
colony formation

Figure 2. Knockdown of MECR protein expression in 293T
cells. MECR protein expression was analyzed by western
blotting in control-transfected (NC) and MECR-shRNAtransfected 293T cells. GAPDH was used as a loading control.

We then studied the colony-formation ability of
knockdown MECR in BEL-7404 cells. BEL-7404 cells
treated with MECR-shRNA or control lentivirus were
allowed to grow for 11 days to form colonies. As shown
in Figure 5, MECR knockdown resulted in significant
decrease in the number of colonies in BEL-7404 cells (P
< 0.01), compared with the control groups. These results

Figure 3. MECR silencing efficiency by shRNA lentivirus. (A) Lentivirus infection in BEL-7404 HCC cell line. Bright and
fluorescent photomicrographs of BEL-7404 cells were taken 72 h after lentivirus infection at a magnification of × 100; (B)
Identification of MECR knockdown efficiency using shRNA lentivirus by real-time PCR in BEL-7404 cells (**P < 0.01).
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Figure 4. MECR silencing inhibited HCC cell proliferation. (A) Cells were infected with the control or MECR-shRNA lentivirus
and high content cell imaging was applied every day as indicated to acquire raw imagesof cell growth. (B) MECR silencing by
shRNA lentivirus significantly inhibited the growth rate of BEL-7404 cells, as shown by cell count for 5 days (P < 0.05).

Figure 5. MECR silencing inhibited HCC cell colony formation. (A) Photomicrographs of Giemsa-stained colonies of BEL-7404
cells growing in 6-well plates for 11 days after infection; (B) The number of cells in colony of BEL-7404 cells was counted. Cell
number in MECR shRNA group was significantly reduced, as compared with the control group (**P < 0.01).

suggested that the MECR gene is associated with colony
forming ability of HCC cells.
3.6. Knockdown of MECR in BEL-7404 cells do not
affect cell cycle
In this experiment, it was detected that MECR can inhibit
the proliferation and colony-formation of HCC cells after
knockdown. To explore whether MECR can affect cell

cycle progression in BEL-7404 cells, the experimental
group and control group cells were assessed the
cell cycle phase by flow cytometry after 5 days of
transfection. The results showed that the proportion
of cells in the G1 phase after MECR knockdown was
46.3%, which was lower than that in the NC group
(48.76%), and the difference was statistically significant
(P < 0.01). However, in the S phase (17.77% vs 17.79%)
and the G2/M phase (35.93% vs 33.45%), there was no
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Figure 7C). The results showed that MECR knockdown
signifcantly promoted apoptosis of the BEL-7404 cells.
3.8. Knockdown of MECR inhibited BEL-7404 cells
migration
In this experiment, the MECR gene is a mitochondrial
metabolism-related gene, and the mitochondria is a
cell "energy plant". MECR knockdown may have an
effect on cancer cells athletic ability. Therefore, in this
experiment, the migrating ability of BEL-7404 cells
knocking down the MECR gene was explored. This
experiment was performed using the Transwell method
to detect the migration ability of HCC cells. After 24
hours incubation in a transwell chamber, the transfected
cells were stained and counted. As shown in Figure 8,
the results showed that compared with the NC group,
the number of metastatic cells in the experimental group
knocking down the MECR was significantly decreased,
and the difference was statistically significant (P <
0.01). The results indicated that knockdown of MECR
gene can inhibit the migration of HCC BEL-7404 cells
in vitro.

Figure 6. The effects of MECR on cell cycle. (A) The result
of flow cytometry; (B) The proportion of cells in the G1
phase after MECR knockdown was decreased, but there were
no significant difference between two groups in S phase and
G2/M phase.

significant difference in cell proportion (Figure 6). From
the results, it was shown that although knockdown of the
MECR gene significantly inhibited the proliferation of
HCC BEL-7404 cells, it did not affect the cell cycle.
3.7. Knockdown of MECR in BEL-7404 cells promoted
cell apoptosis
We first used Annexin V-APV to stain and culture the
experimental group and the control group for 5 days,
and then used flow cytometry to detect apoptosis of the
two groups. After repeated three experiments, the results
showed that the apoptosis rate of BEL-7404 cells in the
experimental group after MECR knockdown was 9.38%,
9.66%, and 9.68%, and the mean value was 9.57%,
while the apoptosis rate of BEL-7404 cells in NC group
was 3.80 %, 3.56%, 3.69%, with an average of 3.68%.
It can be seen that after MECR gene knockdown, the
apoptosis rate of cells increased significantly, and the
difference was statistically significant (P < 0.01, Figures
7A and 7B). In addition, we further detect and verify
apoptosis by measuring the activity of Caspase 3-7.
The results showed that compared with the NC group,
the activity of Caspase 3-7 in the experimental group
increased, suggesting that apoptotic cells increased,
and the difference was statistically significant (P < 0.01

3.9. Preliminary study on the regulation mechanism of
MECR on HCC apoptosis
This experiment has initially confirmed that knockdown
of MECR gene can effectively promote apoptosis of
HCC cells. Since this experiment is the first to report
that the MECR gene is associated with tumors, there is
currently no available reference to analyze its specific
molecular biological mechanisms. Therefore, we have a
preliminary exploration of the mechanism of apoptosis
induced by MECR in HCC cells. Whether MECR
gene knockdown can affect the expression of proteins
associated with HCC apoptosis has been confirmed. We
tested BAX and TP53 proteins by means of wstern blot
assay. As shown in Figure 9, the BAX protein showed
no significant difference between the two groups,
while the TP53 protein showed a downward trend in
the experimental group. Therefore, TP53 gene and
protein expression were further verified by qRT-PCR
and immunofluorescence staining. The results showed
that there was no significant difference in mRNA
expression of TP53 gene between the experimental
group and the NC group, and there was no difference
in expression between the two groups of TP53 proteins
by immunofluorescence detection. The results showed
that knockdown of the MECR gene did not affect the
expression of BAX and TP53 proteins.
4. Discussion
According to WTO data, HCC is currently the fifth
most common malignant tumor and is the second
tumor-killing disease worldwide (28). Although
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Figure 7. MECR silencing promoted HCC cell apoptosis. (A) Cell death was determined by Annexin V staining and flow
cytometry; (B) Quantifcation of results showd the signifcant increase in apoptosis in the MECR-sihRNA cultures compared with the
NC (**P < 0.01); (C) The results showed that the activity of Caspase 3-7 in the experimental group increased significantly (**P < 0.01).

Figure 8. MECR silencing inhibited HCC cell migration. (A) Representative images of migration assays of BEL-7404 HCC
cells transfected with MECR-shRNA or control lentivirus; (B) Quantification of results showed the number of metastatic cells in the
experimental group knocking down the MECR was significantly decreased, and the difference was statistically significant (**P <
0.01).
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Figure 9. The expression of BAX and TP53 proteins after knockdown MECR. (A) The protein levels of BAX and TP53 were
determined by western blot assays; (B) RT-PCR was used to assess the mRNA levels of TP53 and immunofluorescence was applied
to verify the protein levels of TP53.

the current treatment of surgery, TACE, RFS and
chemotherapy has improved the patient's 5 year survive
rate, its high recurrence and metastasis rate make the
overall therapeutic effect of HCC still unsatisfactory
(6,29). With the expectation of more effective and
thorough treatment, gene therapy is considered as a
possible treatment (30). Therefore, it is particularly
important to identify key genes and corresponding
molecular mechanisms that affect tumor growth and
recurrence (31).
The MECR gene is a protein-coding gene, and its
expressed protein is a reductase that regulates the final
step of mitochondrial lipid metabolism. It has not been
reported in other tumors. This experiment found that
the expression abundance of MECR gene in four HCC
in vitro cell lines was high, suggesting that there is a
link between high expression of MECR gene and HCC.
Lentivirus is a highly efficient gene vector (32).
This experiment uses shRNA as an interference vector
to transfect BEL-7404 cell line knockdown MECR gene
with lentivirus as vector, and transfected with negative
lentiviral shRNA as NC Control, a series of cytological
tests to study the effect of MECR gene on the malignant
behavior of HCC cell lines.
The results of this experiment show that MECRshRNA lentivirus effectively knocks down the mRNA
and protein expression of the MECR gene. On the
basis of this, using cell-count by Cellomics Arrayscan
with time-dependent manner, it was found that the
knockdown of the MECR revealed that the growth of
the HCC cell line BEL-7404 was inhibited.
In order to explore the reasons for knockdown of
the MECR gene to induce cell growth inhibition, the
cells were further assayed for apoptosis, cell cycle and
cell clone formation. One of the important features
of early apoptosis is the activation of the cysteinespecific protease Caspase family of proteins. This type
of enzyme can participate in a series of biochemical
reactions, respond to early signs of apoptosis and cause

the corresponding protein substrate to cleave, which
in turn triggers cell disintegration. Activation of the
Caspase family can effectively promote apoptosis
(33,34). Apoptosis-related experiments found that
knockdown of the MECR gene effectively activated
apoptosis, and the number of apoptotic cells in the
experimental group increased and the caspase 3/7
activity was significantly increased. Cell cycle refers
to the activity of cells from the end of the previous
division to the end of the next division, divided into
G0/G1 phase (diploid, DNA content is 2N), S phase
(DNA content between G1 and G2) And G2/M phase
(tetraploid, DNA content 4N). The results of cell cycle
experiments in this experiment showed that although
the number of cells in the G1 phase was small, the
number of cells in the S phase was the same, and the
number of cells in the G2/M phase was increased,
only the G1 phase was statistically significant. The
results indicate that knockdown of the MECR gene did
not affect the HCC cell cycle. In addition, the results
of colony formation experiments showed that after
knockdown of MECR gene, the viability of individual
cells decreased significantly, and the ability to form
clones in experiment group was significantly inhibited.
The above experiments show that MECR knockdown
may increase the apoptosis by activating the apoptotic
system, and inhibit the cell cloning ability, thereby
inhibiting cell proliferation.
Although the 5-year overall survival rate of HCC
patients can be as high as about 50% after surgery, its
extremely high metastasis and recurrence is the main
obstacle to further improve the survival of patients with
HCC, and the recurrence rate can reach more than 60%
after 5 years (35). In order to investigate whether the
MECR gene affects the metastatic ability of HCC cells
after affecting the metabolism of mitochondria, this
experiment used transwell assay to test cell migration
ability. The results showed that the migration ability
of BEL-7404 cells in the experimental group knocking
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down the MECR gene was significantly decreased,
indicating that silencing the MECR gene can effectively
inhibit the metastatic ability of HCC cells.
It is the next experimental research direction of this
experiment to determine which signal pathway of MECR
gene affects HCC cells. We underwent a preliminary
exploration of proteins that have been closely related to
tumor cell apoptosis. TP53 has been widely studied and
found to be an extremely important tumor suppressor
gene. TP53 gene mutation is found in many human
cancer patients (36,37). Several studies have also shown
that TP53 protein plays an important role in HCC,
regulating the apoptotic process of cells (38,39). BAX
protein is another important protein in the regulation
of tumor apoptosis, which can promote the release of
cytochrome C and activate Caspase 9 and Caspase 3,
which has been confirmed as one of the major proteins
regulating apoptosis in HCC (40,41). This experiment
explored the expression of these two important proteins
of apoptosis exploratoryly. Unfortunately, there was
no difference in the expression of TP53 and BAX
between the experimental group and the NC group.
The mechanism of MECR gene in apoptosis needs
further exploration. In addition, according to the current
literature reports, the only clearer is that the high
expression of the MECR gene can significantly activate
PPARα. PPARα is a ligand of PPARs, which is mainly
expressed in tissues with strong fatty acid metabolism
such as liver, muscle and heart. It participates in lipid
breakdown and oxidation to regulate lipid metabolism
balance (42). Chang et al. found that miRNA-33a can
promote Huh7 cell proliferation and inhibit apoptosis
in vitro. The main target of this gene is PPARα (43).
In addition, the Shah team found that activation of
PPARα promoted HCC cell proliferation and induced
hepatocarcinogenesis, and was associated with miRNAlet7C. In addition, mice with congenital deficiency of
PPARα fed PPARα agonist Wy-14,643 did not induce
liver cancer (44). In addition, there are a large number
of studies in recent years that clarify that PPARα plays
an important regulatory role in the development of
HCC (45-47). The effect of MECR gene knockdown
on HCC cells may be related to the PPARα pathway
and have corresponding effects, which needs further
experiments in this experimental group to verify.
5. Conclusion
The Warburg effect states that tumor cells provide
function primarily through glycolysis even under
aerobic conditions (48). In addition, due to the low
glycolysis efficiency of tumor cells under aerobic
conditions, it is a very important way for tumor cells
to activate and strengthen lipid metabolism during
the process of maintaining high-speed replication
(49). Whether the metabolic abnormality of
mitochondrial mtFASII dominated by MECR gene-
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coding protein is related to tumor diseases has not
been reported yet. This experiment has confirmed
the close relationship between MECR gene and HCC
proliferation, apoptosis and metastasis through a series
of cytological experiments. In conclusion, the results
of this experiment show that the knockdown of the
MECR gene can be effectively silenced by lentiviral
transfection of the HCC cell line BEL-7404 in vitro.
Knockdown of MECR can inhibited cell proliferation
and colony formation, promoted apoptosis, and
inhibited metastasis in HCC cell lines BEL-7404.
Therefore, knockdown of MECR gene-targeted therapy
can be a possible therapeutic approach in patients
with high expression of the MECR gene. How the
specific MECR gene affects the molecular pathway of
the signaling pathway of HCC cell lines needs further
experimental research.
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Summary

The associations of human chorionic gonadotropin (hCG), estrogen, and progesterone
levels with threatened abortion have not been fully studied. Eighty women with threatened
abortion were recruited sequentially, and the levels in their pregnancy hormones during
the first trimester were compared with that of 160 normal early pregnancy controls. The
natural logarithm transformed (Ln) hCG and Lnestrogen of women with threatened abortion
and gestational age ≤ 6 weeks were significantly higher than values for the normal controls
of the same gestational age (8.6 ± 1.2 vs. 7.4 ± 1.7 mIU/mL and 5.8 ± 0.4 vs. 5.4 ± 0.5 pg/
mL); the two hormones reached similar levels in the groups of gestational age > 6 weeks.
Among the group with gestational age ≤ 6 weeks, a univariate logistic regression showed that
LnhCG and Lnestrogen were associated with threatened abortion, with odds ratios (ORs) of
1.85 [95% confidence interval (CI): 1.30-2.64] and 4.62 (95% CI: 1.67-12.80), respectively.
The multivariate logistic regression model revealed that hCG and estrogen were mutually
confounding factors, and only hCG was an independent factor for threatened abortion (OR
1.56; 95% CI: 1.06-2.28). None of the variables in the univariate or multivariate logistic
regression was a factor associated with threatened abortion after 6 weeks gestational age.
In conclusion, β-hCG and estrogen levels in the first half of the first trimester are factors
associated with threatened abortion.
Keywords: Early pregnancy, cross-sectional study, gestational week

