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Notoginsenoside R1 induces DNA damage via PHF6 protein
to inhibit cervical carcinoma cell proliferation
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Abstract. Notoginsenoside R1 (NGRI1), a monomer
of Traditional Chinese medicine, is from the Panax
notoginsenoside complex, and has been reported to inhibit the
proliferation of various types of cancer. However the mechanism
underlying NGR1-mediated inhibition of cervical carcinoma
cell proliferation remains unclear. Therefore, the current study
aimed to investigate the antitumor effects of NGR1 on cervical
carcinoma cell lines (CaSki and HeLa cells) in vitro. The Cell
Counting Kit-8 and soft agar cell colony formation assay results
revealed that NGRI1 suppressed the viability and the number
colonies of CaSki and HeLa cells, respectively. Furthermore,
the DAPI staining, flow cytometry and western blotting results
revealed that NGR1 induced cervical carcinoma cell apoptosis,
cell cycle arrest in the S phase, upregulation of cyclin A2 and
CDK2 expression levels, and downregulation of cyclin D1
expression levels. To further investigate the mechanisms of
NGR1, DNA-damage-related proteins, including H2A.X
variant histone (H2AX), ATR serine/threonine kinase (ATR)
and p53, and the nucleolus protein, plant homeodomain finger
protein 6 (PHF6) were analyzed. The results indicated that
NGRI triggered the phosphorylation of H2AX and ATR in
a dose- and time-dependent manner, and downregulated the
expression level of PHF6 and upregulated the expression level
of p53 in a dose- and time-dependent manner. In conclusion,
the findings of the present indicated that NGR1 may inhibit the
viability of cervical carcinoma cells and induce cell apoptosis
via DNA damage, which may be activated by the downregula-
tion of PHF6 expression levels, and the subsequent triggering of
the phosphorylation of H2AX and ATR. In addition, NGR1 may
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exert an ability to arrest cervical carcinoma cells in the S phase
and upregulate the expression levels of cyclin A2 and CDK2.
Therefore, NGR1 may serve as a novel chemotherapeutic agent
for cervical carcinoma.

Introduction

Cervical cancer is the fourth most common type of malignant
cancer among women worldwide, resulting in ~570,000 new
cases in 2018. Among the 311,000 global cervical cancer-related
deaths in 2018, ~90% occurred in low and middle income
countries (1,2). Therefore, identifying high quality and inex-
pensive agents to prevent and treat cervical cancer is important.
Previous research has reported that the occurrence of cervical
carcinoma was associated with numerous factors, including
persistent human papillomavirus (HPV) infection, chromo-
somal telomerase activation, genetic mutations and immune
system dysfunction (3-8). However, the pathogenesis of cervical
carcinoma is not completely understood. Therefore, the patho-
genesis of cervical carcinoma should be further investigated to
improve the clinical diagnosis and efficacy of treatments.

Chemotherapy has been shown to be effective for treating
cervical carcinoma, particularly suitable for the treatment of
patients with terminal disease or metastatic tumors. However,
chemotherapy is often accompanied by various adverse
reactions, including toxicity and drug resistance (9,10), which
severely impacts the quality of life of surviving patients with
cancer. Therefore, it remains necessary to discover anticancer
drugs with high efficiency and low toxicity, which can improve
patient immunity, enhance the efficacy of chemotherapy and
prolong and improve the quality of life of patients.

Panax notoginsenoside, a traditional Chinese medicine,
was found to serve as an antioxidant to scavenge free radi-
cals, prevent and treat cardiovascular, central neural and
cerebrovascular diseases, promote angiogenesis and immunity,
decrease the levels of blood fat and blood pressure and exert
tumor suppressive effects (11-17). Panax notoginsenoside
has been used in combination with chemotherapy due to its
ability to boost the body's innate immunity to improve the
curative effect against aplastic anemia and solid tumor (15,17).
Notoginsenoside R1 (NGR1) is one of the major active
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constituents of Panax notoginsenoside. A previous study
reported that NGR1 significantly suppressed the proliferation
of colorectal cancer cells and arrested cells in the S phase (18).
Moreover, NGR1 also effectively reduced the invasion and
metastasis of lung cancer (19). However, few studies have
investigated the role of NGR1 in cervical cancer, and the
mechanism of action of NGR1 in cervical carcinoma remains
to be elucidated. In a preliminary study, NGR1 was discov-
ered to exhibit moderate toxicity, which inhibited cervical
carcinoma cell viability. Therefore, the present study further
investigated NGR1 and its cytotoxic mechanisms.

