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Radioresistant cervical cancer is likely to give rise to local recur-
rence, distant metastatic relapse, and decreased survival rates.
Recent studies revealed microRNA mediated regulation of tu-
mor aggressiveness and metastasis; however, whether specific
microRNAs regulate tumor radioresistance and can be ex-
ploited as radiosensitizing agents remains unclear. Here, we
find that miR-29b could promote radiosensitivity in radiore-
sistant subpopulations of cervical cancer cells. Notably, thera-
peutic delivery of miR-29bmimics via R11-SSPEI nanoparticle,
whose specificity has been proved by our previous studies, can
sensitize the tumor to radiation in a xenograft model. Mecha-
nistically, we reveal a novel function of miR-29b in regulating
intracellular reactive oxygen species signaling and explore a po-
tential application for its use in combination with therapies
known to increase oxidative stress such as radiation. Moreover,
miR-29b inhibits DNA damage repair by targeting phosphate
and tension homology deleted on chromsome ten (PTEN),
and overexpression of PTEN could partially rescue miR-29b-
mediated homologous recombination (HR)-DNA damage
repair and increase radiosensitivity. These findings identify
miR-29b as a radiosensitizing microRNA and reveal a new
therapeutic strategy for radioresistant tumors.
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INTRODUCTION
Radioresistance is one of the primary factors that limit the effective-
ness of current therapies for cervical cancer. Strategies for overcoming
this resistance should readily translate into improved outcomes.1–3

Combining chemotherapy with radiation improves outcomes but
often increases toxicity. To overcome this problem, it is necessary
to develop new strategies for overcoming this resistance.

A growing number of studies have demonstrated that therapeutic de-
livery of synthetic microRNAs could mimic endogenous tumor sup-
pressor microRNAs and are a promising approach for treating
cancer.4–6 microRNAs are small, noncoding RNAs of�22 nt in length
that target multiple cellular processes and act as negative regulators
of gene expression. There is mounting evidence suggesting that
microRNAs such as let-7, miR-181a, and others are involved in radio-
resistance of tumors.7–10 However, the role of microRNAs on cervical
cancer radiotherapy is poorly understood. Therefore, the goal of this
work is to assess the potential applicability of microRNA delivery, in
combination with radiation therapy, to treat cervical cancer.
Our focus has been on miR-29b, which suppresses proliferation,
migration, and invasion in several cancer cells.11–14 It has been re-
ported thatmiR-29b could be a key regulator of the phosphate and ten-
sion homology deleted on chromsome ten (PTEN)-serine-threonine
protein kinase (AKT) pathway, which contributes to tumorigenesis
and tumor metastasis.15,16 In addition, it is becoming increasingly
clear that PTENhas novel nuclear functions, including transcriptional
regulation of the RAD51 gene, whose product is essential for homol-
ogous recombination (HR) repair of DNA breaks.17,18 Restoration of
miR-29b expression inhibits cell growth and invasion in several types
of tumors.19 Nonetheless, the potential benefit of systemically deliv-
ered miR-29b in combination with radiation remains unclear.

It is well-known that radiation-induced cell death is related to reactive
oxygen species (ROS). We postulated that miR-29b could potentiate
the therapeutic effects of radiation through generation of ROS signals.
In this study, we show thatmiR-29b is downregulated in radioresistant
subpopulations of cervical cancer cells derived from ionizing radiation
(IR). We further show that miR-29b overexpression increased cellular
radiosensitivity by directly regulating and inhibiting DNA double-
strand break (DSB) repair and decreasing PTEN/phosphatidylinositol
3-kinase (PI3K)-AKT activity. We also demonstrated the therapeutic
potential of systemic delivery of miR-29b, using cancer-specific poly-
arginine-disulfide-linked polyetherimide (PEI) nanocarrier-encapsu-
lated miR-29b mimic (R11-SSPEI/miR-29b), to enhance radiosensi-
tivity in cervical cancer by using a xenograft mouse model of cancer.
miR-29b inhibits DNA damage repair, increases the levels of ROS,
and radiosensitizes tumor cells by targeting PTEN. Collectively, these
results suggest thatmiR-29b delivery combinedwith radiation therapy
may represent a new therapeutic approach for cervical cancer.

RESULTS
miR-29b Promotes Radiosensitivity and Is Downregulated in

Radioresistant Tumor Cells

To identify the radiosensitivity effect ofmiR-29b in cervical cancer, we
first assessed the expression level of miR-29b in cervical cancer cells.
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Figure 1. miR-29b Increases Radiosensitivity and Is Downregulated in Radioresistant Cervical Cancer Cells

(A) qPCR of miR-29b of normal cervical cell line (HCvEpc) and cervical cancer cell lines (Siha, Me 180, HeLa, C-33A, Caski). n = 3 samples per group. (B) qPCR of miR-

29b of normal cervical tissue and cervical cancer tissues. n = 8 samples per group. (C) Clonogenic survival assays of normal cervical cell line and cervical cancer cell lines.

n = 3 samples per group. (D) qPCR of miR-29b of HeLa-R cells relative to HeLa-P0 cells. n = 3 samples per group. (E) Clonogenic survival assays of HeLa-R cells

transduced with miR-29. n = 3 wells per group. (F) Clonogenic survival assays of HeLa-P0 cells transfected with the miR-29 inhibitor. n = 3 wells per group. (G) qPCR of

miR-29b of Siha-R cells relative to Siha-P0 cells. n = 3 samples per group. (H) Clonogenic survival assays of Siha-R cells transduced with miR-29. n = 3 wells per group.