1. Introduction
The complex interaction among luteinizing hormone
(LH), follicle-stimulating hormone (FSH), estrogen,
and progesterone regulates the follicular, ovulatory, and
luteal phases of the menstrual cycle spatiotemporally
(1-3). Levels of estrogen and progesterone are low at
the beginning of the follicular phase, and then estrogen
peaks and progesterone starts to increase during the
ovulatory phase (1-3). Estrogen and progesterone
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levels are high during most of the luteal phase, which
causes the lining of the uterus to thicken to prepare
for possible fertilization (1-3). If no egg is fertilized,
the corpus luteum degenerates and no longer produces
progesterone, the estrogen level decreases, and a
new menstrual cycle starts (1-3). This repertoire lasts
throughout a woman's reproductive life, except during
pregnancy (1-4).
A new repertoire occurs once a sperm meets
an egg. Human chorionic gonadotropin (hCG) is
synthesized, mainly by the syncytiotrophoblast of the
newly developing placenta, 1 day after implantation.
hCG replaces the function of LH on about day 8
after ovulation and rescues the corpus luteum from
involution (5). This maintains progesterone and
estrogen secretion by the ovarian granulosa cells
during the first trimester (6). hCG is at its peak (about
100,000 IU/L) between weeks 8 and 10 of gestation,
and tends to plateau at a lower level for the remainder
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of the pregnancy (4,7). Progesterone and estrogen are
largely produced by the corpus luteum until about 10
weeks of gestation; after the first trimester, the placenta
synthesizes and secretes these two hormones (8-10).
Progesterone levels gradually increase to 100-200
ng/mL when the pregnancy reaches term gestation.
Estrogen levels increase steadily during pregnancy and
reach their peak in the third trimester (8-10).
Progesterone and estrogen play significant roles
during a normal pregnancy (8-10). The gradually
increasing level of estrogen during pregnancy enhances
the formation of blood vessels and transfer of nutrients,
and supports the developing fetus (8-10). Progesterone
keeps the placenta functioning properly and the uterine
lining healthy and thick, as well as stimulating growth
of breast tissue (4,7,8-10). It also prevents natural
pre-pregnancy contractions of the uterine smooth
muscle, allowing the fetus to grow in the expanding
womb. Progesterone stimulates secretion of Th2 and
reduces secretion of Th1 cytokines, reducing maternal
immunological rejection of the fetus (11,12).
Any change in the homeostasis of these hormones
impacts a normal pregnancy (13-15). A low hCG level
is always observed in women who eventually miscarried
in their first trimester and can indicate a blighted ovum
or an ectopic pregnancy, whereas a high hCG level can
indicate a molar pregnancy or a multiple pregnancy (1315). Threatened abortion often occurs during the period
of luteal-placental shift (8 to 12 weeks of gestation) due
to a limited corpus luteum function or an abnormality
in placental progesterone production and secretion
(14). A reduction in the rate of spontaneous miscarriage
with the use of dydrogesterone was also observed
(14). Lower estrogen level was found in women with
threatened abortion and historically estrogen was also
commonly used to save threatened pregnancies in these
women (16,17). However, evidence from randomised
controlled trials to assess the use of estrogen and/or
progesterone for preventing miscarriages is insufficient
(6,13,17,18). Thus, the associations of these hormones
levels with abnormal pregnancy remain undefined,
some theories are controversial (6,13,17,18), and further
studies are needed. In this report, the associations of
hCG, estrogen, and progesterone levels with threatened
abortion were evaluated in 80 women with threatened
abortion and 160 normal controls. Our results showed
that β-hCG and estrogen levels in the first half of the
first trimester are higher in women with threatened
abortion than women with normal early pregnancy and
no significant difference in progesterone level observed
between two groups.
2. Materials and Methods
2.1. Design and participants
This study was carried out in accordance with the
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recommendations of the Declaration of Helsinki for
medical research involving human subjects, the World
Medical Association with written informed consent
from all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki.
The protocol was approved by The Review Board of
the Ethics Committee of Medical Research at Minhang
Hospital, Fudan University.
A cross-sectional study was conducted on continuously
registered outpatients visiting our Department of
Obstetrics and Gynecology, between January 2016 and
February 2017. Integrating the current consensus on
diagnosis of threatened abortion (19-21), in this report,
threatened abortion (threatened miscarriage) referred
to a bloody vaginal discharge or bleeding other than
spotting during the first trimester of completed gestation
with evidence of a progressive viable pregnancy on
ultrasound.
For differential diagnosis of threatened abortion;
a pelvic exam was performed on women suspected of
threatened abortion to identify the source of bleeding
and to determine whether the amniotic sac was ruptured;
a transvaginal ultrasound was performed to determine
the amount of bleeding, to learn intrauterine pregnancy,
and to monitor the heartbeat and development of the
fetus; serial quantitative serum ꞵ-hCG and progesterone
levels were measured to monitor the dynamic changes
of pregnancy hormones; in addition, gonorrhea and
chlamydia testing were also performed to exclude
infection. Since there is no reliable approach to diagnose
threatened abortion, women suspected of threatened
abortion, whose intrauterine fetus survived over first
trimester, were identified as threatened abortion.
All subjects were assembled by four experienced
obstetricians with cross validation; any uncertainties in
inclusion criteria were resolved by discussion among
chief obstetricians in our department.
As showed in Figure 1, subjects with early pregnancy
loss (the loss of a pregnancy during the first 13 weeks
of pregnancy, N = 9), ectopic pregnancy (N = 8), twin
or multiple pregnancy (N = 2), prophylactic hormonal
supplementation (N = 2), and supportive hormonal care
(N = 3) were excluded from this study. Exclusion criteria
also include women with inevitable, incomplete, or
complete abortion (N = ); women with septic abortion (N
= 0); and women with non-threatened abortion-related
bleeding (such as extragenital bleeding, N = 3). Finally,
80 women with threatened abortion were included in this
study.
The normal controls of early pregnancy were selected
from every tenth women with an early pregnancy but
no complications continuously (Figure 1). 14 subjects
refuse to participate; 10 subjects with incomplete data;
3 subjects were ectopic pregnancy; and 3 subjects were
twin/multiple were excluded from the control group.
Finally, 160 subjects with early pregnancy were involved
as normal controls.
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Figure 1. A diagram of the study subjects involved, measurements of pregnancy hormones and gestational age estimation.
This is a cross-sectional study conducted on continuously registered outpatients visiting our Department of Obstetrics and
Gynecology. Right panel, flowchart of controls involved; left panel, flowchart of cases involved; middle panel, diagnosis process.

Their levels of serum hCG, progesterone, and
estrogen were measured according to the principle of
ethical voluntariness. Gestational age was calculated
from the last normal menstrual period if the mother
had a regular period and knew the first day of her last
menstrual period or according to the "Determination
of Gestational Age by Ultrasound" recommendation
from the American College of Obstetricians and
Gynecologists (19) on the day visiting our department.
2.2. Levels of serum hCG, progesterone, and estrogen
The levels of hCG, progesterone, and estrogen were
determined in the clinical laboratory of our hospital.
Briefly, blood samples were drawn in all the women
upon admission and centrifuged at 3,000 rpm at 4ºC in
time; serum samples were stored at -20ºC before daily
centralized and unified routine testing. For this study, a
spare serum sample of each patient with strict records
was accumulated in an -80 degree refrigerator at the
same time. Levels of hCG, estrogen, and progesterone
of each participator were measured twice; a 1st test was
performed on the outpatient consultation day; and a
2nd test was performed collectively using all the spare
serum samples; the levels presented in this report were
the averages of corresponding twice tests (Figure 1). All
measurements were carried out in the same laboratory.

hCG, progesterone, and estrogen concentrations were
measured using the ARCHITECT Total Beta hCG
Reagent Kit (Longford, Ireland), the ARCHITECT
PROGEST RGT, and the ARCHITECT Estrogen
Reagent Kit according to the manufacturer's instructions.
The inter-assay coefficients of variation were calculated
from the mean values for the high and low controls
(reference reagents provided by Abbott Architect) on
each plate; the inter-assay coefficients of variation for
estrogen, progesterone and hCG were 9.2%, 10.3% and
11.1%, respectively. The intra-assay coefficients variation
were calculated from the individual coefficients variation
for all of the duplicates; and the intra-assay coefficients
variation for estrogen, progesterone and hCG were 7.9%,
6.8% and 8.3%, respectively.
2.3. Statistical analysis
The distribution of all variables is assessed using a
histogram; variables with a skewed distribution were
transformed by natural logarithm (Ln) and further
presented by histogram. The Ln-transformed variables
were used instead of the original clinical values. Lntransformed and normally distributed variables are
presented as means ± standard deviations (SDs).
Differences between groups were evaluated using the
independent-samples Mann-Whitney U-test. Spearman's
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rank correlation coefficient array analysis was performed
to determine the collinearity and interior relationships
among the variables. Binary logistic regression analysis
was adopted to understand how the pregnancy hormones
were associated with threatened abortion. Variables in
the models were selected according to Spearman's rank
correlation coefficient and physiological and biochemical
principles. All statistical analyses were performed with
SPSS software (ver. 13.0; SPSS, Inc., Chicago, IL,
USA), and the significance level was set to α = 0.05.
3. Results
3.1. hCG and estrogen levels are significantly higher in
women with a threatened abortion
Variables of pooled subjects (without stratification by
gestational age) were compared first to detect differences
in the pregnancy hormone levels between women
with threatened abortion and those with normal early
pregnancy. hCG, estrogen, and progesterone displayed
skewed distributions, so the concentrations were natural
log-transformed before statistical analyses. As shown in
Table 1, the average Lnestrogen and LnhCG levels were
significantly higher in women with threatened abortion
than in those with normal pregnancy. No differences
in age, gestational age, or progesterone levels were
observed between the two groups. In conclusion, hCG
and estrogen levels were significantly higher in women
with threatened abortion.
3.2. hCG and estrogen levels of women with a threatened
abortion are higher in the first half of the first trimester
The levels of hCG, estrogen, and progesterone were
stratified by gestational age to further understand their
distributions in women with threatened abortion and
women with normal pregnancy. As shown in Figure 2A,
the LnhCG level of women with threatened abortion
and gestational age ≤ 6 weeks was 8.6 ± 1.2 mIU/mL,
which was significantly higher than that of the normal
controls (7.4 ± 1.7 mIU/mL) from the same gestational
age group. Interestingly, the hCG level of women with

threatened abortion was similar to that of normally
pregnant women with gestational age > 6 weeks
(10.8 ± 1.2 vs. 10.7 ± 1.2 mIU/mL). A similar trend in
estrogen levels was observed: the Lnestrogen of women
with threatened abortion and the normal controls of
gestational age ≤ 6 weeks and > 6 weeks were 5.8 ±
0.4 vs. 5.4 ± 0.5 pg/mL and 6.4 ± 0.5 vs. 6.4 ± 0.6 pg/
mL, respectively. The estrogen level of women with
threatened abortion was significantly higher than that
of the normal controls in the gestational age ≤ 6 weeks
group (Figure 2B). The Lnprogesterone level of women
with threatened abortion was similar between the two
gestational age stratifications (2.9 ± 0.3 and 2.9 ± 0.3
ng/mL, respectively), whereas, the Lnprogesterone
level of the normal controls tended to differ between
the two gestational age stratifications (2.8 ± 0.5 and 3.0
± 0.3 ng/mL, respectively; P > 0.05) (Figure 2C). Taken
together, these data showed that the hCG and estrogen
levels of women with threatened abortion were higher
during the first half of the first trimester and reached
levels similar to those of controls thereafter.
3.3. Factors associated with threatened abortion
without stratification by gestational age
A multivariate logistic regression analysis was
performed without the gestational age stratification
to understand how hCG and estrogen levels were
associated with threatened abortion. To exclude any
impact of collinearity of these hormone indices on the
statistical model, the relationships between individual
variables were quantified by the Spearman's rank
correlation coefficient array analysis. As shown in
Figure 2D, hCG and gestational age, estrogen and
gestational age, hCG and estrogen, and estrogen
and progesterone were significantly correlated, with
correlation coefficients of 0.871, 0.762, 0.787, and
0.255, respectively. Similar correlation coefficients were
observed in women with threatened abortion, except
for estrogen and progesterone (Figure 2E). Univariate
analyses showed that LnhCG and Lnestrogen were
possible factors associated with threatened abortion
(Table 2). However, the multivariate logistic regression

Table 1. Differences between women with a threatened abortion and normal early pregnancy with no stratification by
gestational age
Variables
Age
Gestational week (range)
hCG, mIU/mL
LnhCG, mIU/mL
Progesterone, ng/mL
LnProgesterone, ng/mL
Estrogen, pg/mL
LnEstrogen, pg/mL

Threatened abortion, N = 80

Early pregnancy, N = 160

29.4 ± 5.3
6.7 ± 1.4 (4.6 - 11.0)
29,503.0 (10,825.0, 80,360.0)
10.0 ± 1.6
19.2 (15.7, 21.0)
2.9 ± 0.3
480.0 (329.5, 844.0)
6.2 ± 0.5

28.9 ± 5.5
6.6 ± 1.6 (4.4 - 12.1)
12,026.6 (1,404.5, 52,255.8)
9.0 ± 2.2
18.4 (14.9, 22.9)
2.9 ± 0.4
375.0 (220.0, 652.0)
5.9 ± 0.7

P
0.443
0.217
/
< 0.001
/
0.570
/
0.001

Normally distributed data are presented as mean ± SD; skewed data are presented as median (interquartile range). Differences between groups
were examined using an independent-samples Mann-Whitney U-test. hCG, human chorionic gonadotropin; Ln, natural logarithm.
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Figure 2. The levels in pregnancy hormones stratified by gestational age and Spearman's rank correlation coefficient
array analysis. (A) to (C), average LnhCG, Lnestrogen and Lnprogesterone of women with gestational age ≤ 6 weeks (numbers
of threatened abortion and early pregnancy were 35 and 74, respectively) and > 6 weeks (numbers of threatened abortion and
early pregnancy were 45 and 86, respectively). Red histograms in (A) to (C), women with threatened abortion; blue histograms
in (A) to (C), women with normal early pregnancy. (A), average LnhCG with SD; (B), average Lnestrogen with SD; (C), average
Lnprogesterone with SD. (D), collinearity and relationships between variables of women with early pregnancy were quantified
by Spearman's rank correlation coefficient array analysis. (E), collinearity and relationships between variables of women with
threatened abortion were quantified by Spearman's rank correlation coefficient array analysis. SCC, Spearman's rank correlation
coefficient; SD, standard deviation.
Table 2. Factors associated with threatened abortion without stratification by gestational age
Items
Univariate analyses
Gestational week
LnProgesterone, ng/mL
LnhCG, mIU/mL
LnEstrogen, pg/mL
Multivariate logistic regression modeling
LnEstrogen, pg/mL
LnhCG, mIU/mL

OR

95% CI

1.34
1.24
1.31
2.06

0.97 - 1.55
0.59 - 2.58
1.13 - 1.52
1.32 - 3.21

0.213
0.569
< 0.001
0.001

1.89
1.28

0.91 - 2.31
1.10 - 1.49

0.235
0.001

P

Backward stepwise (Wald) multivariate logistic regression analysis was adopted. hCG, human chorionic gonadotropin; Ln, natural logarithm; OR,
odds ratio; CI, confidence interval.

model showed that hCG and estrogen were mutually
confounding factors, and only LnhCG remained an
independent factor positively associated with threatened
abortion (OR 1.28; 95% CI 1.10-1.49; Table 2).