Materials and methods

Reagents. pPEGFP-Cl-plant homeodomain finger protein 6
(PHF6) was gifted by Dr DJ Picketts (Regenerative Medicine
Program, Ottawa Hospital Research Institute). NGR1
(cat.no. 110745) was obtained from Nanjing SenBeiJia Biological
Technology Co., Ltd.; the purity of NGR1 was =98% and the
chemical structure is shown in Fig. IA. NGR1 was dissolved
in DMSO to a final concentration of 10 mM, and was stored at
-20°C. DMEM was purchased from Hyclone; Cytiva, FBS was
obtained from Gibco; Thermo Fisher Scientific, Inc., and Cell
Counting Kit-8 (CCK-8), DAPI and BCA kits were purchased
from Meilunbio. The Annexin V-FITC Apoptosis Detection kit
was purchased from Beyotime Institute of Biotechnology. The
following primary antibodies were purchased from Abcam:
Anti-yH2A X variant histone [H2AX; phosphorylated (p) on
serine 139] (cat. no. ab81299), anti-H2AX (cat. no. ab229914),
anti-Bcl-2 (cat. no. ab182858), anti-ATR serine/threonine (ATR)
(cat. no. ab184137), anti-p-ATR (S428) (cat. no. ab178407),
anti-PHFG6 (cat. no. ab173304), anti-cyclin A2 (cat. no. ab181591),
anti-cyclin D1 (cat. no. ab16663), anti-CDK2 (cat. no. ab32147),
anti-p53 (cat. no. ab179477), anti-PARPI (cat. no. ab191217),
anti-nucleolin (cat. no. ab22758) and anti-GAPDH
(cat. no. ab181602). Anti-Lamin BI (cat. no. 13435) and
anti-cleaved caspase-3 (cat. no. 9661) were purchased from Cell
Signaling Technology. DMSO, SDS and Triton™ X-100 were
purchased from Sigma-Aldrich; Merck KGaA. Goat anti-rabbit
IgG H&L (DyLight® 488) secondary antibody (cat. no.ab96899)
was obtained from Abcam. HRP-conjugated anti-rabbit IgG
secondary antibody (cat. no. sc-2357) and PE-conjugated
anti-rabbit IgG secondary antibody (cat. no. sc-3753) were
obtained from Santa Cruz Biotechnology, Inc. Small inter-
fering RNA (siRNA/si) targeting PHF6 (siPHF6) and negative
control siRNA were purchased from Guangzhou RiboBio
Co., Ltd. NE-PER Nuclear and Cytoplasmic Extraction
reagents (cat. no. 78835), Opti-MEM (cat. no. 11058021) and
Lipofectamine® 2000 transfection reagent (cat. no. 11668500)
were purchased from Thermo Fisher Scientific, Inc.

Cell culture. HeLa and CaSki cells were purchased from
the American Type Culture Collection. Cells were cultured
in DMEM supplemented with 10% FBS and 1% penicillin
(100 U/ml) and 1% streptomycin (100 pgg/ml). Cells were
maintained in a suitable environment at 37°C, with an
atmosphere containing 5% (v/v) CO,.

CCK-8 assay. Cell viability of HeLLa and CaSki cells was
determined using a CCK-8 assay. Briefly, 5x10* HeLa and

CaSki cells/well were cultured in 96-well plates at 37°C for
12 h. Subsequently, cells were treated with different concen-
trations of NGR1 (0, 0.1, 0.2, 0.4, 0.8, 1.6 mM) at 37°C
for 24 and 48 h. Alternatively, cells were treated for 24 h
with: i) siPHF6; ii) siPHF6 + 0.4 mM NGRI; iii) PHF6;
iv) PHF6 + 0.4 mM NGRI; or v) 0 mM NGRI (control group).
Following the incubation, cells were washed twice with PBS
and 100 1 DMEM supplemented with 10% CCK-8 reagent
was added to each well and incubated at 37°C for 2 h. The
absorbance was measured at a wavelength of 460 nm on an
Epoch™ 2 microplate reader (BioTek Instruments, Inc.). The
cell viability rate was calculated according to the following
formula: [(As-Ab)/(Ac-Ab)] x100%, where As represents the
absorbance of the NGRI treatment groups, Ac represents the
absorbance of the control group and Ab represents the absor-
bance of material background. The half maximal inhibitory
concentration (IC,,) of NGR1 in the HeLLa and CaSki cell lines
was calculated using Origin Pro 8 software (OriginLab).

