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miR-17-3p Downregulates Mitochondrial
Antioxidant Enzymes and Enhances
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Radioresistance remains to be a major obstacle in the manage-
ment of patients with advanced prostate cancer (PCa). We have
identified a mature miR-17-3p processed from the 30 arm of
precursor miR-17, which appeared to be able to inhibit three
major antioxidant enzymes located in mitochondria, i.e., man-
ganese superoxide dismutase (MnSOD), glutathione peroxi-
dase 2 (Gpx2), and thioredoxin reductase 2 (TrxR2). Here we
show that upregulation of miR-17-3p remarkably sensitized
PCa cells to ionizing radiation (IR). Reductions of the three an-
tioxidants led to increasing cellular reactive oxygen species
(ROS) accumulation as well as decliningmitochondrial respira-
tion. The miR-17-3p-mediated dysfunction of mitochondrial
antioxidants apparently sensitizing IR therapy was manifested
in vitro and in vivo. Substantially, the miR-17-3p effect on sup-
pression of the antioxidants can be efficiently eliminated or
attenuated by transfecting with either an miR-17-3p inhibitor
or each of the related antioxidant cDNA expression constructs.
Overall, in addition to the insights into the functional assess-
ments for the duplex of miR-17-5p and miR-17-3p, the present
study highlights the rigorous evidence that demonstrated sup-
pression of multiple mitochondrial antioxidants by a single mi-
croRNA (miRNA), thereby providing a promising approach to
improve radiotherapy for advanced PCa by targeting mito-
chondrial function.
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INTRODUCTION
Globally, prostate cancer (PCa) is themost commonmalignant tumor
and a major cause of cancer death in men. Owing to the improved
early diagnosis and advanced therapeutics, the current death rate of
PCa patients has been decreased in the United States. However,
PCa morbidity and motility have been steadily increasing in East
Asia.1–3 Although radiotherapy is a main treatment opinion for local-
ized PCa,4 its therapeutic efficiency is eventually decreased due to
most patients developing more aggressive forms of PCa that resist ra-
diation. Accordingly, increasing the radiation dose may improve the
therapeutic outcome, but it also increases the risk of damages to
normal tissues or even leads to developing the second cancers in other
organs, such as bladder, colorectal, and rectum.5 Thus, PCa intrinsic
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radiosensitivity-mediated differences in susceptibility to radiotherapy
largely affects clinical outcomes, including tumor-localized control
and disease-free survival.6

Initiation of radioresistance remains to be fully elucidated. It is mainly
caused by the activation of intrinsic resistant mechanisms in tumor
cells like DNA repair pathways and/or the extrinsic intermediaries of
therapeutic resistance through non-malignant cells, such as tumor
stroma.7 Virtually, radiation-induced reactive oxygen species (ROS)
production beyond the cellular defense mechanisms could promote
harmful oxidation and peroxidation chain reactions that damage nu-
cleic acids, proteins, and lipids.8 In this regard, DNA has been demon-
strated to be the major target of radiation, and DNA double-strand
breaks can be caused directly by irradiation energy or indirectly by
ROS generated from water dissociation, including superoxide radical
(O2

.�), hydroxyl radical ($OH), and hydrogen peroxide (H2O2), as
well as other downstream oxidative products.9 Indeed, there were
two-thirds of radiation-mediated DNA damaged by indirect effects
from ROS.10,11 Nonetheless, tumor cells can adaptively synthesize
more antioxidants to protect themselves against ROS.12 In particular,
the activation of primary antioxidant enzymes located inmitochondria
has been shown to be essential for detoxification against radiation-
generated ROS.13 Consequently, the radiosensitivity of cancer cells
can be enhanced by targeting cellular antioxidant defense systems.14

MicroRNAs (miRNAs), non-coding RNAs with a length of 18–25 bp,
can suppress protein translation via binding to the 30 UTR of target
he Author(s).
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mRNAs. The miRNA-mediated gene post-transcriptional regulation
is involved in various aspects of physiogenesis and pathogenesis.15,16

Numerous studies have demonstrated that miR-17-92 functions as
oncogenic miRNA mainly through activating Akt- and ERK1/2-
signaling pathways by downregulation of apoptotic protein BIM
and tumor suppressor PTEN. Consistently, inhibition of the Akt-
signaling pathway using antisense of miR-17-92 resulted in
decreasing proliferation and chemoresistance of PCa cells.17–19

