
Biomedicine & Pharmacotherapy 82 (2016) 595–605
The effect of quercetin nanoparticle on cervical cancer progression by
inducing apoptosis, autophagy and anti-proliferation via JAK2
suppression

Cheng-lin Luoa, Yu-qiong Liub, Peng Wangc, Chun-hua Songc, Kai-juan Wangc,
Li-ping Daic, Jian-ying Zhangc,*, Hua Yec,*
aDepartment of Biological Sciences, University of Texas at El Paso, 500 West University Avenue, El Paso, TX 79968, USA
bDepartment of Pathology, The First Affiliated Hospital of Zhengzhou University, NO.1 JiansheDong Road, Zhengzhou, Henan 450052, PR China
cCollege of Public Health, Zhengzhou University, No.100 Kexue Avenue, Zhengzhou, Henan 450001, PR China

A R T I C L E I N F O

Article history:
Received 12 April 2016
Received in revised form 19 May 2016
Accepted 19 May 2016

Keywords:
Cervical cancer
JAK2
Quercetin nanoparticles
Cell death
Proliferation

A B S T R A C T

Cervical cancer is a cause of cancer death, making it as the one of the most common cause for death
among women globally. Though many studies before have explored a lot for cervical cancer prevention
and treatment, there are still a lot far from to know based on the molecular mechanisms. Janus kinase 2
(JAK2) has been reported to play an essential role in the progression of apoptosis, autophagy and
proliferation for cells. We loaded gold-quercetin into poly (DL-lactide-co-glycolide) nanoparticles to
cervical cancer cells due to the propertities of quercetin in ameliorating cellular processes and the easier
absorbance of nanoparticles. Here, in our study, quercetin nanoparticles (NQ) were administrated to cells
to investigate the underlying mechanism by which the cervical cancer was regulated. First,
JAK2-inhibited carvical cancer cell lines were involved for our experiments in vitro and in vivo.
Western blotting, quantitative RT-PCR (qRT-PCR), ELISA, Immunohistochemistry, and flow-cytometric
analysis were used to determine the key signaling pathway regulated by JAK2 for cervical cancer
progression. And the role of quercetin nanoparticles was determined during the process. Data here
indicated that JAK2, indeed, expressed highly in cancer cell lines compared to the normal cervical cells.
And apoptosis and autophagy were found in JAK2-inhibited cancer cells through activating Caspase-3,
and suppressing Cyclin-D1 and mTOR regulated by Signal Transducer and Activator of Transcription
(STAT) 3/5 and phosphatidylinositide 3-kinase/protein kinases (PI3K/AKT) signaling pathway. The
cervical cancer cells proliferation was inhibited. Further, tumor size and weight were reduced by
inhibition of JAK2 in vivo experiments. Notably, administration with quercetin nanoparticles displayed
similar role with JAK2 suppression, which could inhibit cervical cancer cells proliferation, invasion and
migration. In addition, autophogy and apoptosis were induced, promoting cervical cancer cell death. To
our knowledge, it was the first time to evaluate the role of quercetin nanoparticles in improving cervical
cancer from apoptosis, autophagy and proliferation, which could be a potential target for future
therapeutic approach clinically.
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1. Introduction

Cervical cancer is the fourth most common cancer in women,
and the seventh overall, with an estimated 528,000 new cases [1].
There were an estimated 266,000 mortalities from cervical cancer
worldwide, accounting for 7.5% of all female cancer mortalities [2].
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Around 87% of mortalities from cervical cancer occur in less
developed regions. Studies on the molecular mechanisms under-
lying tumor invasion and metastasis as well as the effective
therapeutic strategies are very important for ameliorating tumor
development [3].

Janus kinase 2, commonly called JAK2, is a non-receptor
tyrosine kinase. It is a member of the Janus kinase family and has
been implicated in many signaling pathways regulating apoptosis
and proliferation in cells [4]. The JAK kinases regulate members of
the signal transducers and activators of transcription (STAT) family
[5]. Signal transducers and activators of transcription 3 (STAT3) has
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been implicated as an oncogene and therapeutic target in a variety
of neoplastic diseases, which is associated with JAK2, playing
important role in modulating many cancer progression [6].
Activated STAT3 had been indicated to contribute to oncogenesis
directly through the up-regulation of genes encoding apoptosis
inhibitors and cell-cycle regulators, such as Bcl-xL and Cyclin-D1.
In addition, signal transducer and activator of transcription 5
(STAT5) regulates growth, differentiation, and survival of
mammary and hematopoietic cells, which is also vital for tumor
growth. On the other, JAK2 activation is linked with PI3K activity.
The PI3K/AKT signaling pathway is an important part of
intracellular signal transduction, cell proliferation, differentiation,
apoptosis and migration, which has been implicated in a variety of
tumor growth and metastasis. Glycogen synthase kinase (GSK) is
an essential protein downstream of Akt that is involved in the
pathological process of many tumors [7]. Also, the mammalian
target of rapamycin (mTOR) is a serine/threonine kinase that is
ubiquitously expressed in mammalian cells [8]. mTOR is activated
downstream of multiple distinct growth factor receptors that have
been implicated in lung cancer biology. Thus, these reports
highlight JAK2 as an essential target for overcoming cervical
cancer.

