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Background: Chemotherapy has been assuring more important roles in the treatment of carcinoma. Developing new types of
drugs with less adverse effects and low drug resistance has become an important researching focus. The pres-
ent study aimed to investigate the anticancer effects of 5-hydroxy-4’-nitro-7-propionyloxy-genistein (HNPG)
and to elucidate its underlying molecular mechanism.

Material/Methods: The inhibitory effects of cell viability of HNPG were detected using 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) assay, flat plate clone formation method, and Transwell assay. The distribution of
cell cycle was analyzed using flow cytometry (FCM) method. The morphological alteration, root-mean-squared
roughness (Rg), average roughness (Ra), Young’s modulus, and adhesive force were measured by atomic force
microscope (AFM) assay. Quantitative real-time polymerase chain reaction (qRT-PCR) and Western blot analy-
sis were used to explore the possible molecular mechanism.

Results: We found that HNPG had dramatic activity against Ji Endometrial cells (JEC) in vitro, inhibited the proliferation
and colony formation, attenuated invasion and migration ability, and arrested cell cycle in G1 phase, all in a
dose-dependent manner. Simultaneously, cell bodies shrunk, pseudopod structures retracted, Rq and Ra were
reduced, and Young’s modulus and adhesive force increased, accompanied by downregulation of B-catenin,
C-Myc, Cyclin D1, matrix metalloprotease 2 (MMP-2), matrix metalloprotease 7 (MMP-7), and matrix metallo-
protease 9 (MMP-9).

Conclusions: HNPG dramatically inhibited invasion and metastasis of JEC cells in vitro. Its molecular mechanism might be re-
lated to inactivation of the wnt/B-catenin signal pathway, accumulated cells in G1/S phase, inhibited cell pro-
liferation, improved adhesive force between cells, and reduced cell plasticity and elasticity.
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Background

Endometrial carcinoma (EC) is a group of epithelial malignan-
cies that occur in the endometrium. Endometrial adenocarci-
noma is the most common form, accounting for 80-90% of all
pathological types [1]. EC is one of the 3 malignant tumors of
the female genital tract, accounting for 7% of malignant tu-
mors in human carcinomas, and 20-30% of female malignant
tumors [2]. The average age of people with EC is 60 years and
75% of patients are aged 50 years or older. The morbidity of
EC has been increasing worldwide in recent years [3]. The main
treatment methods of EC include surgery, radiotherapy, che-
motherapy, and hormone therapy [1,2]. Chemotherapy is one
of the most important treatment measures for EC of late-stage
and recurrence, and it can also be used for EC patients with
high-risk factors of recurrence [1,3]. Chemotherapy drugs such
as cisplatin, paclitaxel, cyclophosphamide, fluorouracil, mito-
mycin, and etoposide are commonly used in clinical chemo-
therapy [4]. Although chemotherapy has assumed an increas-
ingly important role in the treatment of EC, the generation of
drug resistance and its adverse effects restrict its clinical use.
Therefore, developing new types of drug with low adverse ef-
fects or without adverse effects and low drug resistance has
become an important research focus.

Genistein (GEN), an isoflavone extracted from soybeans, was
reported to possess extensive antitumor activities via regulat-
ing oncogenes in many signal pathways, such as anti-prolif-
eration, inhibitive metastasis, and induction of apoptosis [5].
However, the lower absorption rate in the gastrointestinal tract
and lower biological activity have limited its clinical use [6]. It
is well known that structural modification can enhance solu-
bility and biological activity [7]. 5-hydroxy-4’-nitro-7-propio-
nyloxy-genistein (HNPG), a novel synthetic derivative of GEN,
possesses a nitro group in C-4’, a hydroxyl group at C-5, and
a propionyloxy group at C-7 [8,9], which means that HNPG
possesses more solubility and biological activity than its pre-
cursor, GEN. It was reported that HNPG inhibits proliferation
in gastric and breast cancer, but its antitumor effect has not
been examined in EC, and its molecular biological mechanism
has not been investigated [8,9]. The JEC cell line, in which es-
trogen receptor expression is negative, was used to investi-
gate the pharmacological effect of phytoestrogens and their
molecular mechanisms in the ER cell signal pathway [10,11].

The wnt/B-catenin signal pathway is a complex and conser-
vative signal pathway in mammals. It is composed of a series
of interacting proteins, regulates cell proliferation, adhesion,
movement and so on, plays an important role in embryo de-
velopment and tissue repair [12,13]. Abnormal activation of
wnt/B-catenin signal pathway can cause abnormal prolifera-
tion and differentiation and result in tumor occurrence [12].
In addition, wnt/B-catenin signal pathway may induce the
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Figure 1. Chemical structure of
5-hydroxy-4’-nitro-7-propionyloxy-genistein.

process of epithelial mesenchymal transformation (EMT) and
affect the progression and metastasis of carcinoma [13]. The
wnt/B-catenin signal pathway plays an important role in the
occurrence of EC, and about 40% of EC cases exhibit abnormal
activation of the wnt/B-catenin signal pathway, especially in
endometrial adenocarcinoma (EEC) [14]. Researchers discov-
ered that the mutation of CT-NNB1 exon-3 can cause B-catenin
protein accumulation and activated wnt/B-catenin signal path-
ways [15]. It was reported that the expression of wnt10b was
significantly increased in EC tissues and the PCDH10-wnt/B-
catenin-MALAT1 signal pathway is involved in the occurrence
and progression of EC [16,17].

In the present study, the anticancer effects of HNPG in JEC
cells were evaluated in vitro, and the results demonstrated
that HNPG inhibits proliferation, clone formation, invasion, and
metastasis, which might be attributed to HNPG increasing the
cell accumulation in G1/S phase, altering cell morphological
features, decreasing Rq and Ra, enhancing Young’s modulus
and adhesive force in JEC cells through inactivating the wnt/3-
catenin signal pathway, and downregulating B-catenin, C-Myc,
Cyclin D1, MMP-2, MMP-7, and MMP-9, which not only dem-
onstrates the antitumor effects of HNPG, but also highlights
the basic molecular biological mechanism of HNPG compared
with previous reports [8,9].