Soft agar cell colony formation assay. The cell colony
forming assay was performed as previously described (20).
Briefly, basal agarose was prepared with 1X DMEM,
0.6% low-melting-point agarose (Amresco, LLC), 10% FBS,
1% penicillin and 1% streptomycin. The basal agarose contained
0.2, 0.4 or 0.8 mM NGRI. The basal agarose compounds
were poured into a 6-well plate. The top agarose layer was
prepared with 1X DMEM, 0.3% low-melting-point agarose,
10% FBS, 1% penicillin and 1% streptomycin. Subsequently,
cells (1x10° cells/well) were added to make the top agarose.
The top agarose also contained 0.2, 0.4 or 0.8 mM NGRI. The
top agarose compounds were poured onto the basal agarose.
Cells were incubated at 37°C for 12 days. Subsequently, cell
colonies were fixed with 4% paraformaldehyde for 20 min at
room temperature, and stained with 0.5% crystal violet for
15 min at room temperature. Data were analyzed using ImageJ
software (version 1.8.0; National Institutes of Health).

DAPI staining. HeLa cells (1x10° cells/well) were seeded into
a 6-well culture plate and treated with 0, 0.2, 0.4 or 0.8 mM
NGRI1 for 24 h at 37°C. Cells were fixed with 4% formaldehyde
for 20 min at room temperature. Nuclei were stained with
4 ug/ml DAPI for 20 min at room temperature and washed
with PBS. Cell nuclear morphology was visualized using a
BX43 fluorescence microscope (Olympus Corporation).

Flow cytometric analysis of apoptosis. Cells (1x10° cells/well)
were cultured in 6-well plates until reaching 90% confluence, and
were then treated with 0,0.2,0.4 or 0.8 mM NGRI1 for 12 hat 37°C.
Apoptosis was subsequently evaluated using the Annexin V-FITC
Apoptosis Detection kit according to the manufacturer's protocol.
Briefly, 1x10° cells were collected, centrifuged at 1,000 x g for
5 min at room temperature, washed with PBS and resuspended
in 195 ul Annexin V-FITC binding buffer. Subsequently, cells
were stained with 5 yl Annexin V-FITC and 10 p1 PI solution
at room temperature in the dark for 15 min. Cells were filtered
with a 300-mesh nylon film and maintained on ice until analysis
using an Accuri C6 flow cytometer (BD Biosciences). Early and
late apoptosis was analyzed using FlowJo software (version 7.6;
FlowJo, LLC). All experiments were performed independently
and repeated three times.
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Cell cycle analysis.Following the treatment of cells with NGR1,
the cell cycle distribution was analyzed via flow cytometry.
Briefly, cells were treated with 0,0.2,0.4 or 0.8 mM NGRI1 for
24 h at 37°C. Subsequently, 1x10° cells were collected, centri-
fuged at 1,000 x g for 5 min at 4°C, washed with cold PBS
and fixed with precooled 70% ethanol at 4°C for overnight.
After washing, cells were resuspended in 0.535 ml dye buffer,
which contained 10 ¢l RNase (50X) and 25 ul PI (25X), and
incubated in the dark at room temperature for 30 min. Cells
were filtered with a 300-mesh nylon film, and analyzed using
an Accuri C6 flow cytometer (BD Biosciences) and ModFit LT
software (version 3.2; Verity Software House).

Cell transfection. HeLa cells (1x10° cells/well) were
seeded into 6-well plates and cultured to 80% confluence.
Lipofectamine® 2000 (5 pl) was used to transfect the cells with
specific small interfering RNA (siRNA/si) targeting PHF6
(siPHF6; 20 nM), pPEGFP-C1 empty plasmid (1 ug), pPEGFP-C1
plasmid overexpressing PHF6 (pEGFP-C1-PHF6; 1 pg) or the
non-specific control siRNA [negative control (NC); 20 nM].
siRNAs or plasmids were mixed with Lipofectamine® 2000 in
Opti-MEM culture medium at room temperature for 20 min.
Subsequently, the mixtures were added to each well for 6 h
at37°C. After 6 h, the mixtures were removed and replaced with
complete medium (1X DMEM supplemented with 10% FBS
and 1X antibiotics) to culture for 24 h at 37°C. siPHF6s and
siRNA NC were obtained from Guangzhou RiboBio Co., Ltd.
and the sequences were as follows: siPHF6-1, 5-GGACAG
TTACTAATATCTG-3'; siPHF6-2, 5'-GCACGAAGCTGA
TGTGTTC-3'"; siPHF6-3, 5'-CCACTGTGCATTGCATGA
T-3-'; and NC, 5-UUCUCCGAACGUGUCACGU-3.