(I) Clonogenic survival assays of Siha-P0 cells transfected with the miR-29 inhibitor. n = 3 wells per group. Data are the mean of biological replicates from a representative

experiment, and error bars indicate SEM. Statistical significance was determined by a two-tailed, unpaired Student’s t test. The experiments were repeated three times.

**p < 0.035; ***p < 0.01.

Molecular Therapy
As shown in Figure 1, cervical cancer exhibited much lower levels of
miR-29b in both cell lines and tumor tissues (Figures 1A and 1B),
but higher clonogenic survival ability after irradiation (Figure 1C).

Moreover, to clarify how miR-29b affects radiosensitivity in cervical
cancer, we established a radioresistant model. As shown in Figure S1,
we used g-IR to select the radioresistant subpopulation (designated as
HeLa/Siha-R cells) from the parental HeLa/Siha-P0 human cervical
1184 Molecular Therapy Vol. 27 No 6 June 2019
cancer cell line. In this model, miR-29b was dramatically downregu-
lated in HeLa-R cells compared with the parental HeLa-P0 cells (Fig-
ure 1D). Next, we performed gain-of-function and loss-of-function
assays of miR-29b in cervical cancer cells. As shown in Figure 1E,
transfection of HeLa-R cells with miR-29b mimic could sensitize
these cells to radiation. Conversely, downexpression of miR-29b in
HeLa-P0 cells conferred radioresistance on these cells (Figure 1F).
Similar effects were also observed in Siha cervical cancer cells (Figures



(legend on next page)
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1G–1I). Thus, the observed effect of miR-29b is not limited to the
HeLa cell line.

Intracellular Delivery of miR-29b Enhances Radiosensitivity in

Radioresistant Cervical Cancer Cells and Is Associated with

Compromised DSB Repair

Our previous data had already shown that R11-SSPEI could deliver
microRNA to prostate cancer cells. In this study, we first verify
whether the R11-SSPEI-mediated miR-29b has the same intracellular
uptake pattern in cervical cancer as our previous study in prostate
cancer. As shown in Figure 2A, FAM-labeled miR-29b encapsulated
with R11-SSPEI was added to cells. Confocal microscope images dis-
played that the fluorescence spot of FAM-miR-29b was detected at 1 h
in the cytoplasmic area, indicating efficient delivery of miR-29bmedi-
ated by R11-SSPEI, inside the cervical cancer cells. Confocal micro-
scopy images show that internalization of FAM-labeled miR-29b
was found in the cytoplasmic area of HeLa-R cells at 1 h (arrow,
red spot). The cytoplasmic regions of HeLa-R cells were stained
with the CM-DiI fluorescence tracker (green). Next, to more precisely
elucidate the cellular internalization of the targeting nanovectors, we
used flow cytometry to quantify the cell uptake efficiency (Figure 2B).
The percentages of the HeLa-R cells treated with FAM-miR-29b,
SSPEI/FAM-miR-29b, and R11-SSPEI/FAM-miR-29b were 6.1%,
5.3%, and 88.9%, respectively. We also evaluated the uptake efficiency
of the nanoparticles in Siha cells by confocal image and flow cytomet-
ric analysis (data not shown). The above results indicate that R11-
SSPEI nanocarrier could enhance the intracellular uptake in cervical
cancer cells.

We then assessed whether R11-SSPEI/miR-29b increases the radio-
sensitivity of HeLa-R to IR. The viability of cells was determined using
clonogenic assay after different treatments. We found that HeLa-R
cells weremore susceptible to combined treatment than IR alone (Fig-
ure 2C), and R11-SSPEI/miR-29b significantly enhanced the effects of
IR on HeLa-R cells, but not R11-SSPEI/Scr.

We further investigated whether R11-SSPEI/miR-29b induces cell
death in HeLa-R cells. After treatment with different nanoparticles
or IR+nanoparticle combination, cells were incubated for 48 h, and
cell-cycle analysis was performed by flow cytometry. As shown in Fig-
ure 2D, the proportion of sub-G1 cells treated with nanoparticle alone
was similar to that in the control nanoparticle group, and IR treat-
Figure 2. Intracellular Delivery of miR-29b Enhances Radiosensitivity in Radior

Repair

(A) Confocal microscopy images show the internalization of FAM-labeledmiR-29b (arrow

(green). (B) FACS analysis showing the uptake of fluoresceinated miR-29b, SSPEI, and

HeLa-R cells treated with IR (0–10 Gy) alone, or R11-SSPEI/Scr (10 nM), R11-SSPEI/miR

Scr, R11-SSPEI/miR-29b (10 nM) alone, IR (2 Gy) alone, and a combination of nanop

intensity bars (right panel). (E) Flow cytometry of HeLa-R cells exposed to R11-SSPEI/Sc

IR treatment. The percentage of cells in G2/M was calculated and plotted as intensity b

R11-SSPEI/Scr, R11-SSPEI/miR-29b (10 nM) and IR (2 Gy) for the indicated time and im

levels of phosphorylated proteins (g-H2AX, ATM, and CHK2) in cells treated with R11

radiation for 24 h are shown. Actin expression is used as the loading control. The asteris

0.035; ***p < 0.01.
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ment did not increase the proportion of sub-G1 cells in HeLa-R cells.
However, a combination of R11-SSPEI/miR26b and IR synergistically
increased the sub-G1 population in HeLa-R cells after 48 h. These re-
sults indicate that R11-SSPEI/miR-29b can effectively increase IR-
induced apoptosis in HeLa-R cells.