Quercetin (3,30,40,5,7-pentahydroxyflavone), an important
dietary flavonoid present in red onions, apples, berries, citrus
fruits, tea and red wine [9], exhibits antioxidant, anti-inflamma-
tory, anti-obesity and anticancer properties [10]. Quercetin has
received increasing attention as a pro-apoptotic flavonoid with
specific, and almost exclusive, effects on tumor cells. The size of
nanoparticles used in cancer treatment has been known to be
effevtive in preventing tumor growth [11]. Quercetin nanpparticles
(NQ) are ubiquitous in the environment and are widely used in
medical science. Moreover, their effectiveness in cancer treatment
has been reported [12]. Due to their unique physicochemical
properties, NQ can cross many barriers, such as the blood brain
barrier. And exposing cells to NQ can lead to negative effects, as NQ
can be toxic and induce cell death, particularly in cancer cells [13].
From previous study, nanoquercetin can significantly improve the
solubility and bioavailability of quercetin and can be used as an
effective antioxidant for ROS protection within the polar cyto-
plasm, and the nano-sized quercetin encapsulated by liposomes
enhanced the cellular uptake of human cancer cell MCF-7 [14].
Further, nanoquercetin displayed anti-tumor efficacies in hepato-
cellular carcinoma in vivo and in vitro [15]. Additionally, it also has
been reported to inhibit proliferation and cell cycle arrest in
Hepatocarcinoma Cells [16]. And nanoquercetin showed inhibitory
role in breast cancer progression via apoptosis induction [17].
Therefore, NQ might be useful for cancer therapy, and the ability to
induce cell death is advantageous for preventing and controlling
cancer proliferation and progression.

However, it was far from to know whether NQ could suppress
cervical cancer growth and further study is necessary to underly
the possible mechanism by which NQ performs its role in
inhibiting cervical cancer development, which might provide
effective therapeutic strategy for cervical cancer prevention.

2. Materials and methods

2.1. Cell treatment

Human cervical cancer cell lines, including Caski, Hela and Siha,
were obtained from American Type Culture Collection (ATCC,
Rockville). As for normal tissue cells from cervical intra epithelial
neoplasia (CIN), it was obtained as described as followings. Briefly,
Human cervical tissue sections were obtained and digested using
type I collagen (0.2% Gibco) in a gas bath thermostatic oscillator
(THZ-82B, Jintan Medical Instrument Factory, Jintan, China) at
37 �C and 200 r/min for 40 min in order to dissociate the cells. The
cells were seeded in 6-well flat-bottomed culture plastic plates
that were coated with rat tail collagen type I (Sigma-Aldrich, USA)
and contained modified keratinocyte serum-free medium (K-SFM)
supplemented with 5% fetal bovine serum, antibiotics (2.5 mg/ml
amphotericin B; 100 IU/ml penicillin; 100 mg/ml streptomycin) at
room temperature overnight in a CO2 incubator. The medium was
then replaced with K-SFM on days 5. The unattached cells were
recovered. Then all of the cells were grown and maintained in RPMI
1640 medium containing 10% FBS and 1% penicillin/streptomycin.
Further, Caski and Hela cells cells were pretreated with JAK2
inhibitor Cyt387 (JAK2-Inh) for 30 min or treated with low
concentration of 10 mg/ml (NQL) and high concentration of
20 mg/ml (NQH) quercetin nanoparticles for 48 h, prepared for
the following studies.

2.2. NQ preparation

High performance liquid chromatography (HPLC)-grade
quercetin was purchased (>98%, Sigma-Aldrich, USA) in an
anhydrous powdered form. Gold nanoparticles (AuNPs) were
synthesized by reducing 1 mM gold chloride with a prepared 1 mM
quercetin solution (3/7, v/v) in absolute alcohol freshly. The
pale-yellow solution turned to deep red as the quercetin nano-
particles were formed. 50 mg Poly (D,L-lactide-co-glycolide) (PLGA,
Mw 40,000–75,000, Sigma-Aldrich, USA) was added to an aqueous
dispersion of AuNPs. Next, we added this mixture drop wise to
20 ml of an aqueous solution with a stabilizer (1% polyoxyethylene-
polyoxypropylene; F68). The mixture was stirred at 400 rpm and
4 �C until the organic solvent had evaporated completely. The
redundant stabilizer was removed by repeated washing and
centrifugation (25,000g and 4 �C for 30 min), and the pellet was
then resuspended in Milli-Q water. The quercetin nanoparticles
were stored at 4 �C for further study.

2.3. Patients

A total of 50 cervical cancer patients from the first affiliated
hospital of Zhengzhou University were involved in the present
study, between January 2012 and July 2013. Cancer tissues and its
adjacent normal cervical tissues were obtained from patients with
cervical cancer undergoing surgery. Patients were excluded in our
current study if they had received preoperative chemotherapy and/
or radiation therapy previously. Peritumoral cervical tissues were
obtained from regions >3 cm from the tumor site. Immediately
following surgery, tissue samples were fixed in neutral-buffered
formalin and embedded in paraffin for following studies. Cervical
cancer diagnoses were confirmed via pathological studies and the
peritumoral cervical tissue samples were all confirmed to be
normal.

2.4. ELISA measurement

The tissue sample was obtained from patients. The concentra-
tion of JAK2 was measured using ELISA kits according to the
manufacturer’s instructions (R&D system, USA).