Nevertheless, we previously identified miR-17-3p, processed from
the 30 arm of precursor miR-17, is able to suppress three mito-
chondrial antioxidant enzymes, manganese superoxide dismutase
(MnSOD), glutathione peroxidase 2 (Gpx2), and thioredoxin
reductase 2 (TrxR2).20 They are major components of the primary
antioxidant enzymes located in mitochondria to work in concert
for efficiently removing ROS generated during mitochondrial respira-
tion.21 Coincidently, radioresistance of cancer cells is mainly medi-
ated by increasing their antioxidants in response to high levels of
ROS.8,14,22,23 Therefore, the present study aims to examine whether
miR-17-3p sensitizes aggressive PCa cells to ionizing radiation (IR)
by inhibition of the three mitochondrial antioxidant enzymes. Our re-
sults demonstrated that upregulation of miR-17-3p in PCa cells
remarkably inhibits mitochondrial antioxidant capacity and signifi-
cantly increases the cell sensitivity to IR, suggesting that miR-17-3p
may serve as a useful radiosensitizer for improving radiotherapy to
treat advanced PCa.

RESULTS
miR-17-3p Enhances the Radiosensitivity of PC-3 Cells

Previously, we found that miR-17-3p is able to simultaneously
suppress three major mitochondrial enzymes (MnSOD, Gpx2, and
TrxR2) through specifically binding to the 30 UTR of the genes (see
also Figure S1). Upregulation of miR-17-3p resulted in suppression
of PCa tumorigenicity.20 Thus, we suspected that miR-17-3p may
contribute to enhancing radiosensitivity of PCa cells due to its capac-
ity to inhibit the cellular antioxidant defense system. To determine the
potential effect of miR-17-3p on radiosensitization of androgen-inde-
pendent aggressive PCa cells, we established a Tet-on inducible miR-
17-3p expression PC-3 cell model and further confirmed by the deter-
mination of red fluorescent protein (RFP) tag expression (see also
Figure S2A). The expression levels of miR-17-3p in the cells in
response to the inducing reagent doxycycline (Dox) were quantified
by qRT-PCR (see also Figure S2B). In addition, to confirm the effect
of miR-17-3p in androgen receptor (AR)-positive PCa cells, an miR-
17-3p or a scramble control was transfected into 22Rv1 cells and
screened by green fluorescence (see also Figure S2C). The increased
miR-17-3p expression was further confirmed by qRT-PCR (see also
Figure S2D). Consequently, the reduced levels of three antioxidant
proteins and the related enzyme activities in PC-3 and 22Rv1 cells
were determined (see also Figures S3A–S3F).

It has been shown that cellular antioxidant ability is closely correlated
to cell radioresistance.14 To examine the radiosensitization effect of
miR-17-3p, the miR-17-3p-expressing cells were irradiated. Cytotox-
icity and the apoptotic rate were analyzed by 3-(4,5-dimethylthiazol-
2yl)-2,5 diphenyltetrazolium bromide (MTT), colony formation, and
flow cytometry, respectively. The results showed that the cell viability
was significantly reduced in the miR-17-3p-expressing cells after
exposure to IR (Figures 1A and 1C). Consistently, upregulation of
miR-17-3p significantly increased the apoptotic rates following IR
treatment (Figures 1B and 1D). Furthermore, clonogenic assays for
the determination of cell survival rates were performed to confirm
the cytotoxic effect of miR-17-3p on the enhancement of radiosensi-
tivity of PCa cells. As shown in Figures 1E and 1F, the upregulation of
miR-17-3p significantly increased IR-induced cell death.

In addition, we examined whether suppression of miR-17-3p in PCa
cells could hyposensitize IR treatment. Transient transfection of the
miR-17-3p inhibitor in PC-3 cells resulted in more than 2-fold de-
creases in miR-17-3p levels compared to a scramble control. Impor-
tantly, the application of miR-17-3p inhibitor can efficiently abrogate
Dox-induced miR-17-3p in PC-3 cells (Figure 2A). Consistently, the
results from cytotoxic analyses using the multiple methods as
described above consistently showed that the suppression of miR-
17-3p induction can reduce the apoptotic rates and rescue cells
from IR-mediated cell death (Figures 2B–2F). Taken together, these
results suggest that the expression levels of miR-17-3p are correlated
to the radiosensitivity of PCa cells.