Material and Methods

Materials

5-hydroxy-4’-nitro-7-propionyloxy-genistein (HNPG) and genis-
tein (GEN) were purchased from the Department of Organic
Chemistry, School of Pharmacy, Second Military Medical
University (Shanghai China). HNPG is a pale yellow crystal-
line powder. Its molecular formula is C ;H, ;O N with a molec-
ular weight of 355, and its chemical structure is presented in
Figure 1. HNPG and GEN were dissolved in dimethyl sulfoxide
(DMSO0) into 0.1% (v/v) stock solution until use, and at this
concentration there is no effect on cell proliferation. Taxol (TAX)
was bought from Molbase Technology Co., Ltd. (catalog num-
ber: SJ0033A332183; Wuhan, Hubei, China). DMSO, PBS, and
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MTT were obtained from Tiangen Biotech Co., Ltd. (Beijing,
China). Giemsa, crystal violet, and hematoxylin and eosin (H&E)
stains were all bought form Sangon Biotech Co., Ltd. (Shanghai,
China). Matrigel™ was purchased from Shanghai Invitrogen
Biological Technology Co., Ltd. (Shanghai, China). Specific an-
tibodies for rabbit anti-B-catenin (Catalog Number: A00183),
rabbit anti-C-myc (catalog number: D110006) and rabbit Cyclin
D1 (Catalog Number: D151941) were obtained from Sangon
Biotech Co., Ltd. (Shanghai, China). Rabbit anti-MMP-2 (cat-
alog number: M00286), rabbit anti-MMP-7 (catalog number:
PB0071), rabbit anti-MMP-9 (catalog number: BA2202), rabbit
anti-GAPDH antibodies (catalog number: A00227-1) and horse-
radish peroxidase-conjugated secondary rabbit antibody (cat-
alog number: BA1082) were obtained from Boster Biotech Co.,
Ltd. (Wuhan, Hubei, China).

Cell culture

JEC cells were purchased from the cell library of the Chinese
Academy of Science (Shanghai, China) and cultured in RPMI-
1640 (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
that contained 10% fetal bovine serum (FBS; HyClone™, GE
Healthcare, Logan, UT, USA) and antibiotic antimycotic so-
lution (100x; Mediatech, Inc., Manassas, VA, USA) at 37°C in
a 5% CO, humidified incubator. The cells were then divided
into 6 groups: the control group (0.1% DMSO), the TAX (Taxol)
group, the GEN group, and 3 groups with different concentra-
tions of HNPG (2, 4, and 8 uM).

The MTT cell proliferation assay

JEC cells were seeded into a 96-well plate (Tiangen Biotech Co.,
Ltd., Beijing, China) at a density of 1x10* cells/well and incu-
bated with different concentrations of TAX (0.05, 0.1, 0.2, 0.4,
0.8, 1.6, 3.2, 6.4, and 12.8 uM), GEN (0.5, 1, 2, 4, 8, 16, 32, 64,
and 128 uM), and HNPG (0.125, 0.25, 0.5, 1, 2, 4, 8, 16, and
32 uM) for 24 h at 37°Cin 5% CO,. Subsequently, 20 pl of 5
mg/ml MTT stock solution was added to each well and contin-
ued to culture for 6 h at 37°C. A total of 100 pl DMSO was used
to stop the reaction, and spectrophotometric absorbance was
subsequently measured using a microplate reader (ELX-800;
Sangon Biotech Co., Ltd., Shanghai, China) at 570 nm (A570).
The values of half maximal inhibitory concentration (IC50) of
TAX, GEN, and HNPG were obtained according to the value of
spectrophotometric absorbance. We used 0.8 uM TAX, 16 uM
GEN, and HNPG (2, 4, and 8 pM) in the subsequent experi-
ments to measure the inhibitive rates for 24, 48, and 72 h.
The inhibitive rate (IR) was calculated as follows: (1-average
A570 of the experimental group/average A570 of the control
group) x100%. Experiments were performed in triplicate, and
the mean value was calculated.
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Flat plate clone formation method

JEC cells were collected and seeded into a 6-well plate (Tiangen
Biotech Co., Ltd., Beijing, China) at a density of 2x10° cells/well
and incubated for 24 h at 37°Ciin 5% CO,. Then, 0.1% DMSO,
0.8 UM TAX, 16 uM GEN, and different concentrations of HNPG
(2, 4, or 8 uM) were added to each well and cultured for 7 days
at 37°Ciin 5% CO, until visible clones formed. Clones contain-
ing >50 cells were defined as 1 clone, and were fixed with 95%
methanol for 15 min at 20°C and stained with 0.1% Giemsa
stain for 15 min at 20°C. The numbers of colonies were com-
puted and the clone formation inhibition rate (%) was calcu-
lated as follows: 1 — (the mean number of HNPG group/the
mean number of control group) x100%. The results were rep-
resentative of 3 independent experiments [18,19].

Transwell assay

A pre-cooled 24-well Transwell plate (Tiangen Biotech Co., Ltd.,
Beijing, China) was covered with 30 pl Matrigel™ at a 1: 3 dilu-
tion and incubated at 37°C for 3 h. Then, JEC cells (1x10°/well)
were cultivated at 37°C for 18 h in the inner chamber and ex-
posed to 100 pl 0.1% FBS/RPMI-1640 with 0.1% DMSO, 0.8 uM
TAX, 16 uM GEN, and different concentrations of HNPG (2, 4,
or 8 uM), and the outer chamber was filled with 500 pl of 10%
FBS/RPMI-1640 to act as a chemoattractant. Subsequently, the
invasive cells were fixed with 95% ethanol for 15 min at 20°C,
and then stained with 0.5% H&E stain for 15 min at 20°C. JEC
cells (1x10%/well) were seeded into the inner chamber of 24-
well Transwell plate, treated with 100 pl 0.1% FBS/RPMI-1640
containing 0.1% DMSO, 0.8 uM TAX, 16 uM GEN, and different
concentrations of HNPG (2, 4, or 8 uM), while the outer cham-
ber contained 500 pl 10% FBS/RPMI-1640, and the Transwell
instrument were cultured for 18 h at 37°C. Following this, the
metastasized cells were fixed with 4% paraformaldehyde for
15 min at 20°C and subsequently stained with 0.1% crystal vi-
olet stain for 15 min at 20°C. The number of invasive cells or
metastasized cells was manually counted in 5 randomly se-
lected fields under an inverted microscope (Type: N-STORM
4.0; Nikon instruments co. Ltd., Shanghai, China) with 200 x
magnification. Every group had 3 repeat wells and the aver-
age value was calculated [3,11].