2.5. Colony formation assays

100 cells per well in 60 mm plates were cultured in 10% FBS
DMEM. Cells were treated with Bak of the indicated concentrations
for 24 h. After another 7 days of incubation, the cell colonies were
washed twice with PBS, fixed with 4% paraformaldehyde for 15 min
and then stained by Gimsa for 30 min. Every clones with over 50
cells were evaluated. Clone forming efficiency for cells was
calculated based on colonies/number of inoculated cells � 100%.
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2.6. Flow cytometry assays

Flow cytometric assay was used to clarify the cell cycle arrest
and cells of apoptosis. The cells were collected with trypsinisation
and then washed twice with PBS, and fixed in cold 80% ethanol, and
finally stored at 4 �C overnight. The cells were washed with PBS
twice and RNase A (10 mg/ml) was administrated for analysis.
Propidium iodide was then added to tubes at a concentration of
0.05 mg/ml and then incubated for 20 min at 4 �C in the dark. Cell
cycle assays were examined with FACSCalibur flow cytometer.
FITC-labeled Annexin V/PI staining was applied based on the
manufacturer’s instructions (Keygen, Nanjing, China). In brief,
1 �106 cells in each well were suspended with buffer containing
FITC-conjugated Annexin V/PI. Samples were then analyzed via
flow cytometry.

2.7. Western blot assays

Briefly, cells were washed with cold PBS and lysed in Laemmli
buffer for 5 min. Cell lysates were analyzed via SDS/PAGE and
transferred to polyvinylidene difluoride membrane electrophoret-
ically. The blots were dealt with specific antibodies with a
secondary detection. The proteins were finally revealed by ECL
kit. The primary antibodies were shown as follows (1:1000): JAK2,
p-JAK2, STAT3, p-STAT3, STAT5, p-STAT5, Bcl-2, Bax, Bad, Cyto-c,
Apaf-1, Caspase-3, AKT, p-AKT, PI3K, GSK, p-GSK, Cyclin-D1, mTOR,
p-mTOR, 4EBP, eIF4E, p70S6K, S6RP and GAPDH (Abcam and CST).

2.8. RT-qPCR assays

RNA isolated from cells was reversely transcribed and amplified
by ONE-STEP reverse transcription-PCR System (Fermentas).
Primer sequences applied in the study were indicated in Table 1.
Briefly, after heating 1 min at 95 �C, PCRs were exposed to 30 cycles
(GAPDH, 25 cycles) of 95 �C for 25 s, 58 �C for 25 s, and 72 �C for 20 s
with a final extension at 68 �C for 10 min. The integrated density
value of each band was determined by Gel-Pro Image Analyzer
(Bio-Rad, Hercules, Calif), and the ratios were calculated.

2.9. Immunofluorescence assays

After induction by conditioned culture medium, the cells were
fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton X-
100 in PBS containing 0.5% BSA (PBS-BSA) for 30 min. The cells
were subsequently incubated with ROS for 30 min, followed by
labeling with Alexa Fluor 488-conjugated rabbit anti-mouse or
goat anti-rabbit IgG antibody. The cells were viewed under a
fluorescentmicroscope.

2.10. Establishment of xenograft tumor models

The mouse experiments were conducted in the Animal
Laboratory Center. Caski cells (1 �107cells) treated with or without
Table 1
Primer sequences for RT-PCR analysis.

Gene Forward primers (50-30) Reverse primers (50-30)

Bax CTGTGATCTTTGCTTGTCGC GAGATGGTTTGGGGCAACTT
Bad GAGCGCTACTTGCATAAGAGGA GTATGAGTCACATCGTTCTGCC
Cyto-c ACCAGAAGAAGAGGTGCCT CGCGTCAGAGTTTGATTGTG
Apaf-1 CCTGTACGCTTCTGGCTGCGT GAGCAGCGTGAGTGGCATGG
Cyclin-D1 CACCTCCGCTGCCCTCATCA GACACAGCAGGCAGGCCAAG
4EBP AAGCGTCCTTCTTCAAGTGGAG ATCCTTTGCTCACGTCTTCTCG
eIF4E TCCGTCTCCTCGCGCATGCAT AAGCCATAGGCCATCTGCTCTGT
JAK2 CTAGAGCATCAGTGTGAGCGG GGCCTGTCTCTATGTGCAGGT
GAPDH CAAGTTCAACGGCACAGTCAAGG ACATACTCAGCACCAGCATCACC
Cyt387 and 10 mg/ml (NQL) and 20 mg/ml (NQH) NQ were
suspended in 100 ml serum free medium and injected subcutane-
ously into the left flank of 4- to 6-week old male BALB/c nu/nu nude
mice. Tumor size was measured with digital caliper and calculated
as V = LS2/2 (L is the longest diameter and S is the shortest
diameter). Tumor volume and animal weight were measured twice
every seven days and at the end of about 5 weeks after treatment,
mice were sacrificed. Tumors were excised, weighted, fixed in 10%
neutral formalin, and embedded in paraffin for histological
analysis.