miR-17-3p Increases ROS Production and Decreases

Mitochondrial Respiration

To determine the effect of miR-17-3p on IR-inducible intracellular
ROS, the total cellular ROS was monitored using a dichlorofluores-
cein (DCF) assay. The levels of fluorescence-labeled ROS were signif-
icantly higher in IR-treated cells compared to the untreated group
(Figures 3A and 3B), indicating that IR induces cell death partially
through increasing the cellular ROS levels. Additionally, upregulation
of miR-17-3p further increased the ROS levels. Thus, the elevated
miR-17-3p expression presumably affects mitochondrial function
due to its negative regulation of mitochondrial antioxidant enzymes.
Furthermore, the high levels of ROS induced by IR were significantly
decreased by N-acetyl-L-cysteine (NAC), a ROS inhibitor (Figures 3A
and 3B). Consistently, NAC was able to rescue IR-induced cell death
to a certain extent in PC-3 cells (Figures 3C and 3D), verifying that IR
induces cell death partially through increasing the cellular ROS.

To assess the effect of miR-17-3p on mitochondrial respiration, after
treatment, the mitochondrial oxygen consumption rates (OCRs)
were quantified using a Seahorse Metabolic Analyzer Assay. IR ap-
peared to increase all phases of mitochondrial respiration, while
miR-17-3p showed itself to be negative for mitochondrial respira-
tion; in particular, miR-17-3p attenuated IR-induced mitochondrial
OCRs (Figures 3E and 3F). IR-generated ROS supposedly adaptively
induces the expression of antioxidant enzymes to protect the cells.
Conversely, miR-17-3p can suppress IR-induced antioxidant
response, leading to increased ROS levels for cell death. These re-
sults suggest that miR-17-3p negatively regulates mitochondrial
respiration through the inhibition of mitochondrial antioxidant
enzymes.
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Figure 1. The Effect of miR-17-3p on the Radiosensitivity of PCa Cells

miR-17-3p was expressed in PC-3 cells based on a Tet-on regulation system, and the cells were treated with different doses of IR as indicated. (A) The cell viability was

analyzed using an MTT assay, and (B) the apoptotic rate was quantified by flow cytometry. miR-17-3p was transfected into 22Rv1 cells. (C) The cell viability and (D) apoptotic

rate were quantified. (E) PC-3 cell and (F) 22Rv1 surviving cell fractions were determined by colony formation. Values are presented as the mean ± SD (n R 3). NS, not

significant. *p < 0.05 and **p < 0.01 present the significances between two groups as indicated.
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Figure 2. Reversal of the Radiosensitivity of PC-3 Cells by Transfection of miR-17-3p Inhibitor

(A) An miR-17-3p inhibitor or a scramble control was transiently transfected into Dox-induced PC-3 cells. NT indicates no oligo-transfected control. The levels of miR-17-3p

were quantified by qRT-PCR. (B) The transfected cells were treated with 2-Gy IR, apoptotic cells were analyzed by flow cytometry, and (C) the apoptotic rates were

calculated. (D–F) The transfected cells were treated with different doses of IR as indicated, and the cell viability and surviving fraction were determined by MTT (D) and colony

formation (E and F), respectively. Values are presented as the mean ± SD (nR 3). NS, not significant. *p < 0.05/#p < 0.05 and **p < 0.01/##p < 0.01 present the significances

between two groups as indicated.
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miR-17-3p Enhances the Radiosensitivity of PC-3 Cells by

Dysfunction of the Three Mitochondrial Antioxidant Enzymes

MnSOD, Gpx2, and TrxR2, the major components of the primary
antioxidant system, functionally collaborate to efficiently remove
ROS generated in mitochondria. It is well known that the conven-
tional radiotherapy or chemotherapy can adaptively induce the
antioxidant enzymes, leading to tumor therapeutic resistance.
Consistently, downregulation of the antioxidant enzymes could
sensitize tumor cells to treatment.14 To determine whether miR-
17-3p alters the radiosensitivity of PCa cells due to downregulation
of mitochondrial antioxidants, the levels of MnSOD, Gpx2, and
TrxR2 in PC-3 cells were quantified by qRT-PCR and western
blots. The expression of antioxidant enzymes was significantly
increased in IR-treated cells compared to untreated controls, while
the ectopic expression of miR-17-3p further eliminated the IR ef-
fects on induction of antioxidants (Figures 4A and 4B). In addition,
the activities of MnSOD, Gpx, and TrxR were also measured to
confirm the effects of miR-17-3p on inhibition of the antioxidant
enzymes (Figure 4C). In addition, the mitochondrial fraction was
prepared to quantify the three antioxidants and their activities in
mitochondria. Consistent with the results from the whole-cell ex-
tracts, the mitochondrial levels of the three antioxidant proteins
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Figure 3. Quantification of ROS and Mitochondrial OCR in miR-17-3p-Expressing PC-3 Cells