3.4. Factors associated with a threatened abortion with
stratification by gestational age
The preceding analysis showed that hCG and estrogen

www.biosciencetrends.com

250

BioScience Trends. 2019; 13(3):245-252.
Table 3. Factors associated with a threatened abortion using stratification by gestational age
Items
Univariate analyses
Gestational week
LnProgesterone, ng/mL
LnhCG, mIU/mL
LnEstrogen, pg/mL
Multivariate logistic regression modeling
LnEstrogen, pg/mL
LnhCG, mIU/mL

Gestational age ≤ 6 weeks, N = 109

Gestational age > 6 weeks, N = 131

OR

95% CI

P

OR

95% CI

P

2.35
2.11
1.85
4.62

0.93 - 5.72
0.71 - 6.31
1.30 - 2.64
1.67 - 12.80

0.521
0.188
0.001
0.003

0.95
0.49
1.07
1.27

0.70 - 1.28
0.15 - 1.64
0.79 - 1.44
0.64 - 2.55

0.739
0.252
0.656
0.491

2.59
1.56

0.86 - 7.79
1.06 - 2.28

0.091
0.023

1.38
0.94

0.62 - 3.07
0.65 - 1.34

0.437
0.718

hCG, human chorionic gonadotropin; Ln, natural logarithm; OR, odds ratio; CI, confidence interval.

levels of women with threatened abortion were higher
in the first half, but not in the second half, of the
first trimester. To study the factors associated with
threatened abortion more precisely, subjects were
divided into two groups: gestational age ≤ 6 weeks and
> 6 weeks. A logistic regression analysis was performed
on these two groups. The univariate analysis showed
that LnhCG and Lnestrogen were factors for threatened
abortion in the group with gestational age ≤ 6 weeks.
The multivariate logistic regression model showed that
hCG and estrogen were mutually confounding factors,
and only LnhCG remained an independent factor
positively associated with threatened abortion (OR 1.56;
95% CI 1.06-2.28; Table 3). As expected, none of the
hormone levels was a factor associated with threatened
abortion for the group of gestational age > 6 weeks in
the univariate or multivariate logistic regression model
(Table 3).
4. Discussion
Abnormal early pregnancy is common and has
numerous clinicopathological characteristics (21,22).
In this study, we focused on threatened abortion and
evaluated the associations of three hormones with
threatened abortion. The LnhCG and Lnestrogen
levels of pooled subjects with threatened abortion
were significantly higher than those of gestational agematched controls with normal pregnancy. A further
gestational age stratification showed that LnhCG
and Lnestrogen levels were significantly higher than
the normal controls only in women with threatened
abortion at gestational age ≤ 6 weeks. Univariate
analyses revealed that LnhCG and Lnestrogen were
factors associated with threatened abortion. Although
hCG and estrogen were mutually confounding factors
and only LnhCG remained an independent risk
for threatened abortion in the multivariate logistic
regression model, we incline to results of univariable
analyses to annotate the role of hCG and estrogen in
association with threatened abortion based on following
physiological principle: hCG is synthetized and secreted
by the syncytiotrophoblast of the developing placenta,

whereas, progesterone and estrogen is synthetized and
secreted by corpus luteum (4,7,8-10); although hCG
is a dominant hormone to maintain corpus luteum
to secrete progesterone and estrogen during the first
trimester, the role of estrogen in association with
threatened abortion could not be erased by the high
collinearity between hCG and estrogen levels.
As serum hCG levels normally double every 1.83 days for the first 6-7 weeks of pregnancy, any error
in the gestational age calculation may have affected
our comparative analysis (23,24). However, no
significant difference in average gestational age was
observed between the case and control groups. The
univariate analysis also showed no association between
gestational age and threatened abortion. Thus, the
matched gestational age excluded any possible effects
of gestational age on these hormone levels between the
groups. Although hCG increases sharply during the first
half of the first trimester, estrogen increases at a steady
and slow rate (8-10), so a higher estrogen level in the
threatened abortion group was not likely caused by an
error in the gestational age calculation. The average
Lnprogesterone level was stable between ≤ 6 weeks
and > 6 weeks of gestational age, which also suggested
that the higher estrogen level was not a secondary error
associated with higher hCG. Thus, higher Lnestrogen
and steady Lnprogesterone levels might reflect an
inherent pathophysiological characteristic of the corpus
luteum associated with threatened abortion.
Current knowledge on high hCG levels is very
limited. Existing hypotheses posit an error in the
gestational age calculation, a signal of a twin or multiple
pregnancy, and a result of fertility drugs (22). Molar
pregnancy or trisomy 21 may cause excessive betahCG (21,25,26); since all participants had undergone
ultrasound examination to monitor the heartbeat and
development of the fetus; a possibility that the presence
of molar pregnancy in the threatened abortion group
could be excluded. While, trisomy 21 screening has
not been carried out in our hospital, so, we could not
exclude a possibility that the presence of trisomy 21
in the threatened abortion group was responsible for
higher hCG partially. Nonetheless, all of our subjects

www.biosciencetrends.com

251

BioScience Trends. 2019; 13(3):245-252.

were singleton pregnancies, and women taking fertility
drugs were excluded from this study. We also excluded
the possibility of error in gestational age calculation
in the preceding paragraph. Thus, a higher level of
hCG in the first 6 weeks likely represents an abnormal
pathophysiological characteristic in the synthesis and
secretion of hCG associated with threatened abortion.
The definition of miscarriage includes types of
inevitable, complete, missed and recurrent miscarriages
in addition to threatened abortion. As a type with
relatively good prognosis, threatened abortion is
not studied enough. Commonly used estrogen and/
or progesterone supplements had not approved by
randomised controlled trials (6,13,17,18) suggesting
that our knowledge in this topic is insufficient. Our data
showed that higher, not lower, hCG and/or estrogen
levels associated with threatened abortion. Although a
cross-sectional study could not reveal the pathological
mechanism of these associations, these clinical
evidences will enlighten studies on the mechanism.
As we know, LH, FSH, and hCG are heterodimers
consisting of a common glycoprotein α-subunit and a
unique β-subunit; and the ꞵ-subunits of LH and hCG
shared 80% similarity in their amino acid sequences
(27). During early pregnancy, hCG could control the
function of corpus luteum through hypothalamicpituitary-ovarian axis (27). The mechanisms underlying
the elevation of hCG and estrogen in threatened
abortion might be the following: higher hCG level
might reflect the excessive development of placenta
in women with threatened abortion, which altered the
normal spatio-temporal interaction process between
endometrium and placenta and cause bleeding;
higher hCG level stimulates LH/hCG receptors on
the granulosa-lutein cells (estrogen secreting), which
are in a high steroidogenesis state of 18 carbon atoms
steroids during the first 6 weeks of pregnancy (27),
to produce and secret more estrogen; whereas the
thecal-lutein cells (progesterone secreting) maintain a
normal rhythm of progesterone synthesis and secretion;
alternatively, the above pathological processes will
trigger the maternal injury repair mechanisms, elevated
estrogen level may be a manifestation of the maternal
injury repair mechanisms (28). As hCG level peaked at
6-8 weeks and followed by a relatively sharp decline
in the first trimester, the above physiological changes
will thus be regressed in the 2nd half of first trimester;
this might be why hCG and estrogen levels were
significantly higher than the normal controls only in
women with threatened abortion at gestational age ≤ 6
weeks, but not at gestational age > 6 weeks.
During the first trimester, most factors that cause
a miscarriage are genetic (21). Although other reasons
for miscarriage are varied and most often cannot be
identified (21); the synthesis and secretion of hCG and
luteal-placental shift are main endocrinological repertoire
occurred in first trimester pregnancy, abnormality in the

series of rigorous physiological processes are believed
to be a causer of threatened abortion (6,14,21). This is
why our study focused on the three hormones levels
only in the first trimester pregnancy. Although all fetuses
of women with threatened abortion survived over first
trimester, some of them might end with spontaneous
abortion after 13 weeks (21,29). Meanwhile, miscarriage
after first trimester might also occur in our control
subjects. Since the pathophysiology of miscarriage
differed by trimesters (19-22), factors associated with
miscarriage within remain two trimesters need to be
evaluated in further study.
In conclusion, our data showed that higher β-hCG
and estrogen levels during the first 6 weeks of gestation
were associated with threatened abortion. These results
will advance our understanding of hormone supportive
care in women participating in assisted reproduction
techniques.
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Summary

Paeonol extracted from the Moutan Cortex, possesses hepatoprotective activity against
epirubicin (EPI)-induced liver damage. This study evaluated the protective effect of paeonol
on EPI-induced hepatotoxicity and explored the underlying metabolomic mechanism.
Breast tumor-bearing mice were randomly divided into three groups: control, EPI, and EPI
+ paeonol treatment. Mice received a tail i.v. injection of EPI every other day for 3 cycles
or/and intragastrically (i.g.) administered paeonol daily for 6 days. Hematoxylin-eosin (HE)
staining and biochemical detection were used to determine the degree of damage. A gas
chromatography-mass spectrometry (GC-MS) technique was established to determine the
metabolites. PLS-DA and PCA were used to investigate metabolic changes. HE staining and
biochemical detection results showed that EPI caused serious liver damage while paeonol
ameliorated it. The results of mass spectrogram, partial least squares-discriminate analysis
(PLS-DA), and principal component analysis (PCA) demonstrated that lipid, amino acid,
and energy metabolism involving seven metabolites were obviously changed by EPI and
reversed by paeonol. Additionally, paeonol inhibited EPI-induced activation of adenosine
monophosphate activated protein kinase/mammalian target of Rapamycin (AMPK/mTOR)
signalling pathway. Our results demonstrated the hepatoprotective effect of paeonol on
EPI-induced hepatotoxicity in mice, provided potential biomarkers for early assessment
of EPI-induced liver injury and illuminated the metabolic mechanism underlying paeonolrelated hepatic protection.
Keywords: Paeonol, liver injury, GC-MS, metabolomic, AMPK/mTOR

1. Introduction
Epirubicin (EPI), an effective anthracycline antibiotic,
is mainly metabolized in the liver, and its metabolites
are associated with oxidative stress toxicity (1). EPIinduced liver toxicity is one of the major causes
of hepatic dysfunction (2). Paeonol (2-hydroxy-4methoxyacetophenone) is an active constituent isolated
from the Chinese herbal medicine Moutan Cortex and
Cynanchum paniculatum (3). Paeonol has been reported
Released online in J-STAGE as advance publication June 23,
2019.
*Address correspondence to:
Dr. Jing Wu, Department of Pharmacy, The Second Hospital
of Shandong University, 247# Beiyuan Road, Ji'nan 250033,
China.
E-mail: wujing19830603@126.com

to have various biological activities, including antiinflammatory, anti-allergic, and immune-regulation (4).
In our previous studies, paeonol presented antioxidative
stress activity, anti-inflammatory action, and apoptosis
inhibition in EPI-induced liver damage by affecting the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/
AKT) and nuclear factor (NF)-KB pathways (5).
EPI-induced hepatocyte oxidative stress and paeonolrelated antioxidants change a series of biochemical
parameters, which impact downstream metabolic
processes (6,7). Conventional judgment of hepatotoxicity
is principally according to the changes of aminopherases,
including aspartate transaminase (AST), which increased
after hepatonecrosis (8). Therefore, it is a priority to
investigate potential indictors in initial liver injury
induced by EPI and the treatment outcomes of paeonol.
With the development of analytical technologies,
the metabolomic approach is widely used for the
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identification of biomarkers for disease investigation
and toxicity assessment (2). The combined application
of mass spectrometry and chromatography is gaining
widespread use in metabolomic studies, and the most
common technique is gas chromatography-mass
spectrometry (GC-MS) for its strategic advantages
(9). In the present work, GC-MS-based pairwise
comparative metabolomic was applied to investigate the
altered metabolites in serum and uncover the potential
metabolic processes following EPI and paeonol
treatment. The results demonstrate potential biomarkers
for early assessment of EPI-induced hepatotoxicity
and illuminate the metabolic mechanism underlying
paeonol-related hepatic protection.
2. Materials and Methods
2.1. Materials
EPI and paeonol (purity, 99.12% by high-performance
liquid chromatography: HPLC) were purchased from
Sigma-Aldrich, Inc., St. Louis, MO, USA. Trimethylchlorosilane (TMCS) and n-heptadecanoic acid was
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Methoxy pyridine was purchased
from Tianjin Kermel Chemical Reagent Co., Ltd.
(China). HPLC grade acetonitrile and n-hexane were
purchased from J.T. Baker (USA).
2.2. Instruments
Agilent 7890A-5975C GC-MS (Agilent Technologies,
Inc., USA), XW-80A vortex mixers (Jingke Industrial
Co., Ltd., Shanghai, China), MS205 DU electronic
scale (Metteler-Toledo, Shanghai, China), ABBOTT
centrifuge (Abbott Laboratories, USA) and KD-500DE
ultrasound cleaner (Kunshan Ultrasonic Instrument Co.,
Ltd., China) were used.
2.3. Animals
Female BALB/c mice (aged 6-8 weeks, weighing 1822 g) were purchased from the Laboratory Animal
Centre, of Shandong University in China. The animals
were housed under specific-pathogen free conditions at
the Animal Centre of the Department of Pharmacology
of the School of Medicine of Shandong University
in China. The protocol for the in vivo study with
mice conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National
(Permit Number: KYLL-2017(GJ)A-0028). All
experiments were approved by the Ethics Committee of
The Second Affiliated Hospital of Shandong University.
2.4. Experimental design
A breast tumor-bearing mice model was established as
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previously described (8). In brief, BALB/c mice were
subcutaneously injected with 4T1 cells (suspension,
100 μL, 5 × 106 cells/mL) in the right side of the fourth
mammary gland. The tumor length and width were
measured using a digital caliper, and the tumor volume
was calculated using the following formula: tumor
volume (mm3) = (length × width2)/2. When the size of
the tumors was approximately 100 mm3, the mice were
randomly divided into three groups: control, EPI, and
EPI + paeonol treatment:
Control group: mice received intragastrically
(i.g.) administered saline daily for 6 days and a tail
intravenous (i.v.) injection of saline every other day for
three cycles;
EPI group: mice received i.g. saline daily for 6 days
and a tail i.v. injection of EPI (6 mg/kg) every other day
for 3 cycles;
Combined group: mice received i.g. paeonol (30
mg/kg) daily for 6 days and a tail i.v. injection of EPI (6
mg/kg) every other day for 3 cycles.
Blood was collected and the mice were sacrificed
on day 8. The liver tissues were removed rapidly. Some
livers were fixed in formalin for hematoxylin and eosin
(HE) staining, whereas others were frozen in liquid
nitrogen (stored at -80°C) for Western blot analysis.
2.5. Histopathological examination and assay of
hepatic marker enzymes
Liver tissues were fixed in 10% buffered formalin,
embedded in paraffin, sectioned (5 mm thick) and
stained with HE for histopathological analysis under
light microscope (CKX41, 170 Olympus, Tokyo, Japan).
Samples were obtained after centrifugation (4,000
rpm, 5 min) to monitor the biochemistry index. The
alanine aminotransferase (ALT), glutamic-oxalacetic
transaminease (AST) and alkaline phosphatase (ALP)
in plasma were assayed according to the manufacturer's
instructions (Nanjing Jiancheng Biotechnology Institute,
China).
2.6. Western blot analyses
Western blots were analyzed as described previously
(8). All procedures followed the suppliers' instructions.
Livers were cut into small pieces, homogenized in
pyrolysis liquid (containing phenylmethylsulfonyl
fluoride ) on ice and centrifuged at 12,500 rpm for 5
min at 4°C. Supernatants were harvested to denature by
boiling for 5 min in loading buffer.
Samples were electrophoresed, electro-transferred
onto polyvinylidene difluoride (PVDF) membranes,
incubated with primary antibodies and secondary
antibodies, visualised using chemiluminescence
reagent (Millipore, USA) and exposed to X-ray film.
Data was quantitated by comparison to vehicle control
using Image Jet software. Triplicate experiments with
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triplicate samples were conducted. Primary antibodies
were all from Cell Signalling Technology (Beverly,
MA), including p-AMPK (adenosine monophosphate
activated protein kinase, 1:900), AMPK (1:1000),
p-mTOR(mammalian target of Rapamycin, 1:800),
mTOR (1:1000), LC3(1:1000), Atg5(1:1000),
Atg7(1:1000), Beclin1(1:1000) and β-actin (1:1000).

biomarkers in the control, EPI, and EPI + paeonol
groups were introduced into SPSS/Win 11.0 software
(SPSS Inc., Chicago, IL) for further t-tests, and a p
value of < 0.05 or < 0.01was considered statistically
significant (*p < 0.05,#p < 0.01) (10,11).