Cell cycle analysis

JEC cells were treated with 0.1% DMSO, 0.8 uM TAX, 16 uM GEN,
and different concentrations of HNPG (2, 4, or 8 uM) for 48 h,
then rinsed with PBS twice, digested with 0.25% trypsin, cen-
trifuged 800 rpm for 5 min at 20°C, and fixed in 70% ethanol
at 4°C. Subsequently, the cells were stained with PI (50 mg/ml)
solution (Tiangen Biotech Co., Ltd., Beijing, China) at 20°C for
15 min in the dark, and then analyzed using flow cytometry
for distribution of cell cycle phase. Excitation and emission
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Table 1. Primers for quantitative real-time polymerase chain reaction (qRT-PCR).

Name Primer Sequence Size (bp)

Forward 5’-ATGCGGCTGCTGTTCTATTC-3’

B-Catenin ool oooooooooooooooooooooooooooooooooe 143
Reverse 5’-ACCAATGTCCAGTCCGAGAT-3’
Forward 5’-CCTACCCTCTCAACGACAGC-3

CoMYC e 179
Reverse 5’-TTCCTCCTCAGAGTCCTGC-3’
Forward 5’-TTCGTTGCCCTCTGTGCCA-3’

Cyclin DT s 196
Reverse 5’-GAAGCGTGTGAGGCGGTAGTAG-3’
Forward 5’-TGACATCAAGGGCATTTCAGGAGC-3’

D B R 180
Reverse 5’-GTCCGCCAAATGAACGGTCCTTG-3’
Forward 5’-AGGCTCAGGACTATCCTAA-3’

e 276
Reverse 5’-CCACTGTAATATGCGGTAAG-3’
Forward 5’-TGGGCACATCATAACATCAC -3’

R S 158
Reverse 5’-ATGACAATGTCCGCTTCG -3’
Forward 5’-TACCCACGGCAAGTTCAACG-3’

6D 122
Reverse 5’-CACCAGCATCACCCATTTG-3’

wavelengths of 488 nm were selected, experiments were per-
formed in triplicate, and the mean value was calculated.

Atomic force microscope (AFM) measurement

We seeded 1x108 JEC cells in logarithmic phase into a 35-mm
cell culture dish, and cultured them in 0.1% DMSO, 0.8 uM
TAX, 16 uM GEN, and different concentrations of HNPG (2, 4,
or 8 uM) for 24 h, then fixed cells for 6 min at 20°C using 4%
paraformaldehyde and rinsed them 2 times with PBS buffer.
Then, the changes of morphology were observed and imaged
and the Rq and Ra were detected using atomic force micros-
copy (NanoScope Illa MultiMode; Veeco Inc., New York, USA).
The radius of the microcantilever probe was less than 10 nm,
the force elastic coefficient of microcantilever was 5 N/m,
and the length and width of the microcantilever were 125 pm
and 25 pm, respectively. The scan ranged from 60x60 pm? to
5x5 um?, and the scanning frequency was 1 Hz. The mechan-
ical measurement of single cells was detected using contact
mode in RPMI-1640 medium at 1.63 m/s of moving forward
speed and 0.8 Hz of scanning speed. DNP-S of the AFM probe
was used to draw the curve of force-distance. The resonant
frequency of the probe ranged from 12 kHz to 24 kHz, the
force elastic coefficient of the microcantilever was 0.06 N/m,
and the length and width of the microcantilever were 205 pm
and 25 pm, respectively. At least 15 cells were selected and
more than 1000 curves of force-distance were measured in
each group. Young’s modulus and adhesion force of Gaussian
fitting were analyzed and calculated using Nano Scope anal-
ysis software 8.14.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

The total RNA of JEC cells treated with 0.1% DMSO or differ-
ent concentrations of HNPG (2, 4, and 8 uM) for 24 h was ex-
tracted using Trizol (Invitrogen Inc., Carlsbad, California, USA).
The RNA purity was detected by ultraviolet spectrophotome-
ter (Product number: UH5300; Yi De Science Instrument Co.,
Ltd., Guangzhou, China) and the RNA integrity was analyzed
using agarose gel electrophoresis. One pg of total RNA was
reversely transcribed to cDNA using the Revert Aid™ First-
Strand cDNA Synthesis Kit (Fermentas Inc., Shanghai, China)
according to the manufacturer’s protocol. The gRT-PCR proce-
dure was performed using the SYBR® Premix Ex Tag™ Il (Tli
RNaseH Plus) system (TaKaRa Inc., Dalian, Liaoning, China) in an
Applied Biosystems 7500 fast real-time PCR machine (ABI Inc.,
Carlsbad, CA, US). The primer sequences are shown in Table 1.
The gRT-PCR program was set as initial denaturation at 95°C
for 5 min, 40 reaction cycles, with each cycle consisting of a
denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and
then elongation at 72°C for 30 s. GAPDH mRNA served as the
internal control. The value of cycle threshold (CT) was record-
ed and the mRNA levels of target genes was obtained using
the equation of 27247 for each group.