Immunofluorescence staining. Immunofluorescence staining
was performed as previously described (20). Briefly, cells
were fixed with 4% paraformaldehyde for 20 min at room
temperature and slides were subsequently incubated with
0.1% Triton X-100 for 5 min at room temperature. Cells
were then incubated at 4°C overnight with anti-PHF6 (1:100),
anti-nucleolin (1:100) and anti-yH2AX (1:100) primary anti-
bodies. Following the incubation, the cells were washed and
further incubated with a fluorescein-labeled secondary anti-
body (1:100) for 1 h at room temperature. The cell nucleus was
subsequently stained with DAPI (4 ug/ml) for 30 min at room
temperature. Stained cells were observed under a confocal
laser scanning microscope (Olympus Corporation).

Western blotting. Western blotting was performed as previ-
ously described (20). Briefly, cytoplasmic and nuclear protein
extraction (H2AX, yH2AX, Lamin Bl and PHF6) were
performed using the NE-PER™ Nuclear and Cytoplasmic
Extraction kit (Thermo Fisher Scientific, Inc.) and other total
proteins were extracted from cells using RIPA lysis buffer
(Thermo Fisher Scientific, Inc.). Total protein concentra-
tions were quantified using a BCA kit (Beyotime Institute
of Biotechnology). Equal amounts of cell lysate (40 ug/lane)
were separated by 10% SDS-PAGE, transferred onto a PVDF
membrane and blocked with 5% skim milk solution at room
temperature for 1 h. Then, after washing with PBS, the PVDF
membranes were incubated with the following primary
antibodies (all 1:1,000 except anti-GAPDH) overnight
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at 4°C: Anti-cleaved caspase-3, anti-poly (ADP-ribose) poly-
merase 1 (PARPI1), anti-Bcl-2, anti-cyclin D1, anti-CDK?2,
anti-cyclin A2, anti-ATR, anti-p-ATR, anti-p53, anti-H2AX,
anti-yH2AX, anti-Lamin BI, anti-PHF6 and anti-GAPDH
(1:5,000). Following the primary antibody incubation at 4°C
for overnight, the membranes were washed with PBS and
incubated with an IgG HRP-conjugated secondary antibody
(1:5,000) at room temperature for 1 h. Protein bands were visu-
alized using an ECL detection kit (Thermo Fisher Scientific,
Inc.). Densitometric analysis was performed using ImageJ
software (version 1.8.0; National Institutes of Health).

Cytoplasmic and nuclear protein extraction. HelLa cells
were cultured in a 10-cm culture dish (~5x10° cells/well).
Cytoplasmic and nuclear protein extraction were performed
using the NE-PER™ Nuclear and Cytoplasmic Extraction Kit
(Thermo Fisher Scientific, Inc.). Briefly, the cells were collected
and washed with pre-cooled PBS and resuspended in 200 ul
CER I supplemented with PMSF, protease and phosphatase
inhibitors (Halt™ Protease and Phosphatase Inhibitor Cocktail;
Thermo Fisher Scientific, Inc.). Cells were incubated on ice
for 10 min, then 11 pl ice-cold CER II was added to the cell
suspension and centrifuged at 16,000 x g for 5 min at 4°C. The
supernatant containing the cytoplasmic extract was immediately
transferred to a new pre-chilled tube and stored at -80°C. The
precipitate containing the nuclear component was suspended in
100 pl ice-cold NER with protease inhibitors and the suspen-
sion was oscillated in the tube for 15 sec every 10 min for a
total of 40 min. Subsequently, the suspension was centrifuged
at 16,000 x g for 10 min at 4°C The obtained supernatant
contained the nuclear component, which was immediately
transferred to a new pre-chilled tube and stored at -80°C.