2.11. Immunohistochemical assays

The xenograft tumors were performed for hematoxylin and
eosin staining. In brief, fresh tissues were fixed in paraffin. For the
immunohistochemistry, the fresh tumor tissues were fixed in
formalin for 48 h. Then the tissue block was put in paraffin and next
cut into the desired thickness with a microtome, and was then
fixed into a slide. After washing, the sections were prepared for
blocking and incubating with antibodies, including KI-67, p-STAT3,
Cyclin-D1 and Caspase-3, which were diluted 1:100 in 5% horse
serum with PBS at 4 �C overnight. Sections were then incubated
with diluted streptavidin-peroxidase HRP conjugates at room
temperature by a staining kit, based on the manufacturer’s
instructions. The sections were then stained with hematoxylin
for 3 min and mounted and analyzed under a phase-contrast
microscope.

2.12. Transmission electron microscope observation

In order to measure mitochondrial superoxide production, cells
were then loaded with 2.5 mM MitoSOX-Red for 20 min in the dark,
and washed with Hank’s balanced salt solution (HBSS) contained
with Ca2+ and Mg2+, and then further processed for flow cytometry
assays.

2.13. Apoptosis analysis by terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL)

Apoptosis assay of samples was determined by TUNEL used an
in situ Cell Death Detection Kit, Fluorescein (Roche Applied
Science, South San Francisco, CA, USA) according to the
manufacturer’s protocol. The number of TUNEL-positive cells
was counted under a fluorescence microscope. The percentages of
apoptotic cells were calculated from the ratio of apoptotic cells to
total cells counted. Tissue sections were counter-stained with
hematoxylin. Mount and observe sections under light microscopy.
The experiment was performed for independently three times.

2.14. Statistical analysis

All data were calculated as means � standard error of the mean
(�SEM) and analyzed by SPSS software (version 17.0, SPSS Inc,
Chicago, IL, USA). Groups were compared with Student’s t-test or
one-way analysis of variance (ANOVA), followed by Newman-Keuls
post-hoc analysis. A P value of <0.05 was considered statistically
significant.

3. Results

3.1. JAK2 was over-expressed in cervical cancer cell lines and was
associated with patient survival negatively

In order to analyze the effect of JAK2 on cervical cancer
progression, we assessed JAK2 expression in different cell lines.
Through western blot assays, we found that JAK2 was highly
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activated in cervical cancer cell lines compared to its expression in
normal cervical cells of CIN (Fig. 1A and B). And also, RT-qPCR
assays were used to explore JAK2 expression from mRNA levels. In
consistence with activated JAK2 expression, JAK2 mRNA levels
were expressed highly in cervical cancer cell lines (Fig. 1C). In
addition, 25 pairs of patients were further involved to measure
JAK2 levels and JAK2 expression was significantly higher in the
adjacent cervical tissues from the same patient (Fig. 1D). Next,
JAK2 protein levels were measured via ELISA kit assays. As it was
shown in Fig. 1E, JAK2 expressed highly in cervical cancer tissues
compared to the normal adjacent tissue samples. In Fig. 1F,
immunochemistry was performed to assess JAK2 expression and
JAK2 over-expressed in patient tumor tissues compared to the
normal adjacent tissues. In the end, we found that the JAK2
expression in the tumor tissues was negatively related to the
patients survival rate with P = 0.031 (Fig. 1G). Taken together,
theses results indicated that JAK2 over-expression might be
needed for cervical cancer tumorigenesis. Therefore, JAK2 high
expression was a potential target to be explored as a biomarker for
clinical treatment of cervical cancer.

3.2. The effects of JAK2 inhibition on cervical cancer cell migration,
invasion and proliferation

Due to the over-expression of JAK2 in cervical cancer based on
the data above, then the JAK2 inhibitor was used in cervical cancer
Fig.1. JAK2 was over-expressed in cervical cancer cell lines and was associated with patie
of JAK2 and p-JAK2 via western blot assays; (B) The evaluation of JAK2 protein expresse
different cervical cancer cell lines via RT-PCR; (D) Quantification of JAK2 expression in c
levels in serum of 15 pairs of normal persons and patients; (F) JAK2 positive cells in cervic
expression status with patient survival. Data were presented as mean � S.E.M. with thr
cell lines to further confirm the effect of JAK2. First, the colony
formation was decreased significantly in Caski and Hela cells with
lower JAK2 expression (Fig. 2A–C), suppressing proliferation of
cervical cancer cells. Compared to the control group, we found that
after the treatment of JAK2 inhibitor, the migrated cells were
reduced with great significance in both Caski and Hela cells
(Fig. 2D–F). Furthermore, suppression of JAK2 remarkably down-
regulated the number of cancer cells, suggesting autophagy could
be taken as a survival target to underly the potential molecular
mechanisms regulated by JAK2 possibly (Fig. 2G and H).

To indicate the mechanism suggesting the growth inhibition of
cervical cancer cells via JAK2 suppression, next we investigated cell
cycle profile via flow cytometry (Fig. 3A). We found that JAK2
inhibition led to G2/M arrest, which reached to the peak at 96 h in
both Caski (Fig. 3B) and Hela cells (Fig. 3C). Collectively, here we
suggested that inhibition of JAK2 might be a potential target for
suppressing proliferation, migration as well as inducing autophagy
to improve cervical cancer progression.