Western blotting analysis

JEC cells that were administered 0.1% DMSO or different con-
centrations of HNPG (2, 4, and 8 uM) for 24 h were lysed in
5% lysis buffer (Tiangen Biotech Co., Ltd., Beijing, China). The
amount of total protein was determined by BCA kit (Tiangen
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Biotech Co., Ltd., Beijing, China). Protein (20 pg) was separat-
ed by 10% SDS-PAGE and transferred to nitrocellulose mem-
branes. Nonspecific binding sites were blocked by incubating
the nitrocellulose membrane for 1 h at 37°C with 5% non-fat
dried milk in TBST. The membranes were incubated for over-
night at 4°C with primary antibodies (rabbit anti-p-catenin, rab-
bit anti-C-myc, rabbit anti-Cyclin D1, rabbit anti-MMP-2, rabbit
anti-MMP-7, rabbit anti-MMP-9, and rabbit anti-GAPDH) on a
shaker table, and then a horseradish peroxidase-conjugated
secondary rabbit antibody was added and shaken for 1 h at
20°C. Bands were visualized using an enhanced chemilumi-
nescence system (Catalog Number: AR1170; Boster Biological
Technology Co., Ltd., Wuhan, Hubei, China) and analyzed using
Alpha Image 2200 (Version: 1.0; National Institutes of Health,
Maryland, USA). Each experiment was repeated 3 times and
the mean value was obtained.

Statistical analysis

SPSS 18.0 software package (SPSS Inc., Chicago, IL, USA) was
used for analysis. Data are presented as the mean + standard
deviation. The means of multiple groups were compared with
one-way analysis of variance (ANOVA), P<0.05 was considered
to indicate a statistically significant difference.

Results

HNPG inhibited the proliferation of JEC cells

JEC cells were treated with different concentrations of TAX,
GEN, and HNPG respectively ranging from 0.01~12.8 pM,
0.5~128 uM, and 0.125~32 pM for 24 h, and the proliferation
of JEC cells was inhibited by TAX, GEN, and HNPG in a dose-
dependent manner, and 1C50 were 0.78 uM, 16.24 pM, and
3.86 PM, respectively. TAX 0.8 uM, GEN 16 puM, and HNPG (2,
4, and 8 uM) were used in subsequent experiments to mea-
sure the inhibitive rates for 24, 48, and 72 h. The proliferation
of JEC cells was markedly inhibited in a dose- and time-depen-
dent manner, the inhibition rate of every HNPG-treated group
was significantly different compared with the control group
(PZ HM/0.1%DMSO <005’ P4 pM/0.1%DMSO <005’ PS pUM/0.1% DMSO <005)’
there was a statistically significant difference among each
HNPG-treated group (P,,, " <0.05, P, " <0.05,P, " <0.05),
and there were no significant differences among HNPG 4 uM,
GEN 16 pM, and TAX 0.8 uM (P >0.05, P

HNPG of 4 uM/GEN of 16 M) » THNPG of
>0.05, P

» P TAX of 0.8 UM/GEN of 16 uM >0.05) (Figure 2A-2D).

4 UM/TAX of 0.8 M

HNPG suppressed the clone formation of JEC cells

JEC cells were incubated at 37°C with 0.1% DMSO, TAX 0.8 uM,
GEN 16 pM, and different concentrations of HNPG (2, 4, or 8
uM) for 7 days. The rate of clone formation was dramatically
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reduced and the numbers of cells inside the clones were sig-
nificantly decreased. The inhibition rate of clone formation was
significantly increased in a dose-dependent manner and every
HNPG-treated group demonstrated a marked difference com-
pared with the control group (P, umo1%omso <005 Py o 1omso
<0.05, P, LWOI%DMSO <0.05). In addition, there was a significant
difference among each HNPG-treated group (P,, o <0.05,
P le<O.05, Pe ™ <0.05) but there was no significant differ-
ence among TAX 0.8 uM, GEN 16 puM, and HNPG 4 uM (P,
of 4 uM/TAX of 0.8 pM >005’ PHNPG of 4 uM/GEN of 16 pM >005’ |:)GEN of 16 pM/TAX of

»0.05) (Figure 2E, 2F).

HNPG

0.8 uMv

HNPG inhibited the invasion ability of JEC cells

JEC cells were cultured with 0.1% DMSO, TAX 0.8 uM, GEN 16
uM, and different concentrations of HNPG (2, 4, or 8 uM) for
18 h, and the invasive ability was markedly decreased in a
dose-dependent manner. The results demonstrated that the
average cell numbers of 0.1% DMSO, TAX 0.8 uM, GEN 16 pM,
and different concentrations of HNPG (2, 4, or 8 uM) groups
invading through the Matrigel were 65.42+5.64, 24.38+3.16,
26.74+3.26, 40.86+4.71, 22.5443.26, and 12.37+1.61, respec-
tively. There was a significant difference between each HNPG-
treated group and the control (P, umro1%omso <0-05 Py o 1omso
<0.05, wammvISO <0.05), and there was a significant difference
among each HNPG-treated group (P,,, o <005, P, <0.05,
Pus <0.05), but there was no significant difference among

TAX 0.8 uM, GEN 16 pM, and HNPG 4 uM (P

m >0.05, PHNPG of 4 uM/GEN of 16 uM >0.05, PGEN of 16 UM/TAX of 0.8 uM
(Figure 3A, 3B).