(A) After treatment, the levels of cellular ROS were determined using a total cellular ROS detection kit. ROS inhibitor NAC was included to eliminate the IR-induced ROS.

(B) The levels of ROSwere calculated. The cells were treated with or without NAC followed by IR treatment as indicated. (C) The cell viability was quantified byMTT, and (D) the

cell surviving fraction was determined byMTT and colony formation. (E) Mitochondrial OCR in the treated cells wasmeasured using a Seahorse XF-96 analyzer. Supplemental

reagents, including oligomycin, FCCP, and antimycin or rotenone, were automatically injected into the analyzing plates to determine the OCR of basal, ATP-linked, maximum,

and background image, respectively. (F) The relative OCR was calculated, and the OCR reverse capacity, an important mitochondrial respiration index, was determined by

the maximal OCR subtracted from the basal OCR. Values are presented as the mean ± SD (n R 3) and statistical significances between two groups are as described in

Figure 2.

Molecular Therapy: Nucleic Acids
and relating enzymatic activities were induced by IR, but the IR ef-
fect was invalidated by miR-17-3p (Figures 4D and 4E). Further-
more, the effects of miR-17-3p on antioxidants and radiosensitivity
were verified in 22Rv1 cells. Consistently, the expression levels and
enzymatic activities of the three antioxidants were induced by IR
treatment but eventually eliminated by overexpression of miR-17-
3p (see also Figures S4A and S4B). These results suggest that
miR-17-3p enhanced PCa cells to IR, mainly through abrogating
IR-mediated induction of antioxidant enzymes.
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miR-17-3p Inhibitor Sustains the Radioresistance of PC-3 Cells

by Counteracting the miR-17-3p Effect

To further verify the mechanism by which miR-17-3p enhances the
radiosensitivity of PC-3 cells, an miR-17-3p inhibitor was transiently
transfected in the miR-17-3p-expressing PC-3 cells to determine its
potential reversal effect on radiosensitization in the cells. As expected,
the levels of cellular ROS were reduced by eliminating the effect of
miR-17-3p (Figure 5A). Consistently, the cells with high levels of
miR-17-3p led to suppression of the three antioxidant enzymes, but



Figure 4. miR-17-3p-Mediated Suppression of IR-Induced Three Mitochondrial Antioxidants

(A) miR-17-3p was induced in PC-3 cells and then treated with 6-Gy IR. The mRNA levels of MnSOD, Gpx2, and TrxR2 were quantified by qRT-PCR and then normalized by

b-actin mRNA. (B) The protein levels of the three antioxidant enzymes were determined by western blots with b-actin normalization. (C) The cells were treated with different

doses of IR as indicated, and the activities of the three antioxidant enzymes were measured. Mitochondria were isolated from the treated cells, and (D) the three antioxidant

proteins and (E) their enzymatic activities were quantified corresponding to (B) and (C). Values are presented as the mean ± SD (nR 3), and statistical significances between

two groups are as described in Figure 1.
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the effects were efficiently eliminated by applying the miR-17-3p in-
hibitor (Figure 5B). Furthermore, qRT-PCR and enzyme activity
assay were performed to confirm that the transfected miR-17-3p in-
hibitor was able to neutralize miR-17-3p-mediated suppression of
antioxidant enzymes (Figures 5C and 5D). These results further veri-
fied that the effect of miR-17-3p on radiosensitization is mediated by
suppression of antioxidant enzymes in mitochondria.
Ectopic Expression of the Three Antioxidant Proteins Reverses

the miR-17-3p-Enhanced Cell Death

To confirm whether the miR-17-3p-mediated radiosensitization is
mainly through targeting MnSOD, Gpx2, and TrxR2, a cDNA
construct for expressing each of the three antioxidant genes with
a lack of the 30 UTR was transiently transfected in the miR-17-
3p-expressing PC-3 cells. The increased levels of mRNA and
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 69
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Figure 5. Reveal of the Reduction of Antioxidants by Transfection of miR-17-3p Inhibitor