3.3. Quercetin nanoparticle inhibited cervical cancer cell proliferation,
migration and invasion

Quercetin has been known as an effective regent extracted from
natural palnts, displaying roles in many cellular processes,
including inflammation, oxidative stress, and apoptosis [18].
Nanoparticles of quercetin is more easier to be absored by cells
nt survival negatively. (A) Relative protein levels in different cervical cancer cell lines
d levels based on western blot assays; (C) Relative mRNA expression of JAK2 in in
ervical cancer tissues and adjacent cervical tissues of patients; (E) JAK2 expressed
al cancer tissues and normally adjacent cervical tissues; (G) The relationship of JAK2
ee independent experiments. ##P < 0.01 and ###P < 0.001.



Fig. 2. The effects of JAK2 inhibition on cervical cancer cell migration and invasion. The effect of JAK2-inhibition on colony formation of Caski (A,B) and (A,C) Hela cells
respectively; Transwell assay was performed to analyze the migrating cells by examining the number of (D,E) Caski cells and (D,F) Hela cells from the upper chamber to the
lower membrane; (G) and (H) were cell proliferation assays of Caski and Hela cells, respectively. Data were presented as mean � S.E.M. with three independent experiments.
##P < 0.01 and ###P < 0.001 versus the control group.

Fig. 3. The effects of JAK2 inhibition on cervical cancer cell proliferation. (A) JAK2-inhibition induced G2/M cell cycle arrest in Caski and Hela cells respectively via assays of PI
staining and FASC; (B) and (C) The calculation of G2/M cell cycle arrest based on flow cytometry assays of Caski and Hela cells, respectively. Data were presented as mean � S.E.
M. with three independent experiments. ##P < 0.01 and ###P < 0.001 versus the control group.
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or tissues [19]. In this part, cervical cancer cell of Caski was
conducted to continue our study. Here, in Fig. 4A, we found that
apparent double-membrane autophagosome, vacuoles with
engulfed bulk cytoplasm as well as cytoplasmic organelles in
JAK-Inh group and NQL as well as NQH groups, but not observed in
the normal cervical cancer cells, which were hallmark of
autophagy. Also, the colony formation was conducted to investi-
gate whether quercetin nanoparticle has any effects on cervical



Fig. 4. Quercetin nanoparticle inhibited cervical cancer cell proliferation, migration and invasion. (A) Images of autophagosome formation in cervical cancer cell lines by
transmission electron microscopy (TEM); (B) The effect of quercetin nanoparticle on colony formation of Caski cancer cells; (C) Transwell assay was performed to analyze the
migrating Caski cancer cells; (D) The evaluation of colony formation; (E) The percentage of migrated Caski cancer cells was calculated; (F) Cell cycle analysis of quercetin
nanoparticle-trteated Caski cancer cells; (G) The histogram of quercetin nanoparticle and JAK2-inhibition increased G0/G1-phase population compared with the control
group in Caski cells. (H) and (I) were p-JAK2 protein expressed levels via western blot analysis in Caski and Hela cells respectively. Data were presented as mean � S.E.M. with
three independent experiments. ##P < 0.01 and ###P < 0.001 versus the control group.
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cancer cell proliferation. As shown in Fig. B and D, the colony
formation was higher in the control group compared to that in the
JAK2-Inh and NQL and NQH group, suggesting that treatment with
quercetin nanoparticle could suppress cervical cancer cell prolif-
eration in both two concentrations. In addition, the migrated cells
were evaluated. From Fig. 4C and E, JAK2 inhibition could reduce
the number of migrated cervical cancer cells, which was consistent
with previous results. And notably, after administration with
quercetin nanoparticle, the migrated Caski cells were also down-
regulated in comparison to the control group in a dose-dependent
manner. Next, in order to clarify the underlying mechanisms by
which quercetin nanoparticle in inhibiting cervical cancer, the cell
cycle distribution of cancer cells was determined, indicating that
quercetin nanoparticle resulted in up-regulation of cells in G0/G1
phase during cell cycle, and at the same time lower cells in S phase
was observed in cells with lower JAK2 expression and in cells
treated with quercetin nanoparticle in both two concentrations
(Fig. 4F and G), which elucidated that knockout of JAK2 led to cell
cycle arrest during G0/G1 phrase. And in this part, finally we
determined the effects of quercetin nanoparticle on JAK2 expres-
sion. As shown in Fig. 4H and I, JAK2 activation was down-
regulated significantly due to quercetin nanoparticle
administration in both two cervical cancer cell lines. The results
above indicated that quercetin nanoparticle could inhibit cervical
cancer cell proliferation and migration, which might be related
with its role in JAK2 suppression.

3.4. The effects of quercetin nanoparticle on apoptosis, autophagy and
proliferation in cervical cancer cells

In this regard, on the one, we determined how induction of
apoptosis by quercetin nanoparticle to ameliorate cervical cancer
progression and whether it was associated with JAK2 activation.
Flow cytometry was used here to show that quercetin nanoparticle
could significantly increase the percentage of apoptotic cancer
cells compared with the control group both in the two concen-
trations (Fig. 5A and B). And the results of 20 mM quercetin
nanoparticle displayed similar inhibited effects with JAK2-inhibi-
tion. Further, the higher TUNEL positive cells were observed in
JAK2-inh group. And also, treatment with quercetin nanoparticle
stimulated the TUNEL positive cells, suggesting apoptosis occur-
rence in tumor cells with quercetin nanoparticle administration,
which was likely to be linked with lower JAK2 expressions (Fig. 5C
and D). Moreover, our results suggested that quercetin