2.7. Blood sample preparation

3.1. Changes of histopathology and biomarkers

Blood samples were collected and centrifuged for 5
min at 4,000 rpm. Plasma was separated and stored at
-80°C until analysis. Acetonitrile (250 μL) was added
to 100 µL of serum (ice-bath for 15 min), vortexed for
3 min, then centrifuged at 10,000 rpm for 10 min. The
supernatant (150 µL) was transferred to a GC vial and
evaporated under a stream of nitrogen gas to dryness.
Fifty µL of methoxypyridine (15 mg/mL) was added
to the vial for 1 h at 70°C, and 50 µL of derivatization
reagent (N-methyl-N (trimethylsily) trifluoroacetamide
: trimethylchlorosilane = 100:1, V/V) was then added.
The combined solution was kept at 70°C for another
hour, vortexed after adding 150 µL n-hexane (0.10 mg/
mL of heptadecanoic acid) as an internal standard and
centrifuged to separation (3,000 rpm for 10 min). The
liquid supernatant was drawn for GC-MS analysis (10).

4T1-tumor bearing mice were treated three times
with EPI at 6 mg/kg, a cumulative dose that can
cause hepatotoxicity in mice (5). In our present study,
histopathology of HE staining from control mice livers
showed normal architecture. HE-stained liver sections
(Figure 1A) from mice treated with EPI had severe liver
damage characterized by infiltration of inflammatory
cells, interstitial hemorrhage and necrosis. However,
samples from the combined group represented
histopathological changes in mitigation compared to
those receiving EPI alone.
The ALT, AST and ALP activities in plasma,
the most widely adopted drug-induced liver injury
biomarkers for hepatotoxicity, were measured to
evaluate EPI-induced liver damage. Samples in EPItreated mice demonstrated increased levels of ALT,
AST and ALP. By contrast, the combination of EPI and
paeonol resulted in an apparent reversal of the EPIinduced increase in liver function enzymes (Figure 1B).

2.8. GC-MS analysis
The derivative sample (2 μL) was injected into GCMS. An HP-5MS column (0.25 mm × 30 m × 0.25 mm,
Agilent, USA) was used in metabolite studies, and the
helium carrier gas pressure was set at 10 psi. The GC
oven was initially set at 85°C for 1 min, increased to
180°C at a rate of 10°C/mL and then kept at 260°C for
15 min. MS detection was conducted in EI mode with
an electron energy of 70 eV and full scan mode with m/
z of 60 to 600, followed by splitless mode injection (10).
2.9. Metabolomic analysis
MSD Chemstation software (Version E02.00.493,
Agilent Technologies) was used to process the GCMS data. Endogenous metabolites were identified by
matching the spectra against the reference library of
NIST 08 Identification System. The metabolite data
derived from the three groups were further analyzed
using pattern recognition methods in software
SIMCA-P+ 11.5 (UmetricsAB, Umea, Sweden). The
dataset was subjected to normalization and pare to
scaling prior to multivariate analysis. Partial least
squares-discriminate analysis (PLS-DA) and principal
component analysis (PCA) were used to explain the
maximum variation and separation among the defined
class samples. Variable importance in the projection
(VIP) was used to interpret the specific metabolites
among classes. Sixteen concentrations of potential

3. Results

3.2. Analysis of metabolite profiling
GC-MS analysis was performed to separate the
complex endogenous metabolites. The typical total ion
chromatography (TIC) of three groups of samples is
displayed in Figure 2. Based on the metabolic profile
data, more than 50 metabolites were detected in the
plasma. After derivatization, normalization and filtering
steps, 16 metabolites with a degree of matching above
80% were selected and identified by calculating on
the basis of confirmed ion and fragmentation patterns
and compared with the mass spectrum of the library,
as shown in Table 1. The relative standard deviation
(RSD) of each common peak was less than 15% (n = 5),
showing that the precision of analytical platforms was
excellent.
GC-MS results suggested that the metabolite
spectrum in the plasma mainly included contributions
from amino acids and lipids, which are probably
associated with oxidative stress induced by EPI. The
concentrations of the substances inside the body
are related to the energy metabolism and autophagy
activity.
3.3. Multivariate statistical analysis
To illustrate the differences in metabolic profiles, the
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Figure 1. Effects of paeonol on EPI-induced hepatic
dysfunction. Mice were treated with saline, EPI (6 mg/kg)
every other day for 3 cycles and/or paeonol (30 mg/kg) daily
for 6 days. Then, electrocardiographs (A) and myocardial
enzymes (B) were examined, and the data were statistically
significant (mean ± S.E.M.; *p < 0.05 versus control, #p < 0.05
versus EPI-treated mice).

Figure 2. The typical total ion current chromatograms (TIC)
of three samples. The TIC of (A) control samples, (B) EPI
group and (C) EPI+paeonol group by GC-MS analysis.

Table 1. Summary of the changes in relative levels of metabolites in mice plasma indicated by the PLS-DA loading plots
and statistical analysis
No.

Metabolites compounds

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Lactic acid
L-Alanine
Glycine
L- Serine
L-Valine
L- Leucine
L- Threonine
L-Aspartic acid
Palmitic acid
Oleic acid
Galactose
Succinic acid
Malic acid
Citric acid
Stearic acid
Cholesterol

Retention time/min

EPI vs. CONT

EPI+PAE vs. EPI

7.51
12.85
15.92
16.49
13.28
15.37
18.26
18.93
19.50
20.83
22.95
24.63
25.14
26.87
28.14
30.02

↑
↓
↓#
↑#
↑*
↑*
↓
↓
↓#
↓#
↓
↑#
↑*
↑
↓
↑

↓
↑
↑#
↓#
↓*
↓*
↑
↑
↑#
↑#
↑
↓#
↓*
↓
↑
↓

Marks indicate the direction of the change, i.e., ↓ for decrease, ↑ for increase; #p < 0.05 and *p < 0.01, as indicated by the statistical analysis t-test.

GC-MS spectra were further segmented and subjected
to PCA. The score plot clearly discriminated the
distinct separation of the three groups: control, EPI,
and EPI + paeonol (Figure 3). The control group was
clustered to the under-right section, while EPI-treated
groups generally clustered in the opposite region. The
combined group was located between the control and
EPI-treated groups.
PLS-DA was performed to further identify the
metabolites underlying the differences among the
groups. As shown in Figure 4, the score plots show
a complete separation between the control and EPItreated groups, in which the control group clustered
to the right, while locations of the EPI-treated group
generally moved to the lower-left region. The combined
group moved away from the EPI-treated group, tending

to move toward the controls. The results implied that
the overall metabolism of the EPI-treated mice changed
significantly, and the metabolites in co-treated mice
represented a tendency to move closer to the controls.
In addition, the outliers in the groups were probably
caused by individual differences.
On the basis of the cross-validated PLS-DA model
and t-test analysis, the VIP was calculated. Seven
endogenous metabolites whose VIP values were larger
than 1 were selected as the candidates of the potential
biomarkers for EPI-induced liver injury. Serum levels
of glycine and oleic acid were lower in the EPI group
than those in the controls, while amounts of malic
acid, L-leucine, L-valine, succinic acid and serine
were higher. The coefficient column plot of the latent
variables using PLS-DA is shown in Figure 5.
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Figure 3. The PCA statistical analysis results. The PCA
scores plot mapping GC-MS spectra of control, EPI, and
EPI+paeonol groups.

Figure 4. The PLS-DA statistical analysis results. The PLSDA scores plot mapping GC-MS spectra of control, EPI, and
EPI+paeonol groups.

3.4. Relative signalling pathway
To verify that the protective effect against EPI-induced
hepatotoxicity afforded by paeonol requires autophagy
inhibition. The efficiency of the autophagy was
confirmed by Western blot analysis. As shown in Figure
6, the EPI treatment significantly reduced p-mTOR
level, and increased p-AMPK, LC3II/LC3I, Atg5, Atg7,
Beclin1 levels in livers. We next exposed EPI-treated
and then subjected them to scrambled or paeonol. The
results showed that paeonol significantly attenuated the
autophagy activation, the protective effects of paeonol,
indicating paeonol-dependent protection against EPIinduced autophagy activation in liver.
4. Discussion
EPI is an effective anthracycline antibiotic that is
widely used to treat various malignancies. Nevertheless,
EPI-induced liver injury is a concern depending on the
dosage and duration of therapy, resulting in hepatic
dysfunction and acute liver failure. EPI has been shown
to be metabolized by the liver, and its metabolites are
related to oxygen-free radicals, which lead to liver
toxicity (1). In our previous research, EPI was able
to activate the PI3K/Akt/NF-kB pathway to enhance
oxidative stress and induce hepatocyte apoptosis in
4T1-tumor mice. Despite much research, the precise
mechanism underlying the EPI-induced acute and

Figure 5. The VIP statistical analysis results. The VIP was
calculated on the basis of the cross-validated PLS-DA model
and t-test analysis.

chronic normal liver tissue damage should be further
explored.
In the current study, we observed that the serum
ALT, AST and ALP, as well as HE staining confirmed
EPI-induced liver damage and paeonol-related
hepatoprotective effects, which are consistent with
published literature (12). In addition, a metabolomic
analysis of systemic variation following EPI and
paeonol treatment was also investigated in mice.
The metabolic markers of EPI and paeonol were
distinguishable in a well-established plasma GCMS-based metabolomic profile. A panel of candidate
endogenous metabolites was identified as potential
biomarkers.
The results indicated that the metabolic alteration,
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Figure 7. The possible molecular mechanism of the
hepatoprotective effect of paeonol on EPI-induced
hepatotoxicity in mice.
Figure 6. Paeonol mitigates the EPI-induced hepatotoxicity
via the AMPK/mTOR pathway. (A) The expression levels
of p-AMPK, AMPK, p-mTOR and mTOR in livers were
inspected by Western blotting. (B) Data were quantitated to
represent mean ± S.E.M. (n ≥ 3). (C) The expression levels of
LC3II/LC3I, Atg5, Atg7 and Beclin1 in livers were inspected
by Western blotting. (D) Data were quantitated to represent
mean ± S.E.M. (n ≥ 3). (*p < 0.05 versus control, #p < 0.05
versus EPI-treated mice).

including increments of 5 metabolites in plasma, and
decrements of 2 metabolites in plasma occurred after
EPI treatment. It is noteworthy that all metabolite
alteration could be reversed by paeonol treatment,
suggesting possible pharmacological mechanisms of
the hepatoprotective effect of paeonol. The changed
metabolites related to some potential metabolic
pathways: lipid metabolism (palmitic acid and oleic
acid), amino acid metabolism (serine, valine, leucine,
and glycine) and energy metabolism (succinic acid and
malic acid).
Our previous study demonstrated that the generation
of reactive oxygen species (ROS) is one of the major
proposed mechanisms of EPI-induced liver injury,
which leads to cell membrane damage and results in
the release of marker enzymes of hepatotoxicity. Under
the condition of oxidative stress, the tricarboxylic acid
(TCA) cycle is slowed down, resulting in decreased
production of ROS (13,14). The two crucial energy
supply substances for the mitochondrial TCA cycle,
succinic acid and malic acid are increased due to
the dysfunction of mitochondria (15). Furthermore,
gluconeogenesis is also inhibited under oxidative
stress, resulting in an increase of serine, which is able
to synthesize hepatic glucose (16). In addition, the
synthesis of very low-density lipoproteins (VLDL) is
significantly affected in transporting lipids from liver to
plasma by dysfunction of hepatic enzymes, contributing
to a decrease of palmitic acid and oleic acid (17).
Furthermore, a mass of ROS leads to the consumption
of antioxidants, such as glutathione (GSH), which is
synthesized with glycine, glutamate and cysteine in the

liver (18). Therefore, the decrease of glycine in the EPItreated group is closely associated with the large amount
of GSH synthesis. We previously found that paeonol
was able to exert its anti-oxidative stress activity in
EPI-induced hepatotoxicity (8). In our present study,
compared to EPI-treatment, succinic acid, malic acid
and serine are reduced and palmitic acid, oleic acid and
glycine are elevated in the paeonol-treated group.
The branched-chain amino acids (BCAAs),
including valine, leucine, and isoleucine, have been
reported in liver, renal and other tissue injuries (19,20).
Holeček et al. observed that the BCAAs are extremely
decreased both in carbon tetrachloride and ischaemic
acute liver damage. As essential amino acids, valine and
leucine not only participate in protein metabolism, but
also have various physiological and metabolic functions
(21). After being converted into α-ketoisovalerate (KIV,
ketovaline) and α-ketoisocaproate (KIC, ketoleucine),
valine and leucine can be oxidized by the liver and then
be catabolized to succinyl-CoA and acetyl-CoA, which
enter into the TCA cycle (22). The elevation of BCAA
levels may result from amino acids leaking from the
dying hepatocytes into the circulatory system (19). In
our study, valine and leucine increased dramatically in
the EPI group compared to the controls.
The AMP-activated protein kinase (AMPK) is a
central regulator of cellular and organismal metabolism
(23). In eukaryotes, AMPK plays a crucial role in
metabolism, especially in energy homeostasis in the
liver and other dedicated tissues (24,25). It is activated
when ATP production is lower, resulting in a relatively
increased AMP/ATP ratio (26). The activation of
AMPK can suppress the mTOR pathway by directly
phosphorylating raptor (15). In addition, leucine was
shown to enhance AMPK activity to promote palmitate
uptake both in vitro and in vivo (27). On the other hand,
leucine has been shown to function as a regulator to
activate the mTOR signalling pathway, involved in the
stimulation of protein synthesis (28). In our study, we
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found that the expression of p-AMPK is augmented,
and p-mTOR is distinctly decreased in EPI treatment
compared to the controls. Furthermore, the activation
of AMPK inducing the inhibition of mTOR-dependent
signalling may be expected to stimulate autophagy.
Figure 7 shows the possible molecular mechanism of
the hepatoprotective effect of paeonol on EPI-induced
hepatotoxicity. Therefore, whether the autophagy level
is changed in EPI-induced hepatotoxicity should be
studied further in future research.
In conclusion, our results demonstrate the
hepatoprotective effect of paeonol on EPI-induced
hepatotoxicity in mice. The underlying metabolomic
mechanisms refer to lipid metabolism (palmitic acid
and oleic acid), amino acid metabolism (serine, valine,
leucine and glycine), energy metabolism (succinic
acid and malic acid) and the AMPK/mTOR signalling
pathway. Our study is not only beneficial to the
understanding of the pathogenetic mechanism of EPIinduced hepatotoxicity, but also provides experimental
data and a theoretical foundation for the hepatoprotective
effect of paeonol.
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Summary