In addition, to evaluate the effect of miR-29b on cell-cycle arrest in
radioresistant HeLa-R cells, we treated cells with different treatments
combined with IR. Cells were then harvested at various time points
and subjected to cell-cycle analysis. Our data showed that when
treated with IR, as well as IR+R11-SSPEI/Scr, the number of HeLa-
R cells arrested in G2/M phase gradually increased from 0 to 24 h
(Figure 2E). In contrast, a combination treatment with R11-SSPEI/
miR26b and IR led to a synergistic G2/M cell-cycle arrest observed
at 24 h. These results suggest that miR-29b-induced cell death in ra-
dioresistant HeLa-R cells may be mediated through G2/M cell-cycle
arrest.

It is well-known that the recruitment of phospho-g-H2AX and
53BP1 at the damage sites often indicates an early step in response
to DSB. We therefore examined the effect of miR-29b on radia-
tion-induced DNA DSBs and the kinetics of DNA repair. HeLa-R
cells were treated with R11-SSPEI/Scr or R11-SSPEI/miR-29b
(10 nM) for varying amounts of time and subjected to immunofluo-
rescence staining for phospho-g-H2AX (green) and 53BP1 (red) foci.
As shown in Figure 2F, the co-localization of g-H2AX and 53BP1
foci significantly increased in HeLa-R cells upon exposure to
IR+R11-SSPEI/miR-29b for 2 h compared with the IR+R11-SSPEI/
Scr group. However, the remaining foci were almost abolished in
HeLa-R cells treated with IR at 24 h. Nevertheless, in cells treated
with IR+R11-SSPEI/miR-29b, the high level of foci formation re-
mained observable in HeLa-R cells at 24 h, and we repeat it in
Siha cells (Figure S2). In agreement with our previous results,
IR+R11-SSPEI/miR-29b increased foci formation in Siha cell lines
compared with cells stably transfected with a control vector at 8
and 24 h, but there was not a significant difference at 2 h. We sub-
sequently profiled the status of the key molecules associated with
DNA DSB, and the results indicate that the expression of phosphor-
ylated g-H2AX, CHK2, and ATM increased in cells treated with a
combination of R11-SSPEI/miR-29b with IR compared with control
(Figure 2G). These results indicate that R11-SSPEI/miR-29b en-
hances IR-induced DSB in HeLa-R cells.
esistant Cervical Cancer Cells and Is Associated with Compromised DSB

, red spot) and the cytoplasmic regions stained with the CM-DiI fluorescence tracker

R11-SSPEI after 1-h incubation of HeLa-R cells. (C) Clonogenic survival assays of

-29b combined with IR. (D) Flow cytometry of HeLa-R cells treated with R11-SSPEI/

article and IR. The percentages of cells in sub-G1 were calculated and plotted as

r, R11-SSPEI/miR-29b (10 nM) alone, IR (2 Gy) alone, or nanoparticle for 1 h prior to

ars (right panel). (F) Confocal images of HeLa-R cells treated with a combination of

munostained for phospho-g-H2AX (green) and 53BP1 (red) foci. (G) The expression

-SSPEI/Scr, R11-SSPEI/miR-29b, irradiation (IR), and nanoparticle combined with

k (*) indicates statistical significance (p < 0.05) determined by Student’s t test. **p <
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miR-29b Overexpression Augments Intracellular ROS Levels

and Activated p38 Mitogen-Activated Protein Kinase Signaling

Pathway

After finding that miR-29b overexpression may enhance radiation-
induced DSBs, we next tested the effect of miR-29b on the oxidative
stress response by analyzing intracellular ROS levels. ROS generation
was significantly increased in Siha-R/HeLa-R with miR-29b overex-
pression, whereas ROS generation with stable integration of scramble
sequence showed no obvious change 24 h after 2 Gy X-ray irradiation,
as shown in Figure 3A. Moreover, miR-29b overexpression increased
ROS levels in Siha-R/HeLa-R, which was abrogated in the presence of
N-acetylcysteine (NAC; a ROS scavenger) (Figure 3B).

It was reported that ROS-mediated activation of p38 mitogen-
activated protein kinase (MAPK) plays a pivotal role in the cell
apoptosis.20,21 Thus, to identify the signaling pathways involved in
miR-29b overexpression-mediated radiosensitivity in cervical cancer,
we determined whether p38 MAPK signaling pathway was activated.
As shown in Figure 3C, miR-29b overexpression increased phosphor-
ylated p38 and ATF2.