Fig. 5. Quercetin nanoparticle inhibited cervical cancer progression via apoptosis induction. (A) Annexin V-FITC/PI was used to determine the Caski cancer cells apoptosis via
flow cytometry; (B) The histogram of aoptotic cells based on flow cytometry assay; (C) TUNEL positive cells were measured by immunofluorescence in Caski cancer cells; (D)
The histogram of TUNEL positive cells based on immunofluorescence assay; (E) Caspase-3 activation was analyzed via caspGLOW fluorescein active Caspase-3 staining kit by
FACS assays; (F) The evaluation of Caski cells expressed Caspase-3 in different groups. Data were presented as mean � S.E.M. with three independent experiments. ##P < 0.01
and ###P < 0.001 versus the control group.
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nanoparticle enhanced Caspase-3 activation significantly com-
pared with the control group by FACS analysis (Fig. 5E and F).
Together, the data above suggested that quercetin nanoparticle
could inhibit cervical cancer progression via apoptosis induction.

Next, the possible molecular mechanism by which quercetin
nanoparticle suppressed cervical cancer growth was investigated.
Here, immunoinfluorecence assay was conducted to determine
Caspase-3 activity. As shown in Fig. 6A and B, Caspase-3 expressed
highly in JAK2-Inh, NQL and NQH groups in comparison to the
normal control group, suggesting that apoptosis could be induced
by quercetin nanoparticle via JAK2 suppression. Next, we
investigated the molecular mechanism by which quercetin
nanoparticle via inhibiting JAK2 expression could be effective in
cervical cancer suppression. As shown in Fig. 6C, STAT5 activation
was determined by western blot. JAK2 inhibition and quercetin
nanoparticle inactivated STAT5 obviously. Previous studies have
suggested that STAT5 could alter anti-apoptotic gene Bcl-2
expression, affecting apoptosis in cells. And accordingly, Bax and
Bad, as pro-apoptotic genes, are altered based on Bcl-2 expressed
levels. Subsequently, Cyto-c and Apaf-1 are changed, leading to
Caspase-3 activity. In Fig. 6C, we found down-regulation of STAT5
by JAK2-inhibition and quercetin nanoparticle administration,
inactivating Bcl-2 expression. Inhibited Bcl-2 activity enhanced
Bax, Bad, Cyto-c and Apaf-1 activation. Finally, cleaved Caspase-3
was stimulated, resulting in apoptosis in cervical cancer cells. In
addition, JAK2 alteration affects PI3K/AKT signaling pathway,
which will influence autophagy and proliferation in the end by
Cyclin-D1. As shown in Fig. 6D, we found that PI3K was reduced for
JAK2 inhibition and quercetin nanoparticle treatment. Thus, AKT
was inactivated, leading to phosphorylated GSK high expression
and down-regulation of Cyclin-D1, which slowed down prolifera-
tion of cervical cancer cells.

As it was shown in Fig. 6E, AKT-regulated mTOR signaling
pathway was determined by western blot, and we found that
mTOR activation was down-regulated for high expression of TSC.
With the down-regulation mTOR activation, enhancement of 4EBP
was observed in JAK2 inhibitor-, NQL- and NQH-treated cervical
cancer cells, which then reduced eIF4E activation, attributing to
proliferation inhibition. In addition, p70S6K and S6RP, as impor-
tant factors leading to proliferation in cells, were also reduced
significantly in JAK2 suppression and quercetin nanoparticle-
treated Caski cancer cells compared to the control group (Fig. 6E).
The results above significantly suggested that quercetin nanopar-
ticle could inhibit cervical cancer progression via suppression of
JAK2-regulated apoptotic signaling pathway, which could be a
potential therapeutic strategy inhibiting the cervical cancer
development.

3.5. Quercetin nanoparticle suppressed tumor xenograft growth and
development in vivo experiments

In this part, the human cervical cancer Caski tumor xenograft
models were performed to demonstrate the effects of quercetin
nanoparticle on inhibiting tumor growth. Compared to the control
group, quercetin nanoparticle in two concentrations significantly
inhibited tumor growth and size for five weeks, and also in the
JAK2-Inh group, similar result was observed (Fig. 7A and B).
Further, the tumor weight was also estimated. Decreased tumor
weight was observed for the JAK2 inhibition and quercetin
nanoparticle treatment in the end of the experiments in vivo



Fig. 6. The effects of quercetin nanoparticle on apoptosis, autophagy and proliferation in cervical cancer cells. (A) Caspase-3 positive cells were measured via
immunofluorescence in cervical cancer cells treated by JAK2-inhibition and different concentrations of quercetin nanoparticle; (B) The histogram of Caspase-3 levels in Caski
cells; (C) Western blot assays of quercetin nanoparticle induced apoptosis through STAT5/Bcl-2-induced Caspase-3 activation; (D) Western blot assays of quercetin
nanoparticle induced autophagy via PI3 K/AKT-related signaling pathway; (E) The protein levels of mTOR-related signaling pathway affecting cell proliferation. Data were
presented as mean � S.E.M. with three independent experiments. ##P < 0.01 versus the control group.
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(Fig. 7C). In addition, we specially determined the KI-67, Cyclin-D1,
p-STAT3 and Caspase-3 expression via immunohistochemistry.
Interestingly, we found that higher numbers of KI-67, Cyclin-D1,
and p-STAT3-positive cells in tumor samples (Fig. 7D–G), which
were in consistent with the former results in vitro experiments. In
addition, Caspase-3 was assessed, and it was stimulated with high
number by JAK2 inhibition and quercetin nanoparticle stimulation
(Fig. 7D and H) with significant difference in comparison to the
control group, resulting in apoptosis to block cervical cancer
growth. Collectively, the results above further confirmed our
supposing that quercetin nanoparticle could, at least partly,
suppress cervical cancer progression through apoptosis- and
proliferation-related signaling pathway through JAK2 inhibition.