Statistical analysis. All experimental protocols were repeated
at least three times. Statistical analyses were performed using
Origin Pro 8 software (OriginLab). Experimental data are
presented as the mean + SD. Statistical differences between
groups were determined using a one-way ANOVA followed
by a Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

NGRI inhibits the proliferation of cervical carcinoma cells. It
was first determined whether NGR1 could inhibit the prolifera-
tion of the cervical carcinoma cell lines, HelLa and CaSki were
treated with NGR1 (0,0.1 0.2,0.4,0.8, 1.6 mM) for 24 and 48 h.
The chemical structure of NGR1 is presented in Fig. 1A. Cell
viability was evaluated by performing the CCK-8 assay. As
shown in Fig. 1B, NGR1 exhibited moderate cytotoxicity
towards inhibiting HeLa cell viability, with an ICy, of 0.8 mM
at 24 h and an IC,; of 0.41 mM at 48 h However, the CaSki
cells were more sensitive to NGR1, with an ICy, of 0.4 mM
at 24 h and an IC, of 0.19 mM at 48 h (Fig. 1C). The results
suggested that NGR1 inhibited HeLa and CaSki cell viability
in a time- and dose-dependent manner. The exact IC, of NGR1
in cervical carcinoma cell lines is presented in Table I.

Soft agar cell colony formation experiments are often used
to evaluate the proliferation of malignant cancer cells (20).
Subsequently, the effect of NGR1 on CaSki cell colony formation
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Figure 1. Inhibitory effects of NGR1 on cervical carcinoma cells. (A) Chemical structure of NGR1. Inhibitory effects of NGR1 treatment at the indicated
concentrations for 24 and 48 h in (B) HeLa and (C) CaSki cells was determined using a Cell Counting Kit-8 assay. “P<0.05, “P<0.01, ““P<0.001 vs. 0 mM
24 h; *P<0.05, “*P<0.01, ***P<0.001 vs. 0 mM 48 h. (D) Soft agar colony formation assays were used to determine the colony forming ability of CaSki cells
treated with NGR1 at the indicated concentrations. The colony formation rate was calculated using ImageJ software. "P<0.05, “P<0.01, ""P<0.001. All data are
expressed as the mean + SD of three independent experiments. NGR1, Notoginsenoside R1.

was investigated. The present results revealed that NGR1 also
significantly inhibited the colony forming ability of CaSki cells
in a dose-dependent manner compared with the control cells.
The number of CaSki cell colonies was significantly decreased
by 0.2 mM NGRI1 compared with the control group (Fig. 1D).

NGRI induces the apoptosis of cervical carcinoma cells. To
examine whether NGR1 altered cervical cancer cell apoptosis,
HeLa cells were treated with NGR1 (0, 0.2, 0.4 and 0.8 mM)
for 24 h. Cell morphological apoptosis were evaluated by DAPI
staining and cell apoptotic rates were evaluated via flow cytom-
etry. As shown in Fig. 2A, the cell nuclei exhibited irreversible
condensation, and some typical apoptotic bodies were observed
in the nuclei following 0.8 mM NGRI1. However, in the control
group (0 mM), the morphology of the cell nuclei was oval
and regular, with homogenous color distribution. As shown in
Fig. 2B, the cell apoptotic rate increased in a dose-dependent
manner; compared with the control group (2.64%), treatment
with 0.2, 0.4 and 0.8 mM NGRI1 increased the apoptotic rate to
5.55,12.22 and 18.11%, respectively (Fig. 2B).

Cleaved caspase-3 is the activated form of caspase-3,
which is an important marker of apoptosis (21). Therefore,
the expression levels of the active form of caspase-3 following
NGRI1 treatment in HeLa cells for 24 h were investigated.
The active form of caspase-3 was significantly upregulated
by 0.4 and 0.8 mM NGRI, compared with the control group
(Fig. 2C). PARPI has been discovered to serve a crucial role
in DNA repair and apoptosis (22,23). Therfore, the effect of

Table 1. ICs, of Notoginsenoside R1 in cervical carcinoma
cells.

Cell line ICy, at 24 h (mM) ICy, at 48 h (mM)
HelLa 0.809+0.037 0.400+0.023
CaSki 0.413+0.032 0.194+0.041

ICs, half-maximal inhibitory concentration.

NGR1 on the expression of PARPI was also assessed. The
expression levels of PARP1 were also significantly upregulated
by 0.4 and 0.8 mM NGRI1, compared with the control group.
Conversely, the expression levels of Bcl-2, which is an oncogene
that inhibits apoptosis (24), were significantly downregulated
by 0.4 and 0.8 mM NGRI1 compared with the control group
(Fig. 20C).