Taken together, these results indicated that miR-29b overexpression
augments intracellular ROS levels and activated the p38 MAPK
signaling pathway in cervical cancer.

miR-29b Regulates DNA Damage Repair and Radiosensitivity

through PTEN

Recent studies established that miR-29b affected cancer proliferation,
migration, and invasion through regulation of their direct target
PTEN.15,16 We attempted to understand whether miR-29b enhances
radiosensitivity through PTEN. Increasing the endogenous miR-29b
levels by either oligonucleotide transfection (*p < 0.05; Figures S3A
and S3B) or nanocarrier transduction (Figures 4A and 4B) could
significantly decrease PTEN expression both at the RNA and protein
levels, and decreasing the miR-29b levels had the opposite effect.
Moreover, to verify whether PTEN is a direct target of miR-29b, we
cloned PTEN 30 UTR, the sequence that contains the miR-29b bind-
ing sites, into the downstream luciferase open reading frame (Fig-
ure S3C). The co-transfection of miR-29b mimics and the PTEN-30

UTR-wild vector into HeLa-R cells (pLuc-PTEN-30 UTR) signifi-
cantly decreased the luciferase activity compared with miR-NC
mimics (Figure S3D). In contrast, the transfection of miR-29b inhib-
itors into HeLa-R increased the luciferase activity. However, the
transfection of mimics or inhibitors of miR-29b with the mutant 30

UTR vector (pLuc-PTEN-mut 30 UTR) did not affect the luciferase
activity.

Thenwe tested radiosensitivity in terms of clonogenic survival.HeLa-R
cells with stable PTENknockdownweremore sensitive to the cytotoxic
effects of radiation thanwere controls (Figure 4C). The same effect was
observed by the overexpression of miR-29b (Figure 4D).

Next, we re-expressed PTEN, singly or in combination, in miR-29b
downexpression HeLa-R cells. PTEN alone partially increased radio-
sensitivity and inhibited HR repair, and overexpression of PTEN led
to a significant rescue (Figure 4E). Collectively, these results suggest
that miR-29b inhibits HR-mediated DNA damage repair and in-
creases radiosensitivity by targeting PTEN.

Because PTEN is an important negative regulator of PI3K-AKT
signaling that is involved in the complex process of cancer apoptosis
and progression, we examined whether miR-29b-PTEN axis inhibited
HR-mediated DNA damage repair through regulating the PI3K-AKT
pathway. As shown in Figure 4A, decreased PTEN levels could in-
crease p-AKT expression. We then investigated whether a PI3K/
Akt inhibitor sensitizes HeLa-R and miR-29b high-expressing cell
to IR (Figure S4). We found that overexpression of PTEN led
to decreased apoptosis after exposure to IR when compared with
non-treatment controls, and treatment with the PI3K inhibitor,
LY294002, had a mild effect. Furthermore, we re-expressed PTEN,
singly or in combination with LY294002, in miR-29b-overexpressing
HeLa-R cells (Figure S5). PTEN alone partially inhibits HR repair,
LY294002 alone led to no significant effect, and PTEN in combination
with LY294002 had no inhibition compared with PTEN treatment
alone. Together, our results suggest that miR-29b could regulate
PTEN-PI3K-AKT-mediated radiosensitivity in HeLa-R cells, but acti-
vation of the AKT pathway is not associated with HR-mediated DNA
damage repair.

Therapeutic Delivery of miR-29b Enhances Radiosensitivity in

Cervical Cancer

To examine the effect of miR-29b on radiosensitivity in vivo, we
administered the nanoparticle R11-SSPEI/miR-29b in combination
with fractionated irradiation to xenografted tumors in mice. Intra-
muscular (i.m.) tumors were created by inoculating 0.5 � 105

HeLa-R cells into the right leg of each mouse. When the tumors
reached 5 mm in diameter, the mice were randomly assigned to
one of six groups: vehicle, R11-SSPEI/miR-29b (/R11-SSPEI/Scr)
only, radiation, and R11-SSPEI/miR-29b (/R11-SSPEI/Scr) plus radi-
ation. The formulation was given as subcutaneous peritoneal injec-
tions at a dose of 5 mg/kg, and local irradiation was given to a total
dose of 20 Gy, in 4-Gy fractions over 7 days. For the combination
therapy condition, the nanoparticle was given 2 h before the radia-
tion. We first investigated the accumulation of miR-29b mimics in
the tumor and other tissues after intraperitoneal injection. At 12 h af-
ter the third dose of the microRNA, three mice per group were eutha-
nized, and tissues were harvested for evaluation of miR-29b levels.
Increased miR-29b levels were detected in the groups given R11-
SSPEI/Scr (/R11-SSPEI/miR26b) or nanoparticle plus radiation in
tumor (Figure 5A). Next, we analyzed the effect of the nanoparticle
formulation on radioresponse of implanted HeLa-R cells as measured
by tumor growth delay. For those experiments, the mice were
killed when tumors reach 22–24 mm in diameter. Our in vivo
results validated our previous in vitro observations in that R11-
SSPEI/miR-29b significantly (p = 0.0026) sensitized cervical cancer
cells to radiation (Figure 5B). The combination of R11-SSPEI/
miR-29b and radiation delayed tumor growth to a mean (± SE)
of 43.6 ± 2.2 days compared with the control (23.5 ± 1.1 days),
Molecular Therapy Vol. 27 No 6 June 2019 1187
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Figure 3. miR-29b Overexpression Augments Intracellular