3.6. Quercetin nanoparticle inhibited cervical cancer growth via
inducing activation of apoptosis- and inhibiting proliferation-related
signaling pathway

To examine whether quercetin nanoparticle could block tumor
growth through apoptosis and autophagy, western blot analysis
was performed and we found that, in accordance with experiments
in vivo, we found lower expressed levels of p-STAT5, Bcl-2, and
higher cleaved-Caspase-3 expressions for JAK2 suppression and
quercetin nanoparticle administration (Fig. 8A). Also, PI3K/AKT-
regulated GSK and mTOR signaling pathway were also found to be
up-regulated in the control group notably (Fig. 8B). However,
inhibiting JAK2 activity or administrated with quercetin nanopar-
ticle could reverse this abnormal expression of GSK and mTOR.
Additionally, many other genes, attributing to apoptosis and
inhibition of proliferation, including Bax, Bad, Cyto-c, Apaf-1,
Cyclin-D1, 4EBP, eIF4E, p70S6K and S6RP were measured via RT-
PCR in different groups of JAK2-Inh, NQL and NQH (Fig. 8C). The
results showed that JAK2 inhibition and quercetin nanoparticle
treatment could stimulate apoptosis-related genes expression,
such as Bax, Bad, Cyto-c and Apaf-1. Contrastly, Cyclin-D1, 4EBP,
eIF4E, p70S6K and S6RP, which are genes promoting cell
proliferation, were found to be inhibited by JAK2 suppression
and quercetin nanoparticle administration. Further, autophagy
was determined by transmission electron microscopy. It was
notable that the cell morphology was damaged highly in JAK2-Inh,
NQL and NQH groups, inhibiting proliferation of cervical cancer
cells (Fig. 8D). In the part, LC3 was measured finally, which was a
marker of autophagy, and it was expressed significantly after JAK2
inhibition and quercetin nanoparticle treatment in cervical cancer
tissues (Fig. 8E). Thus, here our results suggested the potential role
of JAK2 in promoting cervical tumor growth. And quercetin
nanoparticle might be an effective therapeutic strategy in clinical
treatment of cervical cancer via suppressing JAK2 activation.

4. Discussion

Cervical cancer is the second most common malignant tumor in
female in the world. With the improvement in diagnostic
technology and medical treatment, the outcome of patients with
cervical cancer has been significantly improved [1,20]. However,
more strategies are needed to be explored to ameliorate cervical
cancer across the world. Dietary flavonoid quercetin is known to
promote optimal health, partly via its anti-oxidation effect against
reactive oxygen species, and anti-inflammatory response in tissue
injury [21]. In addition, it could improve cell or tissue activity via



Fig. 7. Quercetin nanoparticle suppressed tumor xenograft growth and development in vivo experiments. (A) Nude mice were injected with Caski cells treated with or
without JAK2-inhibition and quercetin nanoparticle. Tumor size was photographed at day 35; (B) Tumor volume was measured twice per week; (C) Tumor weight was
measured in the end of the experiments. The mice were sacrificed finally to demonstrate the effects of quercetin nanoparticle on tumor inhibition. (D) The number of KI-67,
Cyclin-D1, p-STAT3 and Caspase-3 positive cells was assessed via immunochemistry; The evaluation of (E) KI-67, (F) Cyclin-D1, (G) p-STAT3 and (H) Caspase-3 positive cells
based on the immunochemical assays. Data were presented as mean � S.E.M. with three independent experiments. ##P < 0.01 and ###P < 0.001 versus the control group.
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apoptotic regulation. And quercetin has received increasing
attention as a pro-apoptotic flavonoid with specific, and almost
exclusive, effects on tumor cells [22]. Due to the potential effects of
quercetin on suppressing cancer progression, it was involved here
to illustrate the possible mechanism by which cervical cancer was
inhibited. Further, studies before have suggested that nano-
particulate drug delivery systems have been known to better
the bioavailability of drugs on intranasal administration compared
with only drug solutions [23]. In addition, quercetin nanoparticle
has been investigated, which was desirable in systematic use,
including targeting tumors as well as inflammatory sites [24].
However, to our knowledge, it was the first time quercetin
nanoparticle was used in inhibiting cervical cancer progression.

In our study, first we found that JAK2 inhibition could be
effective in suppressing cervical cancer progression, which could
be a potential target for cervical cancer treatment. Also, previous
studies have suggested that JAK2 regulates many signaling
pathways that modulate cell apoptosis, autophagy and prolifera-
tion [25,26]. And studies before suggested that JAK2 expressed
highly in many tumors, and inhibiting JAK2 signaling pathway
could suppress lung cancer cells and bladder tumor growth,
indicating its role in cancer progression [27]. And our data also
indicated that quercetin nanoparticle could significantly suppress
cervical cancer development from inhibiting JAK2 activation. As
shown in our results, quercetin nanoparticle ameliorated cervical
cancer growth via inhibition of cancer cells invasion, migration and
proliferation, which was similar to the results of JAK2 inhibition.