(A) The miR-17-3p-induced cells were transiently transfected with miR-17-3p inhibitor prior to 6-Gy IR treatment. The levels of cellular ROS were quantified as described in

Figure 3. (B) The related antioxidant proteins were determined by western blots with b-actin as a loading control. (C) ThemRNA levels of the related antioxidant enzymes were

quantified using qRT-PCR. (D) After treating with different doses of IR, the activities of the enzymes were measured as described in Figure 4. Values are presented as the

mean ± SD (n R 3), and statistical significances between two groups are as described in Figure 2.
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protein of each transfected cDNA were confirmed by qRT-PCR
and western blots (Figures 6A and 6B). Correspondingly, the
overexpression of each antioxidant gene resulted in decreasing
ROS production in the cells, indicating that ectopic expression
of the individual antioxidant gene can reduce miR-17-3p-
enhanced high levels of ROS (Figure 6C). Subsequently, the
reduced cytotoxicity was confirmed by MTT assay, and the rescued
cell survival was determined by clonogenic assay (Figures 6D and
6E). These results indicated that increasing the individual antiox-
idant protein is able to, at least in part, reduce the cell death by
decreasing ROS levels, supporting the finding that miR-17-3p en-
hances radiosensitization in PC-3 cells by targeting mitochondrial
antioxidant enzymes.

Radiosensitization Effect ofmiR-17-3p Is Validated in NudeMice

We established tumor-bearing male nude mice by subcutaneously
injecting PC-3 cells with inducible upregulation of miR-17-3p.
When the tumor reached 500 mm3, the mice were divided into
four groups as described above. During the xenograft tumor growth,
70 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
there was no significant difference in tumor volumes among the 4
groups in the first 10 days. After giving different treatments at
day 10, IR appeared to significantly inhibit tumor growth compared
to the untreated groups. Importantly, the induction of miR-17-3p
expression could further enhance radiotherapeutic efficacy (Fig-
ure 7A). Consistent with the tumor growth rates, tumor volume
changes from day 10 to day 22 when tumors in the control group
reached a maximal volume of 2,000 mm3, the increased tumor vol-
umes were apparently low in the treated groups as compared to the
control group, particularly in the group of Dox-induced + IR (Fig-
ure 7B). The mice were executed and tumor tissues were excised to
extract proteins when tumors reached the maximal volume. Consis-
tent with the results from in vitro experiments, although IR highly
induced the expression of the antioxidant proteins and their enzy-
matic activities, the upregulation of miR-17-3p could efficiently re-
move the effect of IR in the regulation of antioxidants (Figures 7C
and 7D). Altogether, the present study demonstrates convincing ev-
idence of the improved radiotherapy for advanced PCa by targeting
mitochondrial antioxidants.



Figure 6. Diminishment of the miR-17-3p Effect by Ectopic Expression of Antioxidant Proteins

(A) The miR-17-3p-expressing PC-3 cells were transiently transfected with a cDNA construct of each antioxidant protein lacking the 30 UTR. The mRNA levels of the an-

tioxidants were quantified by qRT-PCR. (B) After transfection, the cells were treated with 6-Gy IR, and the protein levels of the antioxidants were determined by western blots.

(C) The levels of cellular ROS in the treated cells were measured. (D) The transfected cells were treated with different doses of IR as indicated, and the cell viability was

analyzed by MTT assay. (E) The cell surviving fraction was determined by colony formation. Values are presented as the mean ± SD (nR 5). In addition to *p < 0.05/#p < 0.05

and **p < 0.01/##p < 0.01, @p < 0.05 and @@p < 0.01 present the significances between two groups as described in Figure 2.
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DISCUSSION
According to the recent statement issued by the American Cancer
Society, PCa is estimated to account for approximately one in five
new diagnoses of cancer in men in 2017.24 Although the 5-year sur-
vival rate for PCa has increased in the United States, the death rate
of PCa has been rising in some Asian and European countries, such
as Korea, China, and Russia.1 Radiotherapy has been extensively
used as a curative treatment for localized PCa. It has been noted
that escalating radiation doses to the range of 70–80 Gy essentially
improves 5-year biochemical-free survival rate.4 However, the clin-
ical data also demonstrated that up to 50% of PCa patients undergo
radioresistance within 5 years, indicating that intrinsic or acquired
radioresistance has occurred during radiotherapy.25 Thus, the dis-
covery of novel radiosensitizers is urgently needed to enhance
radiotherapeutic efficiency for the control of advanced PCa.26