ROS Levels and Activated p38 MAPK Signaling Pathway

(A) R11-SSPEI/miR-29b-treated HeLa-R/Siha-R cells were as-

sessed by flow cytometry for ROS generation by measuring the

CELLROX Deep Red intensity, and the data were represented by

histogram overlay (left panel). Line diagram representation of the

dose-dependent ROS production in HeLa-R/Siha-R cells on treat-

ment with different treatments (right panel). (B) Flow cytometric

analysis of the miR-29b-induced ROS production with or without

NAC, a pharmacological inhibitor of ROS, was determined and

represented by histogram. (C) Detection of protein expression

of p38 MAPK signaling pathway markers by western blot. The

asterisk (*) indicates statistical significance (p < 0.05) determined

by Student’s t test. **p < 0.035; ***p < 0.01.
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Figure 4. miR-29b Regulates DNA Damage Repair

and Radiosensitivity through PTEN

(A) Immunoblotting of p-AKT, AKT, PTEN, and RAD51 in

HeLa-R cells transfected with miR-29b mimics or the

miR-29b inhibitor. (B) The mRNA expression levels of

PTEN after the inhibition of miR-29b (top) or the over-

expression of the same microRNA (bottom) in HeLa-R

cells was detected using real-time qPCR. (C) Top: clo-

nogenic survival assays of HeLa-R cells with or without

ectopic expression of PTEN. Bottom: immunoblotting of

PTEN and GAPDH. n = 3 wells per group. (D) Clonogenic

survival assays of miR-29b-transduced HeLa-R cells with

or without ectopic expression of PTEN. (E) HR repair as-

says of HeLa-R-GFP cells transfected with miR-29b alone

or in combination with PTEN. n = 3 wells per group. Data

are the mean of biological replicates from a representative

experiment, and error bars indicate SEM. Statistical

significance was determined by a two-tailed, unpaired

Student’s t test. The experiments were repeated three

times. *p < 0.05; **p < 0.035; ***p < 0.01.

www.moleculartherapy.org
R11-SSPEI/miR-29b-only (25.3 ± 2.5 days), or radiation-only (29.2 ±
1.5 days) groups. The normalized tumor growth delay was 18.3 ±

0.3 days, and the enhancement factor was 3.2 (Table 1).

DISCUSSION
Resistance to radiotherapy is a major obstacle in cervical cancer
treatment. To improve the outcomes in these cases, identifying
the mechanisms for cellular radioresistance is currently a heavily
researched topic. Although numerous microRNAs are known to
regulate the response to radiation, few of them can be targeted
therapeutically. The importance of microRNAs as negative gene reg-
ulators for cancer is underscored by their functions in regulating
multiple cellular processes, including the response to radiation.
Consequently, they have the potential to be used as potential prog-
nostic indicators.

miR-29 is a tumor suppressor and therefore affects cancer progres-
sion by regulating cell proliferation, survival, and metastasis.22 Over-
expression of miR-29b inhibits tumorigenesis19,23,24 and angiogen-
esis.25 Furthermore, miR-29b could reverse drug resistance in
colorectal cancer26 and ovarian cancer.27 In addition, tissue expres-
sion levels and circulating levels of miR-29b have been shown to be
associated with potential biomarkers for diagnosis and prognosis of
colorectal cancer28 and osteosarcoma patients.29 On the basis of the
Mo
above-mentioned clinical evidence, a targeted
therapeutic strategy for miR-29b could poten-
tially be developed.

In this study, we tested a novel approach to
rendering treatment-resistant cervical cancer
sensitive to therapy again. The key findings are
as follows. First, both transient and nanoparticle
transfection of cervical cancer cell lines (HeLa-R
and Siha-R) with miR-29b constructs radiosensitized those cell lines
(Figures 1 and 2). In addition, transfection of nanocarrier particle
R11-SSPEI/miR-29b led to tumor growth delay in vivo (Figure 5).
These findings strongly support the use of nanocarrier particle R11-
SSPEI as a potential cancer therapeutic agent and agree with our pre-
vious studies in prostate cancers that R11-SSPEI nanocarrier could
deliver microRNA to cancer cells and regulate biological functions.30

Although miR-29b attenuates tumorigenicity and maintains stem
characteristics in several human cancers,31 this is the first study re-
porting miR29b as a radiosensitizer in cervical cancer.

Next, because radiation-induced cytotoxicity is mediated primarily by
the generation of ROS and ROS-driven oxidative stress, we investi-
gated the effect of miR-29b on the oxidative stress response and found
that overexpression of miR-29b led to higher ROS levels, and radical
scavenger NAC could partially rescue this phenomenon (Figures 3A
and 3B). In line with our findings, Xu et al.32 demonstrated that
miR-29b specifically regulates the self-renewal of mouse embryonic
stem cells in response to ROS, generated by antioxidant-free culture,
and overexpression of miR-29b could enhance ROS production and
JNK phosphorylation to promote apoptosis in colorectal cancer.26

Our findings complement these previous reports by demonstrating
that miR-29b could promote radiation-induced cytotoxicity through
increasing intracellular ROS levels.
lecular Therapy Vol. 27 No 6 June 2019 1189
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Figure 5. Therapeutic Delivery of miR-29b Enhances Radiosensitivity in

Cervical Cancer

(A) Systemic delivery of nanoparticle (R11-SSPEI/miR-29b or R11-SSPEI/Scr) leads

to accumulation of miR-29b mimics in tumor after subcutaneous injection in mice.

Two mice per treatment group were sacrificed 2 h after injections, and the tissues

and transplanted tumors were harvested for total RNA extraction and evaluation of

miR-29b levels. (B) Therapeutic delivery of miR-29b significantly sensitized lung

cancer cells to radiation (XRT). The effect of R11-SSPEI/miR-29b on radioresponse

of HeLa-R cells was measured by a tumor growth delay assay.