The current study investigated how the FOXI1 and KCNJ10 genes were affected in infants
with a single-allele mutation in the SLC26A4 gene, and it determined the audiological
phenotypes of infants with double heterozygous mutations (DHMs) in the three genes.
Subjects were 562 infants with a single-allele SLC26A4 mutation detected during neonatal
deafness genetic screening; the infants were seen as outpatients by Otology at Beijing Tongren
Hospital. All subjects underwent SLC26A4 sequencing. Twenty infants had a secondallele variant while the remaining 542 had an SLC26A4 single-allele mutation. Infants also
underwent FOXI1 and KCNJ10 sequencing. All patients with double heterozygous mutations
in the aforementioned genes underwent an audiological evaluation and a limited imaging
study; variants and audiological phenotypes were analyzed. Of 562 patients, 20 had SLC26A4
bi-allelic mutations; 8 carried single mutations in both SLC26A4 and KCNJ10. No pathogenic
mutations in the FOXI1 gene were found. Four missense mutations in KCNJ10 were detected,
including c.812G>A, c.800A>G, c.53G>A, and c.1042C>T. Eight individuals with a DHMs
all passed universal newborn hearing screening, and all were found to have normal hearing.
These data suggest that individuals with an SLC26A4 single-allele mutation, combined with
FOXI1 or KCNJ10 gene mutations, do not suffer hearing loss during infancy, though this
finding is worthy of further follow-up and in-depth discussion.
Keywords: Infants, SLC26A4 gene, FOXI1 gene, KCNJ10 gene, audiological evaluation

1. Introduction
SLC26A4 gene mutations are associated with deafness.
In China, the rate of mutation in the SLC26A4 gene in
patients with an enlarged vestibular aqueduct (EVA) is
approximately 97%. The most common variant is c.9192A>G (1). According to Chinese studies, 11.6-38% of
patients with EVA were unable to be identified based on
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pathogenic factors. Of those, 7.4-24% had an SLC26A4
mono-allelic mutation (2-4). Foreign studies found that
among patients with EVA the rate of SLC26A4 bi-allelic
and mono-allelic mutations was 16-83.9% and 16-36%,
respectively (5-8).
A large number of individuals with a single-allele
SLC26A4 mutation have been identified as genetic
screening for neonatal deafness has advanced in China.
Clinicians are increasingly emphasizing the diagnosis
of this condition and genetic counseling for patients.
In China, Zhao et al. reported that the frequency of a
second-allele variant in infants with a known singleallele mutation in the SLC26A4 gene was 3.50%
(13/371) for any type of variant and 2.96% (11/371) for
pathogenic mutations (9). In other words, around 97%
of these infants could not be genotyped using SLC26A4
gene sequencing.
Several recent studies have indicated that mutations
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in the FOXI1 and KCNJ10 genes might also be
associated with PDS/DFNB4 and that these mutations
are inherited with heterozygous mutations in SLC26A4
(10,11). Most of the subjects in studies that analyzed
mutations in FOXI1 or KCNJ10 were patients with
sensorineural hearing loss (SNHL) or EVA.
One aim of the current study was to analyze
mutations in the FOXI1 and KCNJ10 genes in infants
with a single-allele SLC26A4 mutation. Another aim of
this study was to identify the audiological phenotypes of
infants with DHMs in those three genes.
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2. Methods

and acoustic immittance (AI) was performed. AI (226
Hz) was classified as A, B or C. AI (1,000 Hz) was
classified as unimodal, bimodal, or flat (13,14).
Audiological evaluations were performed in
accordance with the description of HSHL by Mazzoli
et al. (15). The hearing threshold was calculated as
the average hearing level at 0.5, 1.0, 2.0, and 4.0
kHz according to WHO standards (1997). Given the
subjects' young age, the ABR threshold and ASSR
were recorded, and mean thresholds at frequencies
in the 0.5 to 4 kHz range were averaged to obtain an
approximation for the behavioral hearing threshold
(16,17).

2.1. Subject recruitment

2.5. Imaging study

Subjects were 562 Chinese newborns with a singleallele SLC26A4 mutation that was detected during
neonatal deafness genetic screening between April
2015 and March 2019. Exonic and flanking splice site
regions of the SLC26A4 gene were sequenced in all
subjects. Subjects were screened for 4 genes and 15
pathogenic variants. Sequencing of the FOXI1 and
KCNJ10 genes was conducted for patients without an
SLC26A4 second-allele variant. All patients with DHMs
in the aforementioned genes underwent an audiological
evaluation and a limited imaging study.

Computed tomography of the temporal bone or magnetic
resonance imaging of the inner ear was performed.

2.2. DNA analysis
Genomic DNA was extracted from 2 mL of whole
blood from each patient using the Blood DNA kit
(Tiangen Biotech, Beijing, China). Exons (coding areas)
and the flanking splice sites of the SLC26A4, FOXI1,
and KCNJ10 genes were screened for mutations via
amplification with PCR and bidirectional sequencing.
The American College of Medical Genetics (ACMG)
guidelines were used for variant interpretation (12).
2.3. Bioinformatics and validation of the variants
Sequence data were analyzed by aligning sequences with
NCBI reference sequences of SLC26A4 (NG_008489.1),
KCNJ10 (NG_016411.1) and FOXI1 (NG_012068.2)
using the software DNA Star 5.0. The 1000 Genomes
Project database, ClinVar and dbSNP databases of the
NCBI, and the Deafness Variation Database (DVD) were
used as references to assess the novelty of the mutations
found. Online tools including Mutation Taster, SIFT,
CADD, and PolyPhen-2 were used to predict functional
outcome of variants. GERP and Phylop were used to
determine predicted conservation scores for variants.
2.4. Audiological evaluation
A comprehensive audiological evaluation including
ABR, DPOAE, auditory steady-state response (ASSR),

3. Results and Discussion
3.1. Demographic data
Of 562 subjects (359 males and 203 females), 20 had
an SLC26A4 second-allele variant while 542 had only
an SLC26A4 single-allele mutation. Subjects ranged
in age from 3 to 34 months. The average age at first
visit was 5.16 ± 3.21 months. A flowchart of research
procedures for patients undergoing neonatal deafness
genetic screening and SLC26A4, FOXI1, and KCNJ10
sequencing is shown in Figure 1. Eight subjects carried
single mutations in both SLC26A4 and KCNJ10. No
pathogenic mutations in FOXI1 were found.
3.2. Information on variants of the KCNJ10 gene
KCNJ10 sequencing identified 4 variants (Table 1),
including a novel variant, c.800A>G (p.Asp267Gly),
that was not found in the ClinVar, DVD, dbSNP, and
HGMD databases and that had never been described
in clinical reports. The proband (BJNS-6) was found
to have normal hearing at 8 months; the His genotype
was c.919-2A>G/c.800A>G DHMs. The c.1042C>T
(rs137853074) mutation was found in the ClinVar,
PubMed, and HGMD databases and was labeled
‘pathogenic' in DVD. In the current study, however,
BJNS-1 and 2 with a DHMs (twin sisters whose
father and mother had a c.919-2A>G and c.1042C>T
heterozygous mutation, respectively) were both found
to have normal hearing. The genotype of the proband
(BJNS-3) was also c.919-2A>G/c.1042C>T DHMs,
and her hearing phenotype was normal as well. Two
other variants, c.812G>A (rs3795339) and c.53G>A
(rs115466046), were labeled as ‘Benign' in ClinVar
and DVD. Sequence electropherograms of abnormal
sequences in the SLC26A4 and KCNJ10 genes from
BJNS-1,2 and 3 are shown at Figure 2.
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Figure 1. Flowchart of the research procedures for subjects undergoing neonatal deafness gene screening and SLC26A4,
FOXI1, and KCNJ10 sequencing. Abbreviations: Het M, heterozygous mutation; DHM, double heterozygous mutation.

Table 1. Information on KCNJ10 gene variants
Variant

Amino acid

Location

Chromosomal
position

Type of
mutation

Pathogenicity*

CADD
score

Mutant allele
frequency

c.1042C>T
c.812G>A
c.800A>G
c.53G>A

p.Arg348Cys
p.Arg271His
p.Asp267Gly
p.Arg18Gln

Exon 2
Exon 2
Exon 2
Exon 2

g.160011281:G>A
g.160011511:C>T
g.160011523:T>C
g.160012270:C>T

Missense
Missense
Missense
Missense

Pathogenic
Benign
No data
Benign

23.6
23.1
12.12
22.6

18.75% (3/16)
18.75% (3/16)
6.25% (1/16)
6.25% (1/16)

*As reported in the Deafness Variation Database (DVD)

3.3. Hearing phenotypes of the 8 subjects with DHMs
of the SLC26A4 and KCNJ10 genes
Table 2 summarizes genotypes and phenotypes of
subjects with DHMs of the SLC26A4 and KCNJ10
genes. Eight individuals all passed universal newborn
hearing screening (UNHS) and they were all found
to have normal hearing at different ages. Three of the
individuals agreed to undergo a CT scan of the temporal
bone, and results were normal.
3.4. Prediction of the functional outcome of variants
Prediction of the variant effect was performed using
SIFT, Mutation Taster, Polyphen-2, GERP, and Phylop.
c.1042C>T was predicted to be "probably damaging"
according to Polyphen-2 and SIFT, "disease causing"
according to Mutation Taster, and "conserved"

according to GERP. c.800A>G was predicted to be
"tolerated" according to SIFT, "benign" according to
Polyphen-2, and "conserved" according to GERP and
Phylop.
The Cochrane Library, Pubmed, Embase and other
databases were searched, and no studies were found to
have analyzed mutations in the FOXI1 and KCNJ10
genes in infants with a single-allele SLC26A4 mutation.
Therefore, this may be the first study in China to
analyze mutations in the two aforementioned genes in
infants with a single-allele SLC26A4 mutation.
3.5. Genetic testing
KCNJ10 sequencing identified 4 variants, including
a novel variant, c.800A>G(p.Asp267Gly). This is a
missense variant, located in exon 2, that causes an
amino acid substitution at position 267 from aspartic
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Figure 2. Sequence electropherograms of abnormal sequences in the SLC26A4 and KCNJ10 genes from three probands.

Table 2. Genotype and phenotype of subjects with DHMs
Patient No.

Age

BJNS-1
BJNS-2
BJNS-3
BJNS-4
BJNS-5
BJNS-6
BJNS-7
BJNS-8

34 m
34 m
19 m
17 m
13 m
10 m
14 m
10 m

Genotype
c.919-2A>G/c.1042C>T DHM
c.919-2A>G/c.1042C>T DHM
c.919-2A>G/c.1042C>T DHM
c.919-2A>G/c.53G>A DHM
c.919-2A>G/c.812G>A DHM
c.919-2A>G/c.800A>G DHM
c.2168A>G/c.812G>A DHM
c.919-2A>G/c.812G>A DHM

Phenotype

Imaging evaluation

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

Normal
Normal
No data
Normal
No data
No data
No data
No data

UNHS results
R
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass

L
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Pass

Abbreviations: DHMs, double heterozygous mutation; UNHS, universal newborn hearing screening.

acid to glycine. Online tools predicted this variant to be
tolerated or benign. The proband (BJNS-6) was found
to have normal hearing at 8 months and was advised
to undergo a regular follow-up. Based on ACMG
guidelines, c.800A>G is "likely benign." No pathogenic
mutations in FOXI1 gene were found. Only two known
synonymous polymorphisms were identified in FOXI1;
both were found in dbSNP (c.279G>A, rs2277944 and
c.726C>T, rs35678180).
c.812G>A was previously reported by Chai et al.,
who found it in 5% of controls with normal hearing,
suggesting that this variant maybe a polymorphism
in the Chinese population (18). Zhao et al. analyzed
genotypes of SLC26A4 and KCNJ10 in 1,056 Chinese
patients with NSEVA and found that the most
frequently detected KCNJ10 mutation was c.812G>A.
The incidence of c.812G>A in patients with NSEVA
does not differ significantly from that in control
subjects with normal hearing (19). Subjects in the two
aforementioned studies had EVA or hearing loss, while

subjects in the current study were all infants with an
SLC26A4 single-allele mutation. Three subjects (BJNS5, 7 and 8) with c.919-2A>G/c.812G>A DHMs were
identified. These subjects had normal hearing, which
agrees with the findings of previous studies.
The mutation c.1042C>T was first reported by
Yang, and he proposed that single mutations in
both SLC26A4 and KCNJ10 (an inwardly rectifying
potassium channel) lead to digenic NSEVA. c.1042C>T
was found to reduce K+ conductance activity and
is regarded as a pathogenic SNV according to 1000
Genomes (11). However, the study by Zhao et al. (19)
did not find c.1042C>T in patients with NSEVA with
zero or one SLC26A4 mutation, but c.1042C>T was
found in a control subject with normal hearing and
both KCNJ10 c.1042C>T and SLC26A4 pathogenic
mutations were carried by parents with normal hearing
who had children with NSEVA. These facts suggest that
c.1042C>T might be a benign variant in the Chinese
population. The current study also found three subjects
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(BJNS1, 2, and 3) with c.919-2A>G/c.1042C>T DHMs,
all of whom currently have normal hearing. Therefore,
the pathogenicity of c.1042C>T still warrants further
study.
3.6. Phenotypes and genotypes of individuals with
DHMs
A meta-analysis indicated that, overall, 1.3% and
3.1% of patients suspected of having PDS/DFNB4
had variants in FOXI1 and KCNJ10, respectively (20).
In the current study, eight subjects with DHMs all
passed UNHS and were found to have normal hearing.
Three of those individuals agreed to undergo a CT
scan of the temporal bone, and results were all normal.
Together, these results suggest that individuals with
SLC26A4 single-allele mutation, combined with FOXI1
or KCNJ10 gene mutations, do not suffer hearing
loss during infancy, though this finding is worthy of
further follow-up and in-depth discussion. The actual
contribution of FOXI1 and KCNJ10 mutations to
SNHL may be more limited, i.e. maybe they affect
only a relatively small number of patients with EVA, as
suggested by a study that found no FOXI1 or KCNJ10
variants (21).
4. Conclusion
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Summary