NGRI arrests cervical carcinoma cells in the S phase of the
cell cycle and activates cyclin A2 and CDK2. The aforemen-
tioned results demonstrated that NGR1 inhibited HeLa and
CaSki cell viability. Therefore, whether NGR1 was able to
inhibit cell viability by regulating the cell cycle was investi-
gated. HeLa cells were treated with 0, 0.2, 0.4 and 0.8 mM
NGR1 for 24 h. Compared with the control group (0 mM;
S phase, 25.90%), treatment with 0.2, 0.4 and 0.8 mM NGRI1
increased the S phase proportion to 34.13, 44.32, 58.63%,
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concentrations of NGR1, cells were stained with Annexin V-FITC and PI and the apoptotic rates were analyzed using flow cytometry. (C) Following NGR1
treatment of HeLa cells, the expression levels of cleaved caspase-3, PARPI and Bcl-2 were analyzed using western blotting. The relative protein expression
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Figure 3. Effects of NGR1 treatment on the cell cycle. (A) Analysis of the cell cycle distribution of HeLa cells following the treatment with different concentra-
tions of NGR1 (0,0.2,0.4 or 0.8 mM) were analyzed using flow cytometry. (B) Expression levels of cell cycle-associated proteins were analyzed using western
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respectively (Fig. 3A). Furthermore, the expression levels  significantly upregulated by 0.4 and 0.8 mM NGR1, compared
of cell cycle-related proteins were analyzed using western  with the control group (Fig. 3B). However, the expression
blotting. The expression levels of cyclin A2 and CDK2 were levels of cyclin DI, a protein involved in the G,/G, phase of
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Figure 4. Effects of NGR1 on the expression levels of DNA damage-related proteins. HeLa cells were treated with a series of concentrations of NGR1
(0,0.1,0.2,0.4 or 0.8 mM) for 12 h and the expression levels of (A) ATR, p-ATR and p53 and (B) YH2AX, H2AX and PHF6 were analyzed using western blotting.
HeLa cells were treated for different durations (0, 3,6, 12,24 or 48 h) with 0.4 mM NGR1, and western blotting was used to analyze the expression levels of (C) ATR,
p-ATR and p53 and (D) YH2AX, H2AX and PHF6. Data are expressed as the mean + SD of three independent experiments. P<0.05, “P<0.01, ““P<0.001 vs. 0 mM.
NGRI, Notoginsenoside R1; ATR, ATR serine/threonine kinase; p-, phosphorylated; H2AX, H2A X variant histone; PHF6, plant homeodomain finger protein 6.
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Figure 5. NGR1 induces DNA damage by inhibiting nucleolus PHF6. (A) PHF6 was discovered to be localized in the cell nucleus and nucleolus. (B) YH2AX,
H2AX and PHF6 expression levels were analyzed using western blotting following cell transfection with siPHF6 or PHF6 overexpression plasmid in the
presence or absence of 0.4 mM NGRI treatment for 24 h. (C) HeLa cells were transfected with siPHF6 or PHF6 overexpression plasmid treated with or without
0.4 mM NGRI for 12 h, and the location of YH2AX foci was observed using a laser confocal microscope. (D) HeLa cells were transfected with siPHF6 or PHF6
overexpression plasmid treated with or without 0.4 mM NGRI1 for 24 h, and the relative cell viability rates were analyzed using a Cell Counting Kit-8 assay.
Data are expressed as the mean + SD of three independent experiments. “P<0.05, “P<0.01 vs. control (plasmid vector). NGR1, Notoginsenoside R1; PHF6, plant
homeodomain finger protein 6; H2AX, H2A.X variant histone; si, small interfering RNA.

the cell cycle, were significantly decreased by 0.4 and 0.8 mM
NGR1 compared with the control group (Fig. 3B).

NGRI upregulates the expression levels of the DNA damage
regulatory proteins, yH2AX and ATR and downregulates

PHF6 expression levels. Following treatment with NGR1, the
expression levels of DNA damage regulatory proteins in HeLa
cells were measured. HeLa cells were treated with NGR1
(0,0.1,0.2,0.4 and 0.8 mM) for 24 h. As shown in Fig. 4A and B,
NGRI1 induced H2A X and ATR phosphorylation and significantly
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upregulated the expression levels of pS3 in a dose-dependent
manner, In addition, NGR1 downregulated the expression levels
of PHF6 in a dose-dependent manner. Compared with the control
group, NGRI1 significantly increased the expression levels of
H2AX and ATR phosphorylation and upregulated the levels of
p53 at 0.2 mM, but significantly downregulated PHF6 expression
levels at 0.4 mM. To assess alterations in DNA damage regula-
tory proteins after NGR1 treatment, HeLa cells were treated
with 0.4 mM NGRI1 for 0, 3, 6, 12, 24 or 48 h. As shown in
Fig. 4C and D, NGR1 increased H2AX and ATR phosphoryla-
tion, upregulated the expression levels of pS3 and downregulated
the expression levels of PHF6 in a time-dependent manner.
However, compared with the control group, H2AX phosphoryla-
tion was significantly increased by NGRI1 until 24 h, returning
to normal levels at 48 h, which might be associated with NGR1
inducing excessive HeLa cell death.