Molecular Therapy
It is well documented that ROS regulates the expression of the p38/
MAPK signaling pathway.33 Once activated, p38 phosphorylates a va-
riety of substrates in the cytoplasm and nucleus to regulate gene
expression, cell cycle, drug resistance, and cell differentiation.34 Our
results showed that miR-29b overexpression increased phosphory-
lated p38 and ATF2, and these effects were partially reversed by a
free radical scavenger NAC resulting in radiosensitivity (Figure 3C).
1190 Molecular Therapy Vol. 27 No 6 June 2019
In accordance with our finding, Liu et al.35 reported that increased
miR-29b expression could suppress the activating p38-STAT1 signal
pathway to promote cancer cell growth, drug resistance, migration,
and invasion in breast cancer cells. Although it is known that miR-
29b modulates the p38/MAPK pathway, our results reveal that ROS
may mediate this pathway. However, further investigations are
required to clarify the molecular mechanisms underneath.

Using this model, we identified miR-29b as the top downregulated
microRNA in radioresistant cervical cancer cells. Interestingly,
miR-29b can regulate PTEN expression. The miR-29b-PTEN axis
in radiosensitivity is very specific; blocking endogenous miR-29b in
HeLa-R cells abrogates the suppression of PTEN expression and con-
fers radiosensitivity to the cells (Figure 4). Involvement of PTEN in
HR-mediated DSB repair has been addressed in several studies;17,18

however, other studies have completely excluded any role for PTEN
in HR.36,37 It was reported that PTEN defect-associated radioresist-
ance does not fit with the HR-mediated repair, and Fraser et al.36

also described no effect for PTEN knockdown on HR efficiency or
sensitivity to chemotherapy. The discrepancies in the published
data could reflect the complexities of regulation of PTEN function
in HR. It is possible that miR-29b acts as an important gene respond-
ing early to IR and can reverse radioresistance in cervical cancer by
directly targeting the PTEN-dependent HR pathway.

PTEN is a natural inhibitor of PI3K by dephosphorylating the
3-phosphate site, and negatively regulates the AKT signaling
pathway.38 But the functions of PTEN-PI3K/AKT signaling in ra-
dioresistance, specifically in DNA damage repair, have not been
fully elucidated. In this study, we found that IR induction of miR-
29b not only suppresses PTEN protein levels but also results in acti-
vation of the Akt signaling pathway in cervical cancer (Figure 4A).
Our finding provides insights into the mechanism for explaining
IR-inducible Akt activation and subsequent cell survival. Most inter-
estingly, our finding demonstrates that the PI3K/Akt inhibitor,
which also regulates effectiveness in radiosensitivity of HeLa-R cells,
could not be associated with the PTEN-HR-DSB repair pathway
(Figures S4 and S5). Paradoxically, it was reported that AKT inhibi-
tion recovers the G2/M checkpoint and consequently rescues HR ef-
ficiency in PTEN-depleted prostate cancer cells.38 The discrepancies
in the published data concerning the role of AKT in PTEN-HR-DSB
repair pathway can be attributed to the fact that PTEN loss is a late
event during carcinogenesis, and some additional genomic alter-
ations may occur in a PTEN-independent manner that might
mask the role of PTEN in HR. In line with this assumption, we
observed that the AKT inactivation showed a partial reverse in
PTEN re-expression HeLa-R cells, but no HR-related DSB repair
phenotype.

Finally, we confirmed that miR-29b enhanced radiosensitivity in the
in vitro and in vivo radioresistant model of cervical cancer, as demon-
strated by assays of tumor growth delay in mice implanted with
HeLa-R cervical cancer cells. These findings agree with our in vitro
findings and demonstrate that miR-29b overexpression significantly



Table 1. R11-SSPEI/miR-29b and Radioresponsiveness of HeLa-R Cells Implanted in Mice Treatment Condition

Treatmenta
Time to Grow from 5 to 22 mm, Days
(mean ± SE)

Absolute Growth Delay
(mean ± SE)b

Normalized Growth Delay
(mean ± SE)c

Enhancement
Factord

Vehicle 23.5 ± 1.1 – – –

R11-SSPEI/Scr 24.4 ± 2.3 0.9 ± 1.3 – –

R11-SSPEI/miR-29b 25.3 ± 2.5 1.8 ± 1.4 – –

XRT 29.2 ± 1.5 5.7 ± 1.1 – –

XRT+R11-SSPEI/Scr 31.1 ± 2.4 7.6 ± 1.3 – –

XRT+R11-SSPEI/miR-29b 43.6 ± 2.2 20.1 ± 1.1 18.3 ± 0.3 3.2

aFive mice per treatment group.
bTime (in days) required for tumors to grow from 5 to 22 mm minus time (in days) for tumors to grow from 5 to 22 mm in the untreated control.
cTime (in days) required for tumors to grow from 5 to 22 mm in the combination treatment group minus time (in days) for tumors to grow from 5 to 22 mm in the R11-SSPEI/miR-
29b-only control.
dNormalized growth delay of combination treatment group divided by the absolute growth delay of the radiation-only control.
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sensitizes radioresistant cervical cancer cells to radiation. This is also
consistent with our hypothesis that miR-29b promotes radiosensi-
tivity by modulating oxidative stress response and by inhibiting
PTEN (Figure 6).

In conclusion, we demonstrated that miR-29b increases radiosensi-
tivity in radioresistant cervical cancer cells by regulating the oxidative
stress response, and decreases PTEN by inhibiting repair of radiation-
induced DSBs. Our in vivo experiments support the therapeutic po-
tential of systemic delivery of miR-29b in combination with therapies
known to increase oxidative stress, such as radiation.