In the field of epigenetics, histone deacetylases (HDACs) are important members and well
validated targets for anti-cancer drugs discovery. In this study, we designed and synthesized
twenty-seven novel hydroxamic acid-based HDAC inhibitors (HDACis) with benzyl-triazole
as the core skeleton. Most target compounds displayed excellent inhibition rates toward
HDACs. Among them, compounds ZM-22 to ZM-27 with inhibition rates more than 90%
toward HDACs exhibited potent inhibitory activity toward HDAC6, and ZM-23 possessed
the best selectivity to HDAC6 over HDAC1. The high potency of compound ZM-23 toward
HDAC6 was rationalized by molecular docking simulation. This series of compounds is
worthy for further anti-cancer activity evaluation and structural optimization works.
Keywords: Histone deacetylase, isoform, selective, inhibitor, anti-tumor

1. Introduction
Modulating the activities of enzymes in the field of
epigenetics including "writers", "erasers" and "readers"
has emerged as an attractive therapeutic strategy
fighting against human diseases (1). During the
translation process, the "loosen" and "condensed" forms
of DNA can be regulated by the acetylation level of
lysine residues (2). As one kind of the most important
epigenetic erasers, histone deacetylases (HDACs) are
responsible for the removal of the acetyl group located
on the lysine residues of histones (3), the progress frees
the genetic component and triggers the transcriptions
(4). Besides histones, HDACs can also act on numerous
non-histone substrates such as α-tubulin and p53 (5Released online in J-STAGE as advance publication May 31,
2019.
§
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7). The crucial roles played by HDACs make them
promising targets for various human diseases treatment,
especially cancers.
Till now, 18 mammalian HDACs with different
structures, locations and functions are reported, which
can be categorized into four classes: class I (HDAC1,
2, 3, and 8), class II (class IIa: HDAC4, 5, 7, and 9 and
class IIb: HDAC6 and 10), and class IV (HDAC11)
are all zinc ion (Zn2+) dependent deacetylases that are
mechanistically distinct from NAD+-dependent class
III HDACs (8). Following the function investigation
of HDACs, numerous HDACs inhibitors (HDACis)
are developed. Four HDACis, vorinostat (SAHA),
romidepsin, belinostat, and panobinostat, have gained
FDA approvals for the treatment of hematologic tumors
(9). A survey of the results of clinical trials indicated
that use of pan-HDACis or partially selective HDACis
results in unwanted side effects such as fatigue, nausea/
vomiting, diarrhea, cardiotoxicity and hematological
toxicity, and thrombocytopenia (10,11), all of which
severely limit their utilization in clinics.
With the purpose of eradicating the side effects,
increasing number of researches are focusing on the
development of isoform selective HDACis, especially
HDAC6 selective inhibitors. In contrast to the lethal
effect of HDAC1-3 genetic ablation, mice with HDAC6
knocked out are effectively normal (12). Several
researches also demonstrated that HDAC6 selective
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inhibitors have fewer side effects than pan-HDACis
(13,14). So, the development of selective HDAC6
inhibitors should be advantageous as a therapeutic
approach, which has encouraged scientists to develop
potent and selective HDAC6 inhibitors (15-17). ACY1215, a first-in-class selective HDAC6 inhibitor,
exhibits anti-tumor effects alone or in combination
with other drugs in various cancers and is currently
undergoing clinical trials for the treatment of breast
cancer (18).
The canonical pharmacophore of HDACis consists
of three parts: a surface recognition region (cap) that
interacts with the entrance of active pocket of HDACs;
Zn2+ binding group (ZBG) that chelates with Zn2+; a
linker that conjugates the cap and ZBG and interacts
with the hydrophobic channel of the active site (Figure
1) (19). It is well studied that the delicate design of
"cap" and "linker" parts can contribute to the selectivity
towards specific HDAC isoforms (2). In this study,
with the aim of searching for novel selective HDAC6
inhibitors, a series of HDACis with benzyl-triazole
as the core skeleton was designed and synthesized.
Hydroxamic acid was selected as the ZBG. The linker
length was fixed to 7 atoms according to the known
structure-activity relationship (SAR) that 7-8 atoms
long linker usually displays best HDACs inhibitory
activity.
2. Materials and Methods
2.1. Chemistry
All of the chemical solvents and reagents, which were
analytically pure without further purification, were
purchased from Energy Chemical (Shanghai, China).
Thin-layer chromatography was performed on 0.20
mm Silica Gel 60 F254 plates (Qingdao Haiyang
Chemical, China). 1H NMR and 13C NMR spectra were
recorded on a Bruker Avance 400 spectrometer (Bruker
Company, Germany) or a Varian spectrometer (Varian,
Palo Alto, CA, USA), using tetramethylsilane as an
internal standard. Chemical shifts were given in parts
per million. Mass spectra were recorded on a Q-TOF
Premier mass spectrometer (Micromass, Manchester,
U.K.).
2.2. In vitro HDAC inhibition fluorescence assay
In brief, 10 μL of enzyme solution (HeLa cell nuclear
extract, HDAC1, or HDAC6) was mixed with different
concentrations of tested compounds (50 μL). The
mixture was incubated at 37°C for 5 min, followed by
adding 40 μL fluorogenic substrate (Boc-Lys(acetyl)AMC). After incubation at 37°C for 30 min, the mixture
was quenched by addition of 100 μL of developer
containing trypsin and trichostatin A (TSA). Over
another incubation at 37°C for 20 min, fluorescence

268

Figure 1. The pharmacophore of HDACis with SAHA as
an example.

intensity was measured using a microplate reader
at excitation and emission wavelengths of 390 and
460 nm, respectively. The inhibition ratios were
calculated from the fluorescence intensity readings of
tested wells relative to those of control wells, and the
IC50 values were calculated using a regression analysis
of the concentration/inhibition data.
2.3. Molecular docking
Compounds were docked into the active site of
HDAC6 (PDB entry: 5WGL) using Tripos SYBYL-X
2.1. Before docking process, the HDAC6 structure
retrieved from PDB website was treated by deleting
water molecules, adding FF99 charges. A 100-step
minimization process was performed to further optimize
the protein structure. The molecular structures were
generated with Sybyl/Sketch module and optimized
using Powell's method with the Tripos force field with
convergence criterion set at 0.05 kcal/(Å mol) and
assigned charges with the Gasteiger_Hückel method.
Molecular docking was carried out via the Sybyl/
SurflexDock module. Other docking parameters were
kept to the default values.
3. Results and Discussion
3.1. Chemical synthesis of target compounds
The synthesis route is outlined in Scheme 1.
4-Nitrobenzyl azide (1) was synthesized from mixture
of 4-nitrobenzyl bromide and sodium azide (NaN 3)
using dimethyl sulfoxide (DMSO) as the solvent. In
the other hand, the methyl 6-propiolamidohexanoate
(2) was obtained by the condensation of methyl
6-aminocaproate hydrochloride and propiolic
acid in the presence triethylamine (TEA) and
dicyclohexylcarbodiimide (DCC). The Click reaction
between 1 and 2 catalyzed by CuI could give the
compound 3. Reduction of the nitro group to amine
group catalyzed by 5% Pd/C at the atmosphere of
hydrogen could give the important intermediate 4. In
the next step, compound 4 reacted with various acyl
chlorides or sulfonyl chlorides catalyzed by TEA to give
compounds 5-1 to 5-27. The methyl ester of compounds
5-1 to 5-27 was transferred to the hydroxamic acid
by reacting with NH2OH in anhydrous MeOH to get
the final products, ZM-1 to ZM-27. Specific synthetic
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Scheme 1. Reagents and conditions. a. NaN3, DMSO, 30℃, 24 h; b. DCC, TEA, dry DCM, RT, overnight; c. CuI, anhydrous
THF, nitrogen, RT, overnight; d. 5% Pd/C, hydrogen, CH3OH, RT, 10 h; e. TEA, DCM, 0℃, 1 h, then RT, 8 h; f. NH2OH,
CH3OH, RT, 2 h.

procedures and spectroscopy data of the all compounds
see supplementary data (http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=43).
3.2. Activity of target compounds against HDACs
extracted from Hela cell nucleus
We first screened the inhibitory activities of all 27 final
products against Hela cell nucleus extracts whose main
component is class I HDACs. Single concentration
(1 μM) was used and the inhibition rate (%) was
calculated. The results are presented in Table 1. All 27
compounds we obtained presented moderate to excellent
inhibitory activities against HDACs demonstrating that
both the benzyl-triazole fragment as the "cap" part and
the linker length are appropriate for HDAC inhibition.
Among all 27 compounds, six of them (ZM-22 to
ZM-27) displayed robust inhibitory activity against
HDACs with the inhibition rates higher than 90% at 1
μM. Notably, the compound ZM-26 is slightly more
potent than the marketed drug SAHA. Surprisingly,
these 6 compounds have a uniform sulfamide moiety
in their structures, which is speculated to form extra
interactions with HDAC compared with other amidebased compounds. This might be the reason why these 6
compounds possess higher inhibitory activities against
HDACs than others.
3.3. HDAC isoform specificity of compounds ZM-22 to
ZM-27

With these 6 potent compounds in hand, their isoform
selectivity was further investigated against HDAC1
(class I) and HDAC6 (class IIb). The pan-HDACi
SAHA and HDAC6 selective inhibitor ACY1215 were
utilized as the positive controls. The result is showed
in Table 2. Consistent with published data, SAHA as
a pan-HDACi is almost equipotent toward HDAC1
and 6 without conspicuous selectivity. ACY1215 as
a well-studied HDAC6 selective inhibitor displayed
high potency to HDAC6 with the IC50 value of 8.0
nM. Encouragingly, all of our 6 compounds are strong
HDAC6 inhibitors with the IC50 values ranging from
8.4 to 50 nM. Compounds ZM-22 to ZM-25 display
selectivity towards HDAC6 over HDAC1 with different
degrees. The selectivity factor for HDAC6 over
HDAC1 (SF6/1) of ZM-23 is 9.37, slightly better than
that of ACY1215 (SF6/1 = 9.13).
3.5. Molecular simulation result of compound ZM-23
towards HDAC6
To rationalize our biological experiment findings,
molecular docking simulation was performed.
Considering that compound ZM-23 displayed potent
HDAC6 inhibitory activity as well as the best selectivity
toward HDAC6 over HDAC1, we investigated the
proposed binding mode of ZM-23 with HDAC6. The
crystal structure of Danio rerio HDAC6 catalytic
domain 2 in complex with ACY1215 (PDB code
5WGL) was used as the template. The result is showed
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Table 1. Structures all 27 target compounds and their
inhibition rates against HDACs at 1 μM

Table 1. Structures all 27 target compounds and their
inhibition rates against HDACs at 1 μM (continued)

Compd

Inhibition rate
at 1 μM

Compd

Inhibition rate
at 1 μM

ZM-1

84.9%

ZM-15

45.0%

ZM-2

88.5%
ZM-16

88.0%

ZM-17

63.0%

ZM-18

80.0%

ZM-19

86.4%

ZM-3

71.4%

ZM-4

47.9%

ZM-5

53.9%

ZM-6

87.5%

ZM-7

64.5%

ZM-20

71.0%

ZM-8

74.3%

ZM-21

86.3%

ZM-9

67.7%

ZM-22

93.1%

ZM-10

69.1%

ZM-23

91.0%

ZM-24

92.3%

ZM-25

93.8%

ZM-26

97.1%

ZM-27

90.1%

SAHA

96.1%

ZM-11

ZM-12

71.4%

76.6%

ZM-13

86.0%

ZM-14

72.8%
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Table 2. The inhibitory activities of selected compounds
against HDAC1 and HDAC6
Compd
ZM-22
ZM-23
ZM-24
ZM-25
ZM-26
ZM-27
SAHA
ACY1215

IC50a, nM
HDAC1

HDAC6

104.3
206.2
55.4
66.1
5.6
144.0
43.2
73.0

14.6
22.0
11.8
14.9
8.4
50.0
20.7
8.0

SF6/1b
7.14
9.37
4.69
4.44
0.67
2.88
2.09
9.13

a

The IC 50 values are the means of three experiments. b SF6/1:
selectivity factor for HDAC6 over HDAC1 (SF6/1 = IC50(HDAC1)/
IC50(HDAC6)).

in Figure 2. From the docking result, we can see that
the hydroxamic acid moiety of ZM-23 can smoothly
chelate with the Zn2+ in a monodentate manner. The
oxygen atom of the carboxyl group in the hydroxamic
acid formed a hydrogen bond with HIS614 residue. The
fluorine atom on the terminal benzene ring formed a
hydrogen bonds with ARG636 residue, and the oxygen
atom of the amide group adjacent to the triazole formed
another hydrogen bond with SER531 residue. All of
these interactions can explain why ZM-23 possessed
strong inhibitory activity toward HDAC6.
Different from other HDACs, HDAC6 is located
mainly in cytoplasm and many non-histone proteins
are its substrate (20). With regards to the structure,
HDAC6 possess a wider entrance of the active pocket
than other HDAC isoforms (21). This wide entrance
can accommodate large size cap groups which make
it possible to design specific HDAC6 inhibitors. With
this in mind, we designed and synthesized a series of 27
novel compounds with large size cap groups by using
benzyl-triazole as their core structures. Actually, many
published potent HDACis contain the triazole fragment
as the cap or linker part proving that it is favorable
for binding with HDACs (22). In addition, triazole
is a stable group that is able to resist metabolism and
degradation under acidic/basic and oxidative/reductive
conditions in vivo, and it can be used as the bioisostere
of ester and amide groups (23). So, in this work, we also
introduce a triazole moiety as the cap part. Hydroxamic
acid was selected as the ZBG due to its high affinity to
Zn2+. Out of all 27 compounds we obtained, compounds
ZM-22 to ZM-27 containing a sulfamide moiety in their
cap parts exhibited excellent inhibition rate to HDACs
derived from the HeLa cell extracts. In the isoform
selectivity assay, compound ZM-26 displayed the most
potent HDAC6 inhibitory activity and compound ZM23 possessed the best selectivity toward HDAC6 with
the selective index slightly higher than ACY1215. In
the docking study, the proposed binding mode of ZM23 showed that the hydroxamic acid coordinated well

Figure 2. Proposed binding model of compound ZM-23
with HDAC6 (by modification of PDB code 5WGL using
Tripos SYBYL-X 2.1). The Zn2+ is presented as a blue sphere.
Hydrogen bonds are shown as green dashed lines. The figure
was generated by Discovery Studio Visualizer.

with the Zn2+. The sulfamide may provide a suitable
angle for the cap part to interact with the rim of the
HDAC6. The anticancer activities of novel HDAC6
inhibitors warrant further investigation.
4. Conclusion
In this work, a series of 27 novel HDACis possessing
benzyl-triazole as a central core were rationally
designed based on the pharmacophore constituents
of known HDACis. All of the target compounds
displayed moderate to excellent inhibitory activities to
HDACs. Out of them, compounds ZM-22 to ZM-27
with inhibition rates more than 90% toward HDACs
exhibited potent inhibitory activity toward HDAC6, and
ZM-23 possessed the best selectivity to HDAC6 over
HDAC1. The proposed binding mode between ZM-23
and HDAC6 was also analyzed by docking simulation.
All these results demonstrated that this series of
compounds is worthy for further biological evaluation
and structure optimization works.
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Summary