Numerous studies have identified various agents that were capable
of sensitizing cancer cells to radiation. Unfortunately, most of
the clinical trials have failed to present the promising results
because of either their low efficacies or unexpected side effects.7,27

Therefore, it still remains a big challenge to constantly discover
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Figure 7. Validation of the miR-17-3p Radiosensitization Effect In Vivo

(A) Male nude mice were implanted with PC-3 cells and allowed tumor growing to reach 500 mm3; the expression of miR-17-3p was induced by drinking Dox-containing

water, and the tumors were treated with 5� 3-Gy IR as indicated. The tumor growths in the indicated groups were routinely measured. (B) Tumor volume changes in the

different groups were calculated. (C) The levels of MnSOD, Gpx2, and TrxR2 in tumor tissues were determined by western blots with b-actin normalization. (D) The activities of

the three antioxidant enzymes in the tumor tissues were measured. Values are presented as the mean ± SD (n R 6). Statistical significances between two groups are as

described in Figure 1.
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clinically useful radiosensitizers for the improvement of traditional
radiotherapy.

It is well known that the principle of radiotherapy for killing cancer
cells is mainly caused by ROS-mediated DNA damages.9,28 Since
the high doses of radiation are considered to provide more efficient
outcomes for controlling aggressive tumor subtypes, the maximally
tolerated radiation doses have already been tested to treat advanced
PCa. However, since radiation-induced massive ROS exerts signifi-
cant harmful effects on the structure of macromolecules, the wide-
72 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
spread use of high-dose radiation imperatively increases the inci-
dences of radiation-related genitourinary injury. Nonetheless, under
the increased oxidative stress, the antioxidant defense systems in tu-
mor cells are adaptively activated for cleavage of ROS. The scavengers
of ROS, such as MnSOD, Gpx2, and TrxR2, have been proven to play
pivotal roles for the detoxification of excessive ROS.11,29 We and
others have demonstrated that MnSOD is highly upregulated in a
rapid response to radiation-generated ROS in PCa cells, suggesting
that the activation of MnSOD is a major contributor to the radiore-
sistance of PCa.30,31 Consequently, multiple approaches have been
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successfully used for improving PCa radiotherapy by suppressing
MnSOD.30,32

MnSOD is a type of nuclear factor kB (NF-kB)-regulated protein and
it is highly expressed in advanced PCa.33 Radiotherapy quickly in-
creases MnSOD expression, mainly through triggering the NF-kB-
signaling pathway.14 Thus, inhibition of the NF-kB-mediated
transcriptional activation has attracted a lot of attention in the
improvement of radiotherapy for aggressive tumors, including
advanced PCa.34,35 In addition, MnSOD-mediated radioresistance
has been well established in breast cancer. The selected radioresistant
MCF-7 cells showed hyperactive NF-kB signaling and a relating high
level of MnSOD. Consequently, mitochondria-located SIRT3 is acti-
vated via Thr150/Ser159 phosphorylation by cyclin B1-CDK1, lead-
ing to increasing mitochondrial potential and ATP generation.36 In
search of more potential MnSOD suppressors, we surprisingly found
that miR-17-3p is able to target three mitochondrial antioxidant en-
zymes. It is a very impressive finding because only suppression of
MnSOD for reducing O2

.� may not be efficient due to other down-
stream oxidative radicals, such as $OH and H2O2, which may already
be converted. Thus, the dysfunction of the three antioxidant enzymes
in mitochondria may provide the best way to sufficiently enhance ra-
diotherapeutic efficiency. The present study has validated the antici-
pated effect of miR-17-3p on radiosensitization in vitro and in vivo.
With the declined antioxidant capacity, the cellular ROS levels were
increased and the mitochondrial respiration rates were decreased
accordingly. Our results suggest that miR-17-3p is a useful radiosen-
sitizer for treating advanced PCa.