MATERIALS AND METHODS
Cell Lines and Treatment

The established cervical cancer cell lines Siha, HeLa, Me 180, C-33A,
Caski, and normal human cervical epithelial cells (HCvEpC) were ob-
tained from the American Type Culture Collection (Manassas, VA,
USA) and cultured in T-medium (GIBCO) supplemented with 5%
fetal bovine serum (FBS; GIBCO Invitrogen) at 37�C in a humidified
5% CO2 incubator.

Synthesis of the R11-SSPEI Nanocarrier

Synthesis of thiolated BPEI (BPEI-SH) and disulfide-crosslinked
BPEI (BPEI-SS) was performed as previously described with
some modifications.11 The sample obtained was dissolved in meth-
anol (30 mL) in a bottleneck flask (100 mL) and was purged with
nitrogen and kept under a vacuum for 10–20 min. A calculated
amount of propylene sulfide (five times the molar excess of
BPEI1.2 K) was added using a syringe. This solution was stirred
at 60�C for 24 h. The reaction mixture was evaporated to dryness
under reduced pressure and was taken up in methanol, followed by
precipitation in cold diethyl ether twice. The product’s thiol group
content was determined using Ellman’s method. The BPEI-SH
product exhibited a similar kind of proton NMR except for the in-
tegral value of protons at d 1. 5e1.2 compared with BPEI1.2 K; 1 H
NMR of BPEI-SH (300 MHz, D2O) was d 3. 15e2.55 (m, NCH
2CH 2N, NCH2 CHS) versus 1.5e1.2 (m, CH 3). BPEI-SH
(0.5 g) was dissolved in anhydrous DMSO (50 mL), and the solu-
tion was stirred for 48 h at room temperature (RT) for crosslinking
via oxidation of the thiol group. The product was purified by
dialysis against deionized (D.I.) water (molecular weight cutoff
[MWCO] 3500) and extensively lyophilized, and the chemical
structure was confirmed by proton NMR. The extent of disulfide
crosslinking was determined using Ellman’s method. BPEI-SS
(12 equiv) and MAL-PEG-NHS were dissolved in 50 mL of anhy-
drous methanol and DMSO in the proportion of 1:5 (v/v), and this
was stirred for 4 h at RT, followed by the addition of R11 peptide
(1.2 equiv to MAL-PEG-NHS). The reaction mixture was stirred
for another 48 h at RT to afford BPEI-SS-R11. Other experimental
and characterization conditions were the same as described above.
The R11 peptides (RRRRRRRRRRR) corresponding to protamine
were prepared in mass quantities using a peptide synthesizer
(APEX 396; AAPP TEC, Louisville, KY, USA) based on standard
fluoren-9-ylmethoxycarbonyl (F-moc) chemistry.

Clonogenic Survival Assay

Cervical cancer cells were seeded in triplicate in 60-mm dishes and
allowed to stabilize overnight. The next day, the cells were incu-
bated with or without different treatments for 2 h and then irradi-
ated at a dose of 0, 2, 4, or 6 Gy, counted, and seeded in 60-mm
dishes. Cells were incubated for 2 weeks. Colonies were fixed and
stained for 10 min with 0.5% crystal violet (C3886; Sigma) in meth-
anol. The number of colonies formed in each treatment group was
counted. The survival fraction was calculated as: Survival fraction =
(plating efficiency of treated cells)/(plating efficiency of control
cells), and Plating efficiency = (number of colonies)/(number of
cells plated).

Real-Time qPCR

Real-time qPCR was performed to analyze the expression levels of
mature microRNAs using TaqManMicroRNAReverse Transcription
kit (Applied Biosystems) and TaqMan MicroRNA assays kits
(Applied Biosystems) according to the manufacturer’s protocol.
The comparative cycle threshold (Ct) method was used to calculate
Molecular Therapy Vol. 27 No 6 June 2019 1191
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the relative abundance of microRNA and mRNAs normalized to U6
and B2M expression, respectively.

Confocal Microscopy Analysis

HeLa cells (1 � 105) that were pre-incubated with the fluorescence
CellTracker CM-DiI (Invitrogen) for 20 min were seeded on glass
coverslips in 12-well plates and grown for 24 h at 37�C. After the
complexation reaction of FAM-labeled miR-29b oligomer with
SSPEI or R11-SSPEI for 30 min, this polymer complex was treated
into each well and incubated for 1 h. Several washing steps were
performed using PBS, and the cells were fixed using 4% paraformal-
dehyde solution (Wako Pure Chemical, Osaka, Japan) under gentle
shaking for 20 min. The fluorescence images were acquired using a
confocal laser scanning microscope (LSM 510; Carl Zeiss, Thorn-
wood, NY, USA).