Acquired immune deficiency syndrome (AIDS), hepatitis B virus (HBV), hepatitis C
virus (HCV), gonorrhea and syphilis are the major sexually transmitted diseases (STDs)
in the world, which are the focus of epidemic prevention and control in China. The
epidemiological trend analysis of STDs in Shanghai could reflect the epidemic situation
of these diseases in high-income areas of China, providing a reference for how to control
their epidemic. Although the overall incidence rate of infectious diseases levelled off after
2009, Shanghai still faces many new obstacles in the fight against STDs. Without effective
prevention and control strategies for high-risk behaviors, such as active sexual activity
without protection, for key susceptible populations, there may be a more serious epidemic
of STDs in the future. Given these situations, strategies for controlling STDs in Shanghai
should be more targeted with the development of epidemics, focusing on the following
key areas for future work: i) attaching importance to health education; ii) strengthening
epidemic surveillance; and iii) developing Community Health Service Centers (CHSC) as
intervention subjects.
Keywords: HIV/AIDS, HBV, HCV, gonorrhea, syphilis

The prevalence and incidence of the curable sexually
transmitted diseases (STDs) remain high according to
global estimates, with more than 1 million infections
acquired every day worldwide (1). Acquired immune
deficiency syndrome (AIDS), hepatitis B virus (HBV),
hepatitis C virus (HCV), gonorrhea and syphilis are
the major STDs in the world, which are the focus
of epidemic prevention and control in China (2-3).
Shanghai Municipality represents the highest level of
development in China, and STDs in Shanghai are close
to the highest level in the country. The epidemiological
trend analysis of STDs in Shanghai could reflect the
epidemic situation of these diseases in high-income
areas of China, providing a reference for how to control
their epidemic.
Based on the data (4-24) from Shanghai Municipal
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Dr. Hongzhou Lu, Shanghai Public Health Clinical Center,
Fudan University, No.2901, Caolang Road, Jinshan District,
Shanghai 201508, China.
E-mail: luhongzhou@fudan.edu.cn

Health Commission (the incidence data for 2017
are not available), reported cases of AIDS increased
from 106 in 2009 to 350 in 2018, while the reported
incidence rate of AIDS from 0.77 cases per 100,000
individuals grew to 2.42 cases per 100,000 individuals
(Figures 1-2). Although the number of people living
with AIDS continues to increase, this may because of
the expansion of HIV testing rather than more new
HIV infections occurring (25). Besides, benefiting from
China's substantial progress, such as vaccination and
drug discovery, in tackling its viral hepatitis epidemic,
the reported incidence rate of HBV and HCV declined
from 10.13 cases per 100,000 individuals and 2.09
cases per 100,000 individuals in 2009 to 2.17 cases
per 100,000 individuals and 0.16 cases per 100,000
individuals in 2018, respectively (Figures 1-2). In
addition, gonorrhea and syphilis epidemics are still
serious, while showing a downward trend in the past
three years, with a reported incidence rate of 16.27
cases per 100 000 individuals and 67.05 cases per 100
000 individuals in 2018, respectively (Figures 1-2).
As one of the most developed cities in China,
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Figure 1. Reported cases of sexually transmitted disease
in Shanghai, China, 2009-2018. Based on the data from
Shanghai Municipal Health Commission, the reported cases
of AIDS increased from 106 in 2009 to 350 in 2018, and the
reported cases of HBV, HCV, gonorrhea and syphilis declined
from 1389, 286, 4830 and 11041 in 2009 to 313, 23, 2352 and
9693 in 2018, respectively.

Shanghai Municipality was also once the one with
the most prevalent venereal disease in China, with the
highest rates (55.3 cases per 100,000 individuals) of
total syphilis cases reported in 2005 (26). Although the
overall incidence rate of infectious diseases levelled
off after 2009, Shanghai still faces many new obstacles
in the fight against STDs. As social activity developed
and the economy increased, the main mode of STDs
transmission has also changed in China. Men who have
sex with men (MSM) has become one of the high-risk
groups for AIDS infection and other sexually transmitted
diseases in China (27-28). Without effective prevention
and control strategies for high-risk behaviors, such as
active sexual activity without protection, for these key
populations, there may be a more serious epidemic of
STDs in the future.
Given these situations, strategies for controlling
STDs in Shanghai should be more targeted with the
development of epidemics, focusing on the following
key areas for future work: i) Attaching importance
to health education. By giving full play to the role of
non-governmental organizations (NGOs), to maximize
health education for key populations, including
publicity materials, behavioral intervention, condom
distribution, testing mobilization, etc. ii) Strengthening
epidemic surveillance. Relevant departments should
improve management ability and work skills, providing
STD-related services and continuously monitoring the
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Figure 2. Reported incidence rate of sexually transmitted
disease in Shanghai, China, 2009-2016, 2018. The reported
incidence rate of AIDS from 0.77 cases per 100,000 individuals
grew to 2.42 cases per 100,000 individuals. Besides, the
reported incidence rate of HBV, HCV declined from 10.13
cases per 100,000 individuals and 2.09 cases per 100,000
individuals in 2009 to 2.17 cases per 100,000 individuals and
0.16 cases per 100,000 individuals in 2018, respectively. In
addition, the reported incidence rate of 16.27 cases per 100,000
individuals and 67.05 cases per 100,000 individuals in 2018,
respectively.

prevalence of STDs. On the basis of in-depth analysis of
current STDs epidemic characteristics, more evidencebased decision-making is being adopted to better
control the STDs epidemic. iii) Developing Community
Health Service Centers (CHSC) as intervention
subjects. Implementing the STDs prevention strategies
with CHSC as the main body as soon as possible, so
that CHSC can play a more important role in providing
STD-related medical services, achieving early diagnosis
and immediate treatment for STDs.
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Summary

As the super-aged society, Japan is facing challenges in health care system. As one of
measures to cope with challenges, the Ministry of Health, Labor, and Welfare started to
construct an open medical information platform, named PeOPLe, in 2016 for personalized
medical care, improvement of medical services, and the redistribution of medical resources.
The Ministry plans to build the platform infrastructure by 2020 and put the platform
into full-scale operation by 2025. PeOPLe collects only medical records, but it should
collect lifelogs as well in order to better improve the health, especially for elderly. A lifelog
is a record of a person's activity and it has potential to predict the probability a person
will suffer a lifestyle-related disease as a result of the person's lifestyle. This prediction
could help to maintain the health of the elderly. In addition, constructing a self-recording
platform integrated with the medical platform is the best way to collect lifelogs since
collecting a large amount of lifelogs for a long time from various people at public or medical
agencies is difficult. A self-recording platform is a place where people can post and manage
their lifelogs. In return for posting lifelogs, people will receive personalized health advice,
which will attract more people.
Keywords: Japan, population aging, medical platform, deep learning

1. Introduction
According to the Cabinet Office, the current proportion
of people aged 65+ years in the total population is
27.7% in Japan, and will reach 38.4% in 2016 (1). One
of the big challenges faced by the super-aged society
is the burden on the health care system. The types
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of diseases that people develop change with age. A
greater proportion of elderly will change the prevalence
of diseases requiring specialized care. The elderly
are likely to develop a lifestyle-related disease. In
addition, the demand for health care in rural areas with
a large percentage of elderly differs from that in urban
areas. Doctor will need to be redeployed to meet local
demand.
As one of measures to cope with above challenges,
Japan is trying to construct a new medical information
platform named PeOPLe (2,3). The Ministry of Health,
Labor, and Welfare started the project in 2016. It
plans to build the platform's infrastructure by 2020
and put the platform into full-scale operation by 2025.
PeOPLe collects personal medical information from
medical facilities such as hospitals and pharmacies
as well as from local governments. A doctor can
make a diagnosis and decide a treatment tailored to a
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Figure 1. Architecture of the self-recording platform for lifelogs.

person by receiving the person's medical information
from PeOPLe. Moreover, the massive amount of data
collected by PeOPLe will be used to improve medical
services and redistribute medical resources. Typically,
the redistribution of medical resources plays a big
role in addressing the medical problems faced by the
super-aged society. Analyzing the collected data while
focusing on the prevalence of diseases and patients in
an area will help to resolve the uneven distribution of
doctors (4).
In addition to collecting personal medical records,
personal lifelogs should be collected to help maintain
the health of elderly. A lifestyle-related disease
develops as a result of lifestyle. A lifelog is the record
of a person's daily activities, and it has the potential
to predict the probability a person has of developing a
lifestyle-related disease. The early prediction of disease
based on lifelogs will help to manage the health of
the elderly. In addition, predicting patients at risk of
developing a lifestyle-related disease might improve
the accuracy of the predicted demand for doctors in an
area.
Here, the purposes of collecting lifelogs and the
need for a new self-recording platform to collect a large
amount of lifelogs to manage the health of the elderly
will be described.
2. Purposes of collecting lifelogs
A lifelog has the potential to predict potential patients
in an area, to predict lifestyle-related diseases, and to
provide personally tailored information for health and
disease prevention (5). A lifelog is a record of daily
personal activities such as the amount of exercise, hours
of sleep, and meals. Non-viral diseases such as lifestylerelated diseases are caused by lifestyle. Therefore,
combining lifelogs with deep learning techniques

can help predict people who are likely to develop a
disease. In medicine, deep learning has been studied
in diagnostic imaging (6-9) as well as in predicting a
patient's activities (10). Predicting a patient's activities
based on medical records means predicting what will
happen next to the patient, such as the worsening of
symptoms, and when the patient will next visit the
hospital. As with the prediction of a patient's activities,
deep learning based on medical records and lifelogs
will help to predict the development of lifestyle-related
diseases. This provides people with the opportunity for
prevention and early treatment.
Moreover, a lifelog helps a person to lead a healthier
life. People can obtain information on living a healthier
life by comparing their lifelogs to the lifelogs of healthy
people. Analyzing the lifelogs of healthy people will
reveal strategies to live healthier and longer.
3. A self-recording platform for lifelogs
A platform where people can post and manage the
lifelogs they record will facilitate the collection of
lifelogs. Lifelogs are records of a person's activities
and are usually not preserved. To record their activities
in logs, people should manually record their activities
or use a device to automatically record their lifelogs.
In addition, lifelogs should be continuously recorded
by both healthy and unhealthy people for use in
prediction and analysis. The government or a medical
facility has difficulty collecting a large amount of
lifelogs for a long time even though there are devices
to help record lifelogs. That said, there are people who
record lifelogs with recording devices to manager their
health. They usually analyze the lifelogs themselves,
but self-analysis has limitations since it only involves
lifelogs and its does not involve medical records. If
the government provides a platform where people can
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post and manage all of the lifelogs they record, then
the platform will provide integrated management of
those lifelogs. In addition, combining lifelogs with
medical records on PeOPLe will provide people with
a comprehensive analysis. Therefore, the government
should seek the cooperation of people who record their
own lifelogs to manage their health.
The architecture of a self-recording platform for
lifelogs is shown in Figure 1. The platform is a place
where people can post their own lifelogs. The posted
lifelogs are managed individually and linked to their
own medical records on PeOPLe. Deep learning
ascertains the causal relationships from posted logs
and linked medical records to predict the probability
of developing a lifestyle-related disease. Using trained
deep learning models, the platform will provide people
with personalized advice to prevent the development of a
lifestyle-related disease.
There is another benefit provided by the selfrecording platform for lifelogs. The platform provides a
place for providing personal health advice. For example,
a liver examination or better meals could be suggested
to people who consume a large amount of alcohol. This
benefit will attract the interest of people who actively
manage their own health as well as people who are not
interested in managing their health. The new service
offering personalized health management will create the
opportunity to obtain lifelogs from more people.
4. Conclusion
Coping with the super-aged society, Japan is
constructing an open medical information platform
that will collect personal medical records and share
those records with doctors for personalized diagnosis
and treatment. The collected data will also be used to
resolve the uneven distribution of doctors. Lifelogs
should also be collected. A lifelog is a record of a
person's activities, and it has potential to predict the
probability of developing a lifestyle-related disease
caused by a person's lifestyle. This prediction will help
to maintain the health of the elderly. Constructing a
self-recording platform integrated with the medical
platform is the best way to collect lifelogs. A selfrecording platform is a place where people can post
and manage their lifelogs. In return for posting lifelogs,
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people will receive personalized health advice, which
will attract more people.
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Summary

Japan is experiencing unprecedented aging of its population. People age 65 years or older
accounted for 28.1% of the total population in 2018, and that proportion is expected to
reach 33.3% in 2036 and 38.4% in 2065. In 2017, the average life expectancy in Japan was
81.09 years for men and 87.26 years for women. By 2065, it is expected to reach 84.95 years
for men and 91.35 years for women. Population aging affects health and long-term care
systems. The government proposed the establishment of "a community-based integrated
care system" by 2025 with the purpose of comprehensively ensuring the provision of health
care, nursing care, preventive care, housing, and livelihood support. This will require health
care and nursing care professionals who are capable of fully understanding the physical
and mental characteristics of elderly people and the fostering of organic collaboration
with others professionals in the community-based integrated care system. A department
of gerontology or geriatric medicine is desired to be established in each medical school to
teach students medicine and efficient medical care, to conduct research, and to develop
personnel to facilitate this paradigm shift. In 2018, there were 263 colleges of nursing with
an admissions capacity of 23,667. In Japan, Certified Nurse Specialists can specialize in
13 areas as of December 2016. The number of Certified Nurse Specialists increased to
2,279 as of December 2018. One hundred and forty-four of those specialists specialized in
Gerontological Nursing while 53 specialized in Home Care Nursing. The number of nurses
specializing in Gerontological Nursing and Home Care Nursing is desired to be increased in
order to implement and improve community-based comprehensive care.
Keywords: Health care, nursing care, super-aged society, community-based integrated care
system, education

1. Population aging in Japan
An elderly population refers to the proportion of
persons age 65 years or older out of the total population.
The World Health Organization (WHO) and the United
Nations define an "aging society" as one in which
more than 7% of the population is 65 years or older, an
"aged society" as a society in which more than 14% of
the population is 65 years or older, and a "super-aged
*Address correspondence to:
Dr. Wei Tang, International Health Care Center, National Center
for Global Health and Medicine, 1-21-1 Toyama Shinjuku-ku,
Tokyo 162-8655, Japan.
E-mail: politang-tky@umin.ac.jp

society" as a society in which more than 21% of the
population is 65 years or older (1,2).
Japan is experiencing population aging that is
unprecedented. The elderly population (65 years or
older) in Japan only accounted for about 5% of the total
population in 1950, but that proportion exceeded 7% in
1970 and 14% in 1994. The rate of aging has continued
to increase, reaching 21.5% in 2007 (3) and 28.1% in
2018 (4). The elderly population of Japan is forecast
to continue to grow in the future and is expected to
account for 33.3% of the population in 2036 and 38.4%
in 2065 (Figure 1). In other words, 1 in 2.6 persons in
the Japanese population will be elderly in 2065 (4).
At the same time, progress in medical technology
has decreased mortality rates, prolonging the mean life
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will become age 75 or older (8). The purpose of this
system is to comprehensively ensure the provision of
health care, nursing care, preventive care, housing, and
livelihood support.
3. Promoting the education of health care and
nursing care professionals for elderly people

Figure 1. Changes in population aging in Japan and
estimates for the future. From: Cabinet Office: White Paper
on Population Aging (3,4).