Numerous studies have demonstrated that the miR-17-92 cluster is
highly expressed in various types of cancer, which contributes to the
cancer progression and therapeutic resistances.17,37 In particular,
miR-17-5p has been shown to promote tumorigenesis of prostatic,
pancreatic, and nasopharyngeal cancers.18,38,39 Additionally, miR-
17-5p also contributes to radioresistance in glioblastoma, gall-
bladder carcinoma, and esophageal adenocarcinoma cells.40–42

However, the function of miR-17-3p in cancers remains elusive.
We have previously demonstrated that mature miR-17-3p is able
to suppress tumorigenicity of PCa cells via the inhibition of mito-
chondrial antioxidant enzymes, and recently its tumor suppressor
function has also been reported in breast cancer.43 In addition,
mature miR-17-3p was also shown to negatively regulate pyruvate
carboxylase-dependent cell proliferation in gallbladder cancer
through regulating long noncoding RNA GCASPC.41 Nevertheless,
two studies from other groups reported that mature miR-17-5p
and its passenger strand miR-17-3p enhance PCa growth due to
repression of TIMP3 and also promote hepatocellular carcinoma
by targeting multiple signal pathways, including PTEN.19 It is spec-
ulated, therefore, that the effect of miR-17-3p may be subdued by
miR-17-5p when they are mixed together. Indeed, we investigated
the expression of miR-17-5p versus miR-17-3p in PCa, and the re-
sults showed that the ratio of miR-17-5p to miR-17-3p was largely
increased in androgen-independent PCa cells compared to
androgen-dependent PCa and normal prostate epithelial cells, indi-
cating that the expression of miR-17-3p is silenced in advanced
PCa.20 Furthermore, under radiotherapeutic conditions, the expres-
sion of miR-17-3p was upregulated in irradiated human lympho-
blast TK6 cells, and the level of miR-17-3p in glioblastoma cells
was also shown to be relevant to radiosensitivity.44,45 Overall, these
results suggest that miR-17-3p may play a negative regulatory role
in tumorigenicity and therapeutic resistance.

Notably, the function of miR-17-3p has been reported to be relevant
to cellular redox homeostasis.46 As targets of miR-17-3p, MnSOD,
Gpx2, and TrxR2 were also confirmed by other groups.47,48 Radia-
tion is a potent inducer for ROS generation, thus it is a proposed
strategy for sustaining radiotherapeutic efficiency to keep the high
levels of ROS by the inactivation of antioxidant function. To reach
the goal, miR-17-3p was tested in the present study for validating its
potential function in consistently inhibiting the responsiveness of
antioxidant enzymes under radiotherapeutic conditions. Our results
verified that upregulation of miR-17-3p efficiently diminished
IR-mediated antioxidant responses by simultaneously suppressing
MnSOD, Gpx2, and TrxR2. Consequently, the cellular ROS level
was increased and mitochondrial reparation was decreased by the
dysfunction of antioxidants. In addition, to verify that the suppres-
sion of antioxidants plays a causal role in the miR-17-3p-mediated
radiosensitization, MnSOD, Gpx2, and TrxR2 were individually
tested to restore the radioresistance by ectopically expressing their
cDNA in the miR-17-3p-expressing cells. The results confirmed
that the ectopic expression of each protein could partially rescue
the cell survival by diminishing the effect of miR-17-3p. Thus, we
conclude that the miR-17-3p-mediated downregulation of the three
antioxidant enzymes promotes IR-induced damages by the accumu-
lation of ROS.

In summary, the present study demonstrates that the manipulation of
miR-17-3p supposedly affects the cellular redox status due to its abil-
ity of targeting antioxidants. In this context, the inactivation of anti-
oxidants by expressing miR-17-3p should increase ROS and enhance
radiotherapeutic efficiency to treat aggressive tumors. Our results
provide proof-of-concept evidence that the inhibition of mitochon-
drial function by targeting its antioxidant defense system contributes
to radiosensitization in advanced PCa cells. According to the previous
novel finding that miR-17-3p can suppress the three mitochondrial
antioxidant enzymes, the subsequent application of miR-17-3p
for enhancing PCa cells to radiation provides a hopeful thera-
peutic approach for improving radiotherapy for the treatment of
advanced PCa.