Detection of ROS

In brief, 5 � 105 cells were seeded in six-well plates. The following
day, cells were treated with 10 nM R11-SSPEI/29b or R11-SSPEI/
Scr for 24 h, and then irradiated to a dose of 0 or 2 Gy. The next
day, cells with different treatments were washed with PBS twice
and incubated with 20 lM 20, 70-dichlorofluorescein diacetate
(DCF-DA; Sigma) for 30 min at 37�C in the dark, and finally were
harvested for flow cytometric analyses. The samples were analyzed
using FACScan and Cell Quest software (BD Biosciences, Franklin
Lakes, NJ, USA) as previously described.17

Western Blot Analysis

Western blotting was performed using standard procedures. The
cells were washed twice with cold PBS and lysed on ice in radio-
immunoprecipitation assay (RIPA) buffer with 1% PMSF (KeyGen,
Nanjin, China). The protein lysates were resolved on 10% SDS
polyacrylamide gels, transferred to membranes, and blocked in
0.1% Tween 20 and 5% skim milk protein in Tris-buffered saline
(TBS). The polyvinylidene fluoride (PVDF)membrane was incubated
with primary antibodies: phospho-p38, p38, p-ATF-2, ATF-2, PTEN,
AKT, p-AKT (Ser 473), p-AKT (Thr 308), RAD51, b-actin (Santa
Cruz, Santa Cruz, CA, USA), and GAPDH (BD PharMingen, San
Jose, CA, USA). Secondary horseradish peroxidase (HRP)-conjugated
antibodies (Southern Biotech, Birmingham, AL, USA) were incubated
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in 5% non-fat milk in TBS with Tween 20
(TBS-T). Antibody complexes were detected us-
ing the ECL Plus Western Blotting Detection kit
(GE Healthcare, UK) and visualized using X-ray
film (Laboratory Products Sales). Blots were
analyzed using ImageJ software (NIH, Bethesda,
MD, USA). Experiments were repeated three
times. The relative levels of protein expression
were normalized against protein levels of an internal control gene,
b-actin, performed in the same run.

Immunofluorescence Staining

The following day, cells were treated with 10 nM R11-SSPEI/29b or
R11-SSPEI/Scr for 24 h, and then irradiated to a dose of 0 or 2 Gy.
Cells (0.5 � 105 cells/well) were seeded on glass coverslip in six-
well plates. After treatment, cells were washed with PBS, fixed with
4% paraformaldehyde (Sigma-Aldrich), and permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) for 30 min at 37�C. The samples
were blocked with 2% BSA (Sigma-Aldrich) for 1 h and incubated
with phospho-histone g-H2AX antibody (Ser139) (Invitrogen) and
p53-binding protein 1 (53BP1) antibody (Santa Cruz) overnight at
4�C. Samples were washed and incubated with Alexa Fluor 488-con-
jugated anti-mouse antibody and Alexa Fluor 594-conjugated anti-
rabbit antibody (Invitrogen) for 1 h. Nuclei were counterstained
with DAPI (0.2 mg/mL) for 10 min. Then the samples were analyzed
under a fluorescence microscope. All samples were examined in three
independent experiments.

Cell-Cycle Analysis

Cell cycle was analyzed by flow cytometry. Cells were plated in six
wells at a density of 2 � 105 cells. The next day, cells were treated
with 10 nM R11-SSPEI/29b or R11-SSPEI/Scr for 24 h and then irra-
diated to a dose of 2 Gy, and cells with different treatments were incu-
bated at 37�C for 0, 2, 8, and 24 h. Then the treated cells were fixed
with cold 70% ethanol for 1 h and stained with 20 mg/mL propidium
iodide (PI) (Sigma-Aldrich) containing 1 mg/mL RNase (Sigma-
Aldrich) for 1 h. The stained cells were analyzed by an FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA) using the Cell
Quest Pro software and WinMDI.

Tumor Radiosensitivity Study

Animal experiments were performed in accordance with a protocol39

approved by the Institutional Animal Care and Use Committee of
Xi’an Jiao Tong University, and mice were euthanized when they
met the institutional euthanasia criteria for tumor size and overall
health condition. Nude (nu/nu) mice were used for radioresistant cer-
vical cancer xenograft studies. Before tumor cell injection, tumor cell
suspensions were prepared from cells grown in monolayers in vitro.
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HeLa-R tumors were generated by subcutaneous injection of 1 � 106

cells in a volume of 20 mL into the right hind leg of nude mice aged
3–4 months. When tumors grew to 5 mm (range 4.5–5.7 mm) in
diameter, mice were assigned to the following groups (10 mice
each): Vehicle (no treatment), R11-SSPEI/Scr/miR-29b (five doses
of 5 mg/kg each given twice weekly), radiation-only (4 Gy once per
day for 5 days, total 20 Gy), or R11-SSPEI/Scr/miR-29b (five
5 mg/kg doses as described above) + radiation. The drugs were given
1 h before radiation. R11-SSPEI/miR-29b is a nanoparticle that con-
tains a synthetic, double-stranded mimic of the tumor suppressor
miR-29b.40 The R11-SSPEI/miR-29b forms a particle with an average
diameter of 120 nm and an average zeta-potential of �20 mV. Mice
were immobilized in a jig, and tumors were centered in a 3-cm-diam-
eter circular field. All mice were checked twice weekly after irradiation
to measure tumor diameter.

For the tumor growth assay, mice were killed when tumors reached
22–25 mm in diameter. Tumor growth delay was defined as the
time for tumors to grow from 5 to 25 mm in diameter for treated
mice as compared with tumor growth in untreated mice.

Statistical Analysis

Statistical analyses for the data between two groups were determined
using Student’s t test. Statistics analysis comparisons of more than
two groups were evaluated using two-way ANOVA. p < 0.05 was
considered statistically significant. The statistical software was the
SPSS program (version 12.0 for windows; SPSS, Chicago, IL, USA).
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