HNPG of 4 pM/TAX of 0.8

>0.05)

HNPG suppressed the metastasis ability of JEC cells

JEC cells were cultivated with 0.1% DMSO, TAX 0.8 uM, GEN
16 uM, and different concentrations of HNPG (2, 4, or 8 uM) for
18 h, and the metastasizing ability of JEC cells was significantly
decreased in a concentration-dependent manner. The results
demonstrated that the average cell numbers of 0.1% DMSO,
TAX 0.8 uM, GEN 16 pM, and different does of HNPG (2, 4, or
8 uM) groups that metastasized through polycarbonate mem-
brane were 88.36+7.42, 28.45+3.82, 24.15+3.21, 44.76+4.18,
28.72+3.18, and 13.24+1.63, respectively. There was a signif-
icant difference among every HNPG-treated group. There was
a significant difference between each HNPG-treated group and
the contrOI (PZ HM/0.1%DMSO <005’ P4 HM/0.1%DMSO <005’ PS HM/0.1%DMSO
<0.05), and there was a significant difference among each
HNPG-treated group (P,,, " <0.05, P, " <0.05, P, " <0.05),
but there was no significant difference among TAX 0.8 uM,
GEN 16 pM, and HNPG 4 M (P,,ioc o4 s o >0-05: Prayes
>0.05, P

» "'GEN of 16 uM/TAX of 0.8 uM >0.05) (Figure 3, 3D).

of 4 uM/GEN of 16 pM
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Figure 2. Effects of HNPG on the inhibition of cell viability in JEC cells. (A) Graph indicating the rate of proliferative inhibition of
TAX ranging from 0.05~12.8 pM for 24 h. (B) Diagram showing the rate of proliferation inhibition of GEN ranging from
0.5~128 pM for 24 h. (C) Graph exhibiting the rate of proliferation inhibition of HNPG ranging from 0.125~32 pyM for 24
h. (D) Histograms demonstrating the proliferative inhibition rate of 0.1% DMSO, TAX 0.8 uM, GEN 16 pM, and different
concentrations of HNPG (2, 4, or 8 uM) for 24, 48 and 72 h. (E) Images indicating the clone formation of JEC cells exposed to
0.1% DMSO, TAX 0.8 pM, GEN 16 uM, and different concentrations of HNPG (2, 4, or 8 pM) for 7 days stained with Giemsa
stain. (F) Histogram demonstrating the inhibition rate of clone formation of JEC cells exposed to 0.1% DMSO, TAX 0.8 uM,
GEN 16 pM, and different concentrations of HNPG (2, 4, or 8 pM) for 7 days. The data are presented as the mean + standard

deviation from 3 independent experiments. * P<0.05 vs. 0.1% DMSO group, # P<0.05 vs. 2 pM HNPG group, ° P<0.05 vs. 4 pM
HNPG, or 0.8 pM TAX, or 16 pM GEN.
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Figure 3. Effects of HNPG on the invasive and metastasizing capabilities of JEC cells treated with 0.1% DMSO, TAX 0.8 pM, GEN 16
UM, and different concentrations of HNPG (2, 4, or 8 pM) for 18 h. (A) Images demonstrating JEC cells in a Matrigel assay
and stained with H&E stain (magnification, 200x). (B) Histogram exhibiting the numbers of invasive cells via a Matrigel
assay. (€) Images indicating JEC cells on a polycarbonate membrane stained with crystal violet stain (magnification, 200x).
(D) Histogram showing the cell numbers of metastasis via a polycarbonate membrane. The data are presented as the mean
+ standard deviation from 3 independent experiments. * P<0.05 vs. 0.1% DMSO group, # P<0.05 vs. 2 uM HNPG group, *

P<0.05 vs. 4 uM HNPG, or 0.8 pM TAX, or 16 pM GEN.

HNPG induced the accumulation of G1 phase of JEC cells

JEC cells were exposed to 0.1% DMSO, TAX 0.8 uM, GEN
16 pM, and different concentrations of HNPG (2, 4, or 8 pM)
for 48 h, and G1 phase of JEC cells was significantly accumu-
lated. The results indicated that HNPG markedly blocked JEC
cells in G1 phase in a dose-dependent manner, the G1 phase
of 0.1% DMSO, TAX 0.8 uM, GEN 16 pM, and different concen-
trations of HNPG (2, 4, or 8 uM) groups were 48.71+2.12%,
72.2244.15%, 70.76+5.52%, 63.87+4.56%, 72.05+5.21%, and
93.25+6.54%, respectively. Every HNPG-treated group was
significantly different from the control group (P
<0.05, P <0.05, P

2 uM/0.1%DMSO

<0.05), and there were

4 uM/0.1%DMSO 8 uM/0.1%DMSO

significant differences among each HNPG-treated group (P,,,
" <0.05,P, " <0.05,P,, " <0.05), nut there were no signifi-
cant differences among TAX 0.8 uM, GEN 16 pM, and HNPG 4
HM (PTAX of 0.8 UM/HNPG of 4 pM >0.05, PGEN of 16 UM/HNPG of 4 uM >0.05, P

? " GEN
>0.05) (Figure 4A, 4B).

of 16pM/TAX of 0.8 pM

HNPG changed the morphological features of JEC cells

The morphology of cells of 0.1% DMSO group was long fusi-
form, the filamentous pseudopod was distributed around the
cell body, and the surface of the cell membrane was relative-
ly flat and covered with granules 60x60 pm? of scan range of
AFM (Figure 5A). The surface of the cell membrane showed
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Figure 4. Effects of HNPG on the accumulation in G1 phase in JEC cells cultured with 0.1% DMSO, TAX of 0.8 uM, GEN 16 pM, and
different concentrations of HNPG (2, 4, or 8 uM) for 48 h. (A) Diagrams exhibiting the distribution of cell cycle percentage of
JEC cells stained with PI. (B) Histogram demonstrating the distribution of cell cycle percentage rate. The data are presented
as the mean + standard deviation from 3 independent experiments. * P<0.05 vs. 0.1% DMSO group, # P<0.05 vs. 2 pM HNPG
group, $ P<0.05 vs. 4 uM HNPG, or 0.8 pM TAX, or 16 pM GEN.

the shape of a flannelette blanket with small homogeneous
bulges. The arrangement of bulges was moderate in 5x5 pm?
of scanning range, which is characterized by normal malig-
nant tumor cells (Figure 5A). When cells were treated by 0.1%
DMSO, TAX 0.8 uM, GEN 16 uM, and different concentrations
of HNPG (2, 4, or 8 uM) after 24 h, the morphology of JEC cells
obviously changed in a concentration-dependent manner; the
cell body retracted, the filamentary pseudopod disappeared,
the surface of the cell membrane appeared to have holes of
unequal size, the nucleus collapsed, the height of the nucleus
decreased, and the ultrastructure showed there were irregu-
lar bumps around the hole of the cell membrane, which indi-
cated that the cells were obviously damaged. The degree of
damage caused by HNPG 40 pM was approximately similar to
that of TAX 0.8 uM or GEN 16 uM (Figure 5A).