NGRI induces DNA damage to inhibit cell viability via the
downregulation of PHF6 expression in the nucleolus. PHF6 is
a nucleolus protein involved in numerous important biological
processes, such as transcriptional regulation and chromatin
remodeling (25-27). To demonstrate the localization of PHF6
in the nucleus, an immunofluorescence assay was conducted.
The results of the immunofluorescence assay demonstrated that
PHF6 was localized in the cell nucleus. Furthermore, the results
revealed that PHF6 was specifically localized in the nucleoli
(Fig. 5A). Prior to the cell transfection assay, the interference
efficiencies of the siPHF6s transfection were presented in Fig.
S1. Meanwhile, the transfection efficiencies of pPEGFP-C1-PHF6
and siPHF6 were presented in Fig. S2. As shown in Fig. 5B,
PHFG6 overexpression did not alter the expression levels of
YH2AX compared with the control group. but NGR1 treatment
(PHF6 + 0.4 mM NGR1) significantly increased YH2AX expres-
sion levels compared with the control group (Fig. 5B). Therefore,
the results suggested that PHF6 overexpression did not alter
DNA damage. However, following transfection with siPHF6,
the expression level of the YH2AX protein was significantly
upregulated compared with the control group. The addition of
NGRI1 (siPHF6 + 0.4 mM NGRI1 group) to si-PHF6-transfected
HeLa cells markedly increased YH2AX protein expression levels
compared with the siPHF6 group. Thus, the results suggested
that PHF6 knockdown damaged DNA, but also cooperated with
NGRI1 to induce DNA damage (Fig. 5B). The aforementioned
results were further supported by the immunocytochemistry
results, which indicated that the number of YH2AX foci was
not markedly difference between the PHF6 and control groups.
However, the number of YH2AX foci was markedly increased in
the PHF6 + NGR1,NGR1 and siPHF6 + NGR1 groups compared
with the control group, especially in siPHF6 + NGR1 group
(Fig. 5C). The results indicated that NGR1 might induce DNA
damage via downregulating PHF6 expression. Furthermore, the
association between PHF6, NGR1 and cell viability was also
investigated. PHF6 overexpression did not alter HeLa cell viability
compared with the control group. However, PHF6 knockdown
slightly inhibited HeLa cell viability compared with the control
group, although this was not significant. In all the experimental
groups, the siPHF6 + NGR1 group displayed the most obvious
significant inhibitory effect on cell viability compared with
the control group. The results revealed that siPHF6 promoted
NGRI1-induced inhibition of cell viability (Fig. SD).
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Discussion

NGRI1 has been extracted from the Panax notoginsenoside
complex and is used as a valuable Chinese herbal medicine
due to its reported multiple beneficial effects on human health,
such as inhibiting inflammatory responses, antimyocardial
ischemia and hypoxia, antiatherosclerosis, antiplatelet aggre-
gation effects (28-32). Several previous studies have reported
that NGR1 exerted antihepatoma effects and inhibited human
colorectal cancer metastasis (33,34); however, few have reported
the role of NGRI1 in cervical carcinoma. The present study
demonstrated that NGR1 had moderate antitumor activity and
inhibited the viability of cervical carcinoma cells in a time- and
dose-dependent manner. In addition, NGR1, as a immunologic
adjuvant to enhance immunity (35,36), may serve as a benefi-
cial candidate for chemotherapy to treat cervical carcinoma.