span. The average life expectancy in Japan is 81.09
years for men and 87.26 years for women in 2017. By
2065, it is expected to reach 84.95 years for men and
91.35 years for women (4).
2. Medical care modality faced by super-aged society
Population aging affects health and long-term care
systems. Long-term care for older adults has been
a priority for the past two decades. In 2000, Japan
implemented a universal social long-term care insurance
system, under the slogan, "from care by family to care
by society" (5,6). This historic policy provides a variety
of home, community-based, and institutional services
to which every Japanese person age 65 years or older is
entitled based strictly on physical and mental status.
A point worth noting is that as the country's
demographics change, the disease structure changes, and
therefore the demand for medical care changes. Medical
care for the elderly represents a field involving many
care needs, including complications, comorbidities, and
conditions unique to the elderly. Given the considerable
aging of the general population in Japan, future
demands for medical care will accelerate the transition
to health care and nursing care services for degenerative
diseases, such as dementia and geriatric syndrome (7).
In addition to acute-stage medical care, the provision
of health care and nursing care needs to be considered
for the convalescent and chronic stages of conditions
such as osteoporosis, atherosclerotic cardiovascular
diseases (and cerebrovascular disorders in particular),
and infections (and pneumonia in particular).
Moreover, medical care for the elderly that merely
deals with disorders of organs is unsatisfactory. A broad
perspective that considers the associated function of
all organs, activities of daily living (ADL) and other
indicators of physical function, mental care, and
environmental modifications is required, so medical
care is where holistic care is most needed.
With these facts in mind, the Japanese Government
proposed the establishment of a "Community-based
Integrated Care System" by 2025, when baby boomers

The number of personnel engaged in providing
community-based comprehensive care needs to
be increased to implement the "Community-based
Integrated Care System." Health care and nursing care
professionals who are capable of fully understanding
the physical and mental characteristics of the elderly are
urgently needed, and to foster the organic collaboration
with others professionals in the community-based
integrated care system. The most important issues are
educating health care and nursing care professionals
engaged in medical care for the elderly as well as all
students who aim to become healthcare providers and
raising awareness of this situation. Thus, the education of
health care and nursing care professionals for the elderly
must be improved.
A department of gerontology or geriatric medicine
is desired to be established in each medical school to
teach students medicine and efficient medical care, to
conduct research, and to develop personnel to facilitate
this paradigm shift (7). Dedicated instructors in medical
care for the elderly need to be assigned to every medical
school, an educational system needs to be constructed,
and collaboration with a wide variety of local entities,
including medical facilities and welfare and nursing care
facilities, needs to be promoted.
Many measures have also been implemented
to provide education to nursing care professionals.
According to data from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan,
there were 263 colleges of nursing with an admissions
capacity of 23,667 in 2018 (9). In Japan, Certified Nurse
Specialists can specialize in 13 areas as of December
2016 (10). Gerontological Nursing was recognized as
one such area in 2002. A nurse specializing in this area
provides quality nursing care to improve the quality of
life of elderly people with complex health problems such
as dementia and dysphagia at facilities where the elderly
are admitted, hospitalized, and cared for. Home Care
Nursing is another area that was recognized in 2012. A
nurse specializing in this area provides support to so that
families can care for elderly patients at home. In addition,
nurses specializing in this area will help to create a new
system of home care and promote cooperation with
existing services.
As of 2019, 107 universities provide an education
for individuals seeking to become Certified Nurse
Specialists; the curriculum on offer has expanded to
42 courses in Gerontological Nursing and 19 courses
in Home Care Nursing (11). As of December 2018,

www.biosciencetrends.com

281

BioScience Trends. 2019; 13(3):279-281.

the number of Certified Nurse Specialists in the 13
specialties has increased to 2,279. Of those nurses, 144
are specialized in Gerontological Nursing and 53 are
specialized in Home Care Nursing (12). The number
of specialists in Gerontological Nursing and Home
Care Nursing is desired to be increased to provide and
improve community-based comprehensive care.
In conclusion, comprehensive care plays a
particularly important role in the health care and nursing
care faced by super-aged society. In order to implement
the community-based integrated care system in Japan,
health care and nursing care professionals who are
capable of fully understanding the physical and mental
characteristics of the elderly are urgently needed, and to
foster the organic collaboration with others professionals.
The number of nurses specializing in Gerontological
Nursing and Home Care Nursing is desired to be
increased in order to implement and improve communitybased comprehensive care.
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Summary

Hepatocellular carcinoma (HCC) is a prevalent and refractory cancer in the world and
very few drugs are available for the disease treatment currently. Programmed cell death
protein-1 (PD-1) monoclonal antibodies including nivolumab and pembrolizumab has
received accelerated approval for treatment of advanced HCC based on phase 1/2 clinical
trials. However, the recently disclosed results of phase 3 clinical trials showed that both
nivolumab and pembrolizumab as monotherapy failed to meet the primary objectives,
which might overshadow the prospect of PD-1 inhibitors as monotherapy in treatment of
advanced and unresectable HCC. The feasibility of PD-1 inhibitors in combination with
other therapies or in other HCC settings requires further verification in the future.
Keywords: HCC, PD-1, immune checkpoint inhibitor, sorafenib, lenvatinib

Hepatocellular carcinoma (HCC) is a common and
deadly cancer with limited treatment options. The
vast majority of HCC occurs in Asian and subSaharan African countries and the incidence of HCC
in the United States and other developing countries
is increasing (1,2). Surgical removal of the tumor is
associated with better cancer prognosis, but only 1015% of patients are suitable for surgical resection due
to the extent of disease or poor liver function (3,4).
For more advanced disease, including spread of cancer
beyond the liver or in persons who may not tolerate
surgery, molecular targeted drugs including sorafenib,
lenvatinib, regorafenib, and cabozantinib might
be employed to decrease symptoms of disease and
maximize duration of survival (5). Two programmed
cell death protein-1 (PD-1) inhibitors, nivolumab and
pembrolizumab, have received accelerated approval for
HCC treatment based on the promising results of phase
1/2 clinical trials. However, the recently disclosed
outcomes of phase 3 clinical trials of both drugs might
overshadow the application of PD-1 inhibitors as
monotherapy in advanced HCC patients (5-7).
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China.
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Nivolumab is the first PD-1 monoclonal antibody
approved for the second-line treatment of HCC.
This approval was based on an open-label, noncomparative, phase 1/2 dose escalation and expansion
trial (CheckMate 040). In this trial, the safety and
efficacy of nivolumab was evaluated as a first-line
treatment in patients who had not previously received
sorafenib and as a second-line treatment in those with
previous disease progression on sorafenib (8). In the
study, nivolumab showed an objective response rate of
20% at a dose of 3 mg/kg in the expansion stage. Since
the start of this study, nivolumab has been approved for
the treatment of melanoma, non-small cell lung cancer,
renal cell carcinoma, etc., no new safety signals were
observed in HCC patients (8). Supported by the results
of CheckMate 040, a phase 3 randomized, multi-center
study (CheckMate 459) was performed to evaluate
nivolumab versus sorafenib as a first-line treatment in
patients with advanced and unresectable HCC. On June
24, 2019, Bristol-Myers Squibb announced the topline
results of this study. Although the trial showed a clear
trend towards improvement in overall survival (OS) for
patients treated with nivolumab compared to sorafenib,
it did not achieve statistical significance for its primary
endpoint of OS per the pre-specified analysis (HR = 0.85
[95% CI: 0.72-1.02]; p = 0.0752) (6). Results of this
study demonstrated limited benefits of PD-1 antibody
as a first-line drug for patients with advanced HCC.
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Pembrolizumab is another approved PD-1
monoclonal antibody for advanced HCC patients.
In the non-randomized, open-label phase 2 trial
(KEYNOTE-224), pembrolizumab displayed potential
for patients whose disease progressed on previous
sorafenib treatment (9). Overall, pembrolizumab was
tolerable and showed an objective response of 17% and
stable disease of 44% in 104 patients (9). The results
accelerated the approval of pembrolizumab as a secondline treatment option for advanced HCC patients
and promoted the initiation of phase 3, randomized
trials for comprehensively evaluating the drug as a
second-line treatment in advanced HCC patients. The
trial of KEYNOTE-240 aimed to test the safety and
efficacy of pembrolizumab versus best supportive
care in participants with previously systemically
treated advanced HCC. The complete results of
this trial, published on May 26, 2019, showed that
pembrolizumab improved OS (HR: 0.78; p = 0.0238)
and progression free survival (PFS) (HR: 0.78; p =
0.0209) versus placebo, however, these differences did
not meet significance per the prespecified statistical
plan (7). Although the objective response rate (ORR)
of pembrolizumab group is significantly higher than
that of placebo group (16.9% versus 2.2%) (7), which
is consistent with that of KEYNOTE-224, the OS
and PFS data might compromise the confidence of
pembrolizumab as a second-line monotherapy for
advanced HCC given several second-line molecular
targeted drugs are available in the market.
The treatment of HCC remains a huge challenge
in the current stage. There have been no significant
advances over sorafenib, which was approved in 2007,
in more than a decade until the recent successes of
lenvatinib, regorafenib, and cabozantinib as first- or
second-line drugs. Immune checkpoint inhibitor brings
new breakthrough for controlling cancers and has been
introduced in HCC treatment with high expectations.
Currently, various clinical trials are being carried out
to evaluate the safety and efficacy of PD-1 or PDL1 monoclonal antibodies alone or in combination of
other drugs (e.g., lenvatinib and apatinib), adoptive
T-cell therapy (e.g., CAR-GPC3 T cells), locoregional
therapies (e.g., transhepatic arterial chemotherapy), or
curative surgery for HCC treatment (10). The recently
disclosed results of phase 3 clinical trials of nivolumab
and pembrolizumab might be a setback for PD-1
monoclonal antibody as monotherapy in treatment
of advanced HCC. The feasibility of PD-1/PD-L1

inhibitors in combination with other therapies or in
other HCC settings requires further verification in the
future.
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Summary

Threatened abortion is a common complication of pregnancy. Since the underlying
mechanisms behind this condition are complicated, predicting and treating threatened
abortion is a challenge for clinicians. Interestingly, a recent article in Bioscience Trends (Biosci
Trends 2019; DOI: 10.5582/bst.2019.01111) revealed a higher, not lower, level of ꞵ-human
chorionic gonadotropin (hCG) and estrogen during the first 6 weeks of pregnancy, suggesting
a novel association between ꞵ-hCG, estrogen, and threatened abortion. Unfortunately,
this study was limited by its small sample size, unconvincing trial design, and inadequate
exploration of the underlying mechanisms. This low-quality evidence indicates that a higher
level of ꞵ- hCG and estrogen is associated with threatened abortion. However, that work
provided some new insights for further studies of threatened abortion.
Keywords: ꞵ-human chorionic gonadotropin, estrogen, threatened abortion

Threatened abortion is defined as vaginal bleeding,
a closed cervix, and the presence of the fetal heart
beat (1). It is one of the most common complications
of pregnancy, with an incidence of 20-25%, and can
severely affect women's physical and emotional health
(2,3). However, predicting threatened abortion is
difficult because predictive methods are unreliable and
because its underlying mechanisms are complicated.
Hormone supplements including human chorionic
gonadotropin (hCG), dydrogesterone, and estrogen are
common treatments for threatened abortion, but their
efficiency is a subject of debate (4). Thus, predicting
and preventing threatened abortion is a challenge for
clinicians, and its underlying mechanisms need to be
explored.
An article entitled "Higher ꞵ-human chorionic
gonadotropin and estrogen levels during the first 6
weeks of pregnancy are associated with threatened
*Address correspondence to:
Dr. Ling Wang, Obstetrics & Gynecology Hospital of Fudan
University, 419 Fangxie Road, Shanghai 200011, China.
E-mail: Dr.wangling@fudan.edu.cn

abortion" was recently published in Bioscience Trends
(Biosci Trends 2019; DOI: 10.5582/bst.2019.01111), and
it interestingly revealed unexpected hCG and estrogen
levels in patients with threatened abortion (5). The
study described in that article analyzed the association
between threatened abortion and the levels of pregnancy
hormones in 220 patients (80 in the study group, 140 in
the control group) in Obstetrics and Gynecology as part
of a cross-sectional clinical trial. In statistical analysis,
logarithm (Ln)-transformed variables were used instead
of the original clinical values of ꞵ-hCG, estrogen,
and progesterone in blood samples. Results indicated
that ꞵ-hCG and estrogen levels in the first half of the
first trimester are factors associated with threatened
abortion, especially at gestational age ≤ 6 weeks.
Although this study yielded novel findings, it was
limited by its small sample size, less convincing trial
design, and inadequate exploration of the underlying
mechanisms behind threatened abortion.
Major flaws of that cross-sectional study are
that it failed to observe the outcomes of the enrolled
patients after the first trimester and it failed to describe
the tendency of levels of pregnancy hormones to
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vary. Since pregnancy is an unstable and susceptible
period and there are no reliable methods with which
to diagnose threatened abortion, how that study
defined threatened abortion is difficult to ascertain.
For instance, patients with a threatened abortion may
suffer a spontaneous abortion. Thus, higher ꞵ-hCG and
estrogen levels in that study cannot be proved with
certainty to be associated with threatened abortion. A
case-control study with a larger sample size needs to
be conducted in the future to explore the fluctuation
in levels of pregnancy hormones in patients with
threatened abortion. Live births, miscarriages, and still
births should also be included in analysis. In addition,
genetic testing of embryos should be performed to rule
out unhealthy embryos as a cause.
The study analyzed the correlation between
ꞵ-hCG, estrogen, and threatened abortion stratified
by gestational age. When patients at a gestational
age ≤ 6 weeks and at a gestational age > 6 weeks
were compared, a clear association between higher
levels of pregnancy hormone and threatened abortion
was evident in the former. Significant differences in
hormonal level between a gestational age ≤ 6 and a
gestational age > 6 weeks is worthy of deep reflection
and discussion. Based on the study's results, the first
6 weeks are believed to be an important period in
pregnancy, and whether this period has physiological
significance like that of the first trimester needs to be
studied further.
The authors of the article offered possible
interpretations of the higher ꞵ-hCG and estrogen levels,
suggesting that abnormal spatio-temporal interaction
in the maternal-fetal interface and stimulation of the
maternal repair system by the imbalance in pregnancy
hormone may explain this phenomenon. In a future
study, luteinizing hormone (LH)/hCG receptors,
trophoblastic cells, decidual cells, and immune cell
subsets could be studied to explain the higher ꞵ-hCG
and estrogen levels and to elucidate the mechanisms
of threatened abortion. Generally, low levels of hCG,
estrogen, and LH are considered to be a sign of adverse
pregnancy. If high-quality evidence can prove that
higher levels of higher pregnancy hormones are found
in threatened abortion, this may be a new way to
predict threatened abortion. Moreover, an hCG receptor
antagonist and an hCG inhibitor to keep hormone levels
stable may represent an appropriate tocolytic therapy,
but its effectiveness needs to be demonstrated.
Although this clinical trial yielded a novel finding

of a correlation between levels of pregnancy hormones
and threatened abortion not seen in a normal pregnancy,
more high-quality evidence is needed to verify that
finding in the future. On the bright side, this study
offers new insights into the pathogenesis, diagnosis, and
treatment of threatened abortion and it can encourage
future studies to explore the underlying mechanism of
that condition.
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