HNPG decreased the root-mean-square roughness (Rq) and
the average roughness (Ra) of JEC cells

The present study found that the root-mean-square rough-
ness (Rqg) of 0.1% DMSO, TAX 0.8 uM, GEN 16 puM, and differ-
ent concentrations of HNPG (2, 4, or 8 uM) was 113.0+7.51 nm,
49.57+5.40 nm, 48.33+3.72 nm, 57.42+3.78 nm, 46.87+3.67
nm, and 35.77+4.24 nm, respectively. In addition, the aver-
age roughness (Ra) of 0.1% DMSO, TAX 0.8 uM, GEN 16 uM,
and different concentrations of HNPG (2, 4, or 8 uM) was
83.97+5.83 nm, 35.20+4.50 nm, 37.97+3.13 nm, 56.93+4.49
nm, 35.73+4.72 nm, and 26.43+2.33 nm, respectively. The Rq
and Ra of every HNPG-treated group possessed statistical

difference compared with control group (P, umo1zomso <0-05,

P4pM/OA1%DMSO <0.05, P, WM/01%DMSO <0.05), and there were signifi-
cant differences among the Rq and Ra of each HNPG-treated
group (P,,, " <0.05, P, " <0.05, ., " <0.05), but there were

no significant differences among the Rq and Ra of TAX 0.8 pM,
GEN 16 pM, and HNPG 4 pM (P. >0.05, P

TAX of 0.8 IM/HNPG of 4 M » TGEN of
>0.05, P

? " GEN of 16 pM/TAX Of 0.8 uM >0'05) (Figure SC’ SD)'

16 UM/HNPG of 4 M

HNPG increased Young’s modulus and adhesion force of
Gaussian fitting of JEC cells

The mechanical detection of individual living cell was measured
using AFM indentation technique, and the value of Young’s
modulus of Gaussian fitting was 7.53+0.62 kPa, 17.72+1.57
kPa, 18.39+1.58 kPa, 12.53+1.14 kPa, 18.18+1.73 kPa, and
20.46+1.16 kPa, respectively. The nonspecific forces between
the cell surface and the probe were detected using AFM in-
dentation technique, and the adhesion force of Gaussian fit-
ting between the cell surface and the probe was 53.23+4.01
pN, 69.36£5.36 pN, 69.10+5.03 pN, 62.62+7.97 pN, 73.49+5.23
pN, and 80.1946.13 pN, respectively. Young’s modulus and ad-
hesion force of Gaussian fitting of every HNPG-treated group
were significantly different compared with the control group
(PZ HM/0.1%DMSO <005’ P4 pM/0.1%DMSO <005’ PS pM/0.1% DMSO <005)' and
there were significant differences among Young’s modulus
and adhesion force of Gaussian fitting of each HNPG-treated
group (Pz/4MM <0.05,P,,, " <0.05,P,, " <0.05), but there were
no significant differences among Young’s modulus and adhe-
sion force of Gaussian fitting of TAX of 0.8 pM, GEN 16 pM,
and HNPG 4 uM (P >0.05, P

TAX of 0.8 UM/HNPG of 4 M ? T GEN of 16 iM/HNPG of 4 uM
<0.05, P

<0.05) (Figure 6A-6D).

» T'GEN of 16 uM/TAX of 0.8 uM
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HNPG regulated mRNA of wnt/3-catenin signal pathway in
JEC cells

JEC cells were administered to 0.1% DMSO and different con-
centrations of HNPG (2, 4, or 8 pM) for 24 h, and the average
value of mRNA of B-catenin, C-Myc, Cyclin D1, MMP-2, MMP-
7, and MMP-9 were analyzed. The expressive mRNA level of -
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a decreasing dose-dependent trend. Every HNPG-treated group
exhibited a significant difference compared with the con-
trOI group (PZ HM/0.1%DMSO <005’ P4 HM/0.1%DMSO <005’ P8 HPM/0.1%DMSO
<0.05) in B-catenin, C-Myc, Cyclin D1, MMP-2, MMP-7, and
MMP-9 mRNA expression levels. There were significant differ-
ences among every HNPG-treated group in B-catenin, C-Myc,

Cyclin D1, MMP-2, and MM-7 and MMP-9 mRNA expression

catenin, C-Myc, Cyclin D1, MMP-2, MMP-7, and MMP-9 exhibited levels (P, " <0.05, P, " <0.05, P, " <0.05) (Figure 7A, 7B).
A
60 pm?x60 pm? 60 pm?x60 pm? 5 um2x5 pm? 5 um2Xx5 pm?
2D diagram 3D diagram 2D diagram 3D diagram

0.1% DMSO

TAX0.8 M

GEN 16 pM

HNPG 2 M

HNPG 4 uM

HNPG 8 uM
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Figure 5. The changes of morphological features and the detection of biological force trait using atomic mechanics microscopy (AFM)
in JEC cells incubated with 0.1% DMSO, TAX 0.8 uM, GEN 16 pM, and different concentrations of HNPG (2, 4, or 8 pM) for
24 h. (A) Images exhibiting the morphological characteristics of 2- or 3-dimensional diagram of JEC cells in 60x60 pm? or
5x5 um? of scan range. (B) Histogram exhibiting the changes of root-mean-square roughness (Rq) of JEC cells. (C) Histogram
demonstrating the changes of average roughness (Ra) of JEC cells. The data are indicated as the mean + standard deviation
from 3 independent experiments. * P<0.05 vs. 0.1% DMSO group, # P<0.05 vs. 2 uM HNPG group, ° P<0.05 vs. 4 uM HNPG, or

0.8 uM TAX, or 16 uM GEN.