Apoptosis, a widespread phenomenon that occurs in the
developmental stages of prokaryotic and eukaryotic cells, is
controlled by specific genes, such as caspase-3, caspase-9,
Bcl-2 and Bax (21,24,37-39). It also plays a pivotal role in
biological evolution, embryonic development and dynamic
homeostatic balance maintenance (40,41). It was previously
observed that NGR1 induced apoptosis in SW480 human
colorectal cancer cells (17). In the present study, the results
revealed that NGR1 induced apoptosis in cervical carcinoma
cells. This conclusion was supported by the observed presence
of apoptotic bodies that appeared in the nucleus, an increased
rate of apoptosis, the upregulation of cleaved caspase-3 and
PARPI protein expression levels, and the downregulation of
Bcl-2 expression levels following NGRI1 treatment.

Panax notoginseng extract, which includes notogin-
senoside R1, ginsenosides Rgl, Re, Rbl, Rc and Rd, and
isomeric ginsenosides Rb2 and Rb3, caused cell cycle arrest
at S phase (16). The results of the current study also revealed
that NGR1 arrested cells in the S phase, while simultaneously
upregulating the expression levels of cyclin A2 and CDK?2,
and downregulating the expression levels of cyclin D1. DNA
damage in cells is typically due to the biological environment
or endogenous metabolic cell products (42). An intricate DNA
repair system has since evolved to protect genomic stability,
whereby ATR/ATM, p53 and PARPI of the DDR signaling
network are activated to participate in the repair of damaged
DNA (43,44). yYH2AX, a marker of double-strand breaks
(DSBs), is crucial in the cellular stress response to DNA
damage and acts as a focal point for the recruitment of other
protein assemblages to repair the DSBs (45-47). The present
study also revealed that NGR1 induced H2AX phosphoryla-
tion in a dose- and time-dependent manner within the early
experimental period (<24 h); however, with longer exposure,
the expression of YH2AX decreased until it gradually returned
to the normal levels (from 24 to 48 h). These findings indicated
that NGR1 may induce the DNA damage in the early stage,
but the DNA double strands were completely degraded as the
duration of NGR1 treatment increased. In addition, NGR1
upregulated p53 expression levels and the phosphorylation of
ATR in adose- and time-dependent manner, but downregulated
the expression levels of PHF6 in a dose- and time-dependent
manner. These results indicated that the downregulation of
PHF6 expression may be negatively associated with DNA
damage.
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Mutations in PHF6 were first discovered in Borjeson-
Forssman-Lehmann syndrome, which is a rare X-linked
intellectual disability syndrome (48). Previous studies have
revealed that PHF6 may be crucial for nucleolar transcriptional
regulation and/or chromatin remodeling (26,49) The knockdown
of PHF6 was discovered to trigger a series of biochemical
signaling pathways to participate in the repair of damaged
ribosomal DNA in the nucleus, thus delaying the progression of
the cell cycle and inhibiting the proliferation of cells (25,27). In
the present study, PHF6 was also discovered to be localized in
the nucleoli. Hence, the relationship between PHF6 and YH2AX
expression levels was subsequently investigated. The results
demonstrated that PHF6 knockdown upregulated YH2AX, but
PHF6 overexpression downregulated YH2AX, suggesting that
PHFG6 expression levels were negatively associated with YH2AX
expression levels. In addition, compared with the control group,
the expression levels of YH2AX were significantly increased in
the PHF6 + NGR1 and siPHF6 + NGR1 groups; in particular,
vyH2AX was more abundant in the siPHF6 + NGRI1 group.
These findings indicated that the downregulation of PHF6 may
enhance NGR1-mediated induction of DNA damage. The same
findings were obtained from the immunofluorescence assays, as
the number of YH2AX foci was highest in the siPHF6 + NGR1
group. In addition, PHF6 knockdown enhanced NGR1-mediated
inhibition of cervical carcinoma cell viability. Altogether, the
current data indicated that NGR1 may induce DNA damage to
inhibit cell viability by downregulating PHF6.

In conclusion, the findings of the present study revealed that
NGRI1 was able to effectively inhibit the viability of cervical
carcinoma cells in a dose- and time-dependent manner, resulting
in apoptosis, the arrest of cells in the S phase, the upregulation
of cyclin A2 and CDK?2 expression levels, and downregulation
of cyclin DI expression levels. In addition, the data also indi-
cated that NGR1 induced DNA damage by downregulating the
nucleolus protein PHF6, which enhanced NGR1-induced DNA
damage and inhibited cervical carcinoma cell viability. The DNA
repair function can resist the anticancer effects of chemotherapy
drugs, leading to drug resistances50,51). Therefore, these findings
may provide a novel target and therapeutic strategy for cancer
therapies. NGR1 may have the potential to be applied in clinical
settings for the treatment of cervical carcinoma in the future.
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