JAK2 has been well known to activate STATs, inducing
inflammation, proliferation and invasion as well as migration in
cells [28]. Constitutive activation of STAT3, resulting in an
unregulated increase in cell proliferation and reduction in cell
apoptosis, is strongly correlated with the development of
numerous types of cancer [29,30]. Therefore, inhibiting cell
proliferation and promoting apoptosis by the suppression of
STAT3 activation has been a major focus in the development of
anticancer drugs. In our study, we found that JAK2 knockout
inactivate STAT3 and STAT5 activity. Subsequently, anti-apoptotic
gene Bcl-2 was down-regulated significantly. In the end,
pro-apoptotic gene Bax and Bad were promoted, contributing to
Cyto-c and Apaf-1 activity, which led to Caspase-3 up-regulation.
Caspase-3 is a hallmarker for induction of apoptosis [31]. Western
blot and immunofluorescence assays suggested that Caspase-3



Fig. 8. Quercetin nanoparticle inhibited cervical cancer growth via inducing activation of apoptosis- and inhibiting proliferation-related signaling pathway. (A) Western blot
assays of apoptosis signaling pathway; (B) Western blot analysis on cell proliferation; (C) RT-qPCR analysis of apoptosis- and autophagy-associated signals in tumor tissues
injected with Caski cancer cells with or without JAK2-inhibition and quercetin nanoparticle treatment; (D) Images of autophagosome formation in tumor tissues by
transmission electron microscopy (TEM) in different groups; (E) Autophagy marker of LM3 expressed highly in tumor tissues with JAK2 inhibition and quercetin nanoparticle
administration compared to the control group. Data were presented as mean � S.E.M. with three independent experiments. #P < 0.05, ##P < 0.01 and ###P < 0.001 versus the
control group.
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was stimulated in our study due to JAK2 inhibition and notably,
quercetin nanoparticle displayed similar role in stimulating
Caspase-3, which might be related to its effects on JAK2
suppression. And the data here was consistent with previous
studies, further confirming that quercetin nanoparticle might
performed its role in controlling tumor growth by apoptotic
induction via STATs-regulated Bcl-2 signaling pathway regulated
by JAK2. Further, quercetin nanoparticle promoted cell cycle arrest
in G0/G1 phase, suppressed tumor development and growth, and
induced apoptosis, supporting the importance of quercetin
nanoparticle in impeding cervical cancer.

Moreover, we found that quercetin nanoparticle could reduce
PI3K activation, which was a key cause resulting in AKT inactivity.
Thus, with the down-regulation of PI3K levels, AKT was also
reduced. The AKT pathway regulates diverse cellular processes,
including cell proliferation, differentiation, apoptosis and tumori-
genesis [32,33]. Activated AKT inhibits GSK activity, triggering
Cyclin-D1 expression, which plays a crucial role in cell proliferation
in a variety of cancer cells, such as breast cancer and ovarian cancer
cells [34–36]. In accordance with our supposing, the data here
indicated suppressed Cyclin-D1 activation, and then the liver
cancer cell proliferation was inhibited, which illustrated that
quercetin nanoparticle was able to block liver cancer progression
via limiting cell proliferation. The mammalian target of rapamycin
(mTOR) is a serine/threonine kinase that is ubiquitously expressed
in mammalian cells. mTOR has been well known to be associated
with tumor development in many cancers [37,38]. And AKT/mTOR
signaling pathway was involved in a variety of tumor types [39].
Similarly, our study suggested that mTOR was down-regulated for
quercetin nanoparticle. Notably, decreased mTOR activation
enhanced 4EBP and then eIF4E was found to be reduced via
western blot and RT-PCR assays, which were a main reason for cell
autophagy induction. And also, mTOR could directly promote
proliferation of liver cancer cells via p70S6K and S6RP stimulation.
JAK2 knockout inactivated mTOR activity, and accordingly reduced
p70S6K and S6RP expression, leading to proliferation inhibition of
liver cancer cells. Similarly, autophagy in liver cancer cells was also
determined in our study. In addition, LC3 was reported to be an
essential marker for autophagy [40,41]. Here, in our study, we
found that LC3 was enhanced in JAK2-inhibition and quercetin
nanoparticle-treated cells via immunochemistry, demonstrating
that quercetin nanoparticle could induce autophagy in cervical
cancer. The results above suggested that quercetin nanoparticle
might be an essential strategy to improve cervical cancer
progression through induction of apoptosis, autophagy and
inhibiting cervical cancer cell proliferation via inhibition of JAK2
activation.

Collectively, JAK2 over-expressed in cervical cancer cell lines.
And inactivated JAK2 expression by quercetin nanoparticle was
found to prevent cervical cancer progression by apoptotic
induction, autophagy and inhibiting proliferation of cervical
cancer cells. The results here indicated that quercetin nanoparticle
could suppress cervical cancer progression by STATs-regulated Bcl-
2/Caspase-3 signaling pathway and PI3K/AKT-related GSK and
mTOR pathways, thus leading to apoptosis, autophagy and
proliferation inhibition of cancer cells, which was associated with
JAK2 activation. Our results supplied new knowledge of cervical
cancer treatment and provide potential therapeutic opportunities
for cervical cancer inhibition.
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