HNPG regulated protein of wnt/(-catenin signal pathway
of JEC cells

JEC cells were exposed to 0.1% DMSO and different concen-
trations of HNPG (2, 4, or 8 pM) for 24 h, and the average rel-
ative density of B-catenin, C-Myc, Cyclin D1, MMP-2, MMP-7,
and MMP-9 were analyzed. The expression level of B-catenin,
C-Myc, Cyclin D1, MMP-2, MMP-7, and MMP-9 protein exhib-
ited a decreasing concentration-dependent trend. All HNPG-
treated groups demonstrated a significant difference com-
pared with the control group (P, umo1%omso <005 Py o 1omso
<0.05, P, UW/0.1%0MSO <0.05) in B-catenin, C-Myc, Cyclin D1, MMP-
2, MMP-7, and MMP-9 protein expression levels. There were
significant differences among every HNPG-treated group in -
catenin, C-Myc, Cyclin D1, MMP-2, and MMP-9 protein expres-
sion levels (P,, AM005? P " <0.05, P, " <0.05). There were
significant differences between the 2 or 4 yM HNPG-treated
group and the 8 pM HNPG-treated groups in MMP-7 protein
expression (P, o <0.05 01 P, <0.05), but there were no
differences between the 2 and 4 pM HNPG-treated groups in

MMP-7 protein expression (P >0.05) (Figure 7C-7E).

2/4 uM

Discussion

Invasion and metastasis are basic characteristics of malignant
tumors. Malignant carcinomas not only germinate in the pri-
mary site via infiltrating and damaging adjacent organs and
tissues, but also metastasize to other areas to proliferate and
grow and cause new damage, so the capacities of invasion and
metastasis directly reflect the malignant degree of tumors. The

capacity of inhibiting invasion and metastasis are also becom-
ing one of the normal indices used to evaluate pharmacolog-
ical activity [20,21]. It was reported that GEN exerts a molec-
ular biological function via competitively combining with ER
with estrone (E1) and estradiol (E2) in the cells that expressed
ER, and GEN could affect biological characters via other cellu-
lar signal pathways, such as accumulating tumor cells in G2/M
phase, inhibiting proliferation, inducing apoptosis, regulating
angiopoiesis, anti-oxygenation, and adjusting the expression
of oncogenes in breast cancer [22,23]. GEN has no cell toxic
effects on normal cells, but it possesses significant cytotox-
icity for many tumor cells [24]. As a new derivative of GEN,
previous studies had demonstrated that HNPG could inhib-
it proliferation in gastric and breast cancer cells in vitro [8,9],
but the therapeutic effect of HNPG has not been investigat-
ed and its molecular mechanism has not yet been elucidat-
ed. In the present study, the data indicated that HNPG could
suppress proliferation, clone formation, invasion, and metas-
tasis, and accumulated G1 phase in human endometrial can-
cer JEC cells in vitro. These experimental results suggest HNPG
may be an excellent novel candidate for therapy in human en-
dometrial cancer.

Cells proliferate via cell cycle, with 1 cell dividing into 2 cells,
and must go through first gap phase (G1), synthetic phase (S),
second gap phase (G2), and mitotic phase (M) in sequence; any
cell phases that encounter obstacles will result in cell prolifer-
ation stasis and even apoptosis or necrosis, which will affect
the function of cell viability such as proliferation, colony for-
mation, invasion, and metastasis [25]. When external factors
and internal factors cause cell cycle damage, the permeability
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Figure 6. The biological force trait using atomic mechanics microscopy (AFM) in JEC cells incubated with 0.1% DMSO, TAX 0.8 pM,
GEN 16 pM, and different concentrations of HNPG (2, 4, or 8 uM) for 24 h. (A) Diagrams demonstrating the changes of
Young’s Modulus of Gaussian fitting of JEC cells. (B) Histograms indicating the mean value of Young’s Modulus of JEC cells.
(C) Diagrams showing the changes of the adhesive force of Gaussian fitting of JEC cells. (D) Histograms exhibiting the
mean vale of the adhesive force of JEC cells. The data are indicated as the mean + standard deviation from 3 independent
experiments. * P<0.05 vs. 0.1% DMSO group, * P<0.05 vs. 2 uM HNPG group, $ P<0.05 vs. 4 pM HNPG, or 0.8 pM TAX, or

16 UM GEN.

of the cell membrane will be increased, which causes propid-
ium iodide (PI) to enter the cytoplasm through the cell mem-
brane and combine with DNA in the nucleus [26]. The content
of DNA in different cell phases is different: the feature of DNA
in G1 phase is characterized in diploid cells, the trait of DNA
in G2 phase is represented in tetraploid cells, while the char-
acteristics of DNA in S phase is between diploid cells and tet-
raploid cells. Different cell phases are distinguished via de-
tecting the intensity of PI fluorescence combing with DNA by
flow cytometry [27]. In the results of the present study, the
numbers of JEC cells in G1 phase were markedly enhanced in
a dose-dependent manner following HNPG treatment for 48 h,
suggesting that the HNPG-mediated inhibition of proliferation,

clone formation, invasion, and metastasis of JEC cells might
occur via the accumulation in G1 phase.

It is well known that cell proliferation has to go through check
points regulated by cyclin, cyclin-dependent kinase (CDK), and
cyclin-dependent kinase inhibitor (CKI) [27]. The check point of
G1/S is one of the most important check points in the progres-
sion of the cell cycle. When the check point of G1/S receives
the signal information of DNA damage, it will interrupt the
progression of the cell cycle and block cells in G1 phase [27].
Cyclin D1 is the most important regulatory factor in G1/S;
it can combine with CDK2, CDK4, and CDK6, and promote
cells to go through G1/S check point and enter S phase [27].
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Figure 7. The changes of gene expression of JEC cells incubated with 0.1% DMSO, and different concentrations of HNPG (2, 4, or 8
pM) for 24 h. (A) Histogram demonstrating the average relative expression of mRNA level of B-catenin, C-Myc, and Cyclin
D1. (B) Histogram indicating the mean relative expression of mRNA of MMP-2, MMP-7, and MMP-9. (C) Electrophoretograms
showing the expression of protein level of -catenin, C-Myc, Cyclin D1, MMP-2, MMP-7, and MMP-9. (D) Histogram
demonstrating the average relative expression of protein level of B-catenin, C-Myc, and Cyclin D1. (E) Histogram exhibiting
the mean relative expression of protein level of MMP-2, MMP-7, and MMP-9. The data were shown as the mean + standard
deviation from 3 independent experiments. * P<0.05 vs. 0.1% DMSO group, # P<0.05 vs. 2 pM HNPG group, * P<0.05 vs. 4 pM
HNPG, or 0.8 pM TAX, or 16 pM GEN.

When the amount of Cyclin D1 increases in cells, the prolif- promote cell proliferation via regulating several genes relat-
erative speed increases and causes tumors and other diseas- ed to proliferation including Cyclin D1 [28]. C-Myc and Cyclin
es. Conversely, if the amount of Cyclin D1 decreases, cells will D1 are closely related to tumorigenesis, invasion, and metas-

accumulate in G1 phase, which will result in cell function de- tasis [27,28]. In the present study, C-Myc and Cyclin D1 of JEC
cline, including invasion and metastasis [27,28]. C-Myc can cells incubated with different concentrations of HNPG were
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notably downregulated in a dose-dependent manner, accom-
panied by the accumulation of G1 phase, which suggests that
the accumulation of G1 phase might be related to the down-
regulation of C-Myc and Cyclin D1.

Degradation of extracellular matrix (ECM) is an important el-
ement of invasion and metastasis of malignant tumors, and
matrix metalloproteinases (MMPs) are a group of proteolyt-
ic enzymes closely related to various pathological process-
es, especially tumor invasion and metastasis [29,30]. MMP-7,
MMP-2, and MMP-9 are important members of the MMP fam-
ily that can degrade extracellular matrix and basement mem-
brane components. MMP-7, MMP-2, and MMP-9 are upregu-
lated in tumor tissues, regulating tumor cell proliferation and
metastasis through degradation of ECM [29,30]. MMP-2 and
MMP-9 are type IV collagen enzymes that mainly degrade type
IV collagen and laminin [29]. MMP-7 is a special type of MMP
with strong degrading activity of ECM and possesses a wide
range of biological substrates including type IV collagen, lam-
inin, polysaccharide, type | gelatin, and soluble elastin [30]. In
our research, we found HNPG inhibited invasion and metas-
tasis of JEC cells accompanied by MMP-2, MMP-7, and MMP-
9 downregulation in a dose-dependent manner, suggesting
that MMP-2, MMP-7, and MMP-9 are involved in the effects
of HNPG in inhibiting invasion and metastasis.

Adhesion force decreased among cells and amoeba movement
depending on pseudopod are the premise conditions of inva-
sion and metastasis in malignant cancer cells [31]. Cells se-
crete certain adhesive proteins that fasten cells together and
prevent cells from metastasizing to other sites [31]. The force
produced by those adhesive proteins can be measured using
AFM; the adhesive force of malignant cancer tissue is lower
than normal tissue, so measuring the adhesive force between
cells can reflect the metastasizing capacities of tumor cells [32].
The plasticity or elasticity of cells is the necessary condition
of cell migration and Young’s modulus is often used to detect
the plasticity or elasticity of cells in bioengineering [33]. In the
present study, we found JEC cells treated with different con-
centrations of HNPG became oval, pseudopods disappeared,
and the surface roughness (Rq and Ra) decreased, while adhe-
sion force and Young’s modulus of Gaussian fitting increased,
which were in conjunction with the inhibition of invasion and
metastasis. Our research suggests that the inhibition effects
of HNPG on invasion and metastasis are related to the alter-
ation of morphology, the decrease of Rq and Ra, and the in-
crease of Young’s modulus and adhesive force.
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The wnt/B-catenin signal pathway is involved in invasion and
metastasis of many cancers and plays a very important role in
tumor chemotherapy, including therapy for endometrial can-
cer [33,34]. B-catenin occupies the core position in the wnt/j3-
catenin signal pathway. When the amount of -catenin increas-
es in cytoplasm, B-catenin will enter nucleus, which triggers
a series of biological reactions, promotes the expression of
C-Myc, Cyclin D1, and MMP-7, MMP-2, and MMP-9, and lead
to many cellular events, including proliferation, invasion, and
metastasis [35]. In the present study, we found HNPG caused
the inhibition of proliferation, invasion, and metastasis, accom-
panied by the inactivation of B-catenin, which suggests that
the wnt/B-catenin signal pathway is involved in the pharma-
cological effects of HNPG in inhibiting cell viability of JEC cells.

Conclusions

HNPG demonstrated significant cytotoxic activity in human
endometrial carcinoma JEC cells. HNPG inhibited proliferation,
clone formation, invasion, and metastasis, and accumulated
cell cycle in G1 phase in vitro. Simultaneously, decreased Rq
and Ra increased Young’s modulus and adhesion force in JEC
cells. Additionally, HNPG inactivated the wnt/B-catenin sig-
nal pathway and downregulated the expression of B-catenin,
C-Myc, Cyclin D1, MMP-2, MMP-7, and MMP-9. The present
study not only detected the inhibiting effects of cell viabili-
ty, but also elucidated the possible molecular mechanism of
HNPG. In summary, HNPG shows marked cytotoxic activity in
human endometrial carcinoma JEC cells via inactivating the
wnt/B-catenin signal pathway, suggesting that HNPG may be
a novel candidate for chemotherapeutic drugs. Subsequent
studies will focus on investigating the metabolism of HNPG in
experimental animal models, detecting its blood-drug concen-
tration and its half-life and the adverse effects on the brain,
heart, lung, liver, and kidney cells, and elucidate the possible
molecular mechanism in vivo.
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