MATERIALS AND METHODS
Cell Culture and Treatment

Human prostatic adenocarcinoma PC-3 and carcinoma 22Rv1 cell
lines were purchased from American Type Culture Collection
(ATCC, USA), and the cells were maintained in RPMI 1640 me-
dium (Invitrogen, USA) with 10% fetal bovine serum (Gemini,
USA) plus a mixture of penicillin-streptomycin (100 U/mL–
100 mg/mL, Invitrogen, USA) at 37�C in a humidified 5% CO2
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atmosphere. A Tet-on inducible lentiviral miR-17-3p construct was
stably transducted into PC-3 cells, and miR-17-3p expression was
induced by treating the cells with 0.5 mg/mL Dox (Invitrogen,
USA). For increasing the level of miR-17-3p in 22Rv1 cells, miR-
17-3p (50-ACUGCAGUGAAGGCACUUGUAG-30) and negative
control with scramble sequence (50-UUCUCCGAACGUGUC
ACGU-30) were synthesized by Shanghai Gene Pharma, China,
and then transfected into the cells using an oligofectamine reagent
(Invitrogen, USA), following the manufacturer’s instructions. To
determine the effect of miR-17-3p on the sensitivity of PCa cells
to IR, the cells were treated with IR at a range of 0–6 Gy using
an X-ray machine (RAD Source RS2000 X-ray, USA).

ROS Quantification

A DCF assay was used to quantify the levels of intracellular ROS. The
cells were pretreated with or without 10 mmol/L NAC (Beyotime
Biotechnology, China) for 1 hr, followed by IR treatment. At 3 hr after
treatment, the cells were labeled by both H2DCF-DA (2,7-Dichlor-
odi-hydrofluorescein diacetate, sensitive to oxidation; Sigma, USA)
andDCF-DA (insensitive to oxidation, Sigma, USA) at a final concen-
tration of 5 mM in culture medium at 37�C for 30 min. Fluorescent
images of DCF in the cells were observed using a fluorescence micro-
scope (Nikon Ti, Japan) and then quantified by lexcitation 495 nm
and lemission 520 nm using a TECAN Infinite M200 fluorescence
spectrometer (Tecan, Switzerland). The H2DCF-DA:DCF-DA ratio
was used to optimize the controls of cell number, dry uptake, and
ester cleavage.

Apoptosis Analysis

Flow cytometry was used to quantify apoptotic cells after IR treat-
ment. 2 � 105cells were seeded in 60-mm dishes overnight and
treated with IR. To confirm the effect of miR-17-3p on apoptosis,
miR-17-3p-expressing PC-3 cells were transfected with an miR-17-
3p inhibitor (50-CUACAAGUGCCUUCACUGCAGU-30) or a nega-
tive control with scramble sequence (50-CAGUACUUUUGUGUA
GUACAA-30) prior to IR treatment. At 1 day after treatment, the cells
were collected and washed three times with a cold PBS. The cells were
then stained within a binding buffer containing 5 mMannexin V-fluo-
rescein isothiocyanate (FITC) (BD Biosciences, USA) and 2.5 mM
propidium iodide (PI; Dojindo Molecular Technologies, Japan) for
15 min at room temperature and dark condition. FITC fluorescence
intensity in 10,000 cells was measured using a BD FACS Calibur
flow cytometer (BD Biosciences, USA). The apoptotic rates were
calculated by number of proapoptotic and apoptotic cells divided
by the amount of total cells.

Cell Viability Detection

MTT assay was used to determine cell viability after IR treatment.
Cells were seeded in 96-well plates at a density of 5 � 103 cells/
well. After treatment, the cells were incubated with 1 mg/mLMTT so-
lution for a 4-hr incubation. After removing the media, the formazan
products were solubilized with 200 mL dimethyl sulfoxide. Cell
viability was assessed by measuring absorbance at 562 nm using a
Thermo microplate reader (Thermo Fisher Scientific, USA).
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Clonogenic Assay

Colony survival was used to quantify the cell death after IR treatment.
100–500 cells were plated in 6-well plates overnight and then treated
with IR (0, 1, 2, 4, and 6 Gy). The treated cells were cultured allowing
colony formation. After washing with PBS twice, the colonies were
stained with 1% crystal violet dye for 30 min to form visible cell
clones. The cell surviving fractions were calculated based on the ratio
of the number of colonies formed to the number of cells efficiently
plated. The cell death was determined by three independent experi-
ments and plotted as mean ± SD.

Quantification of Oxygen Consumption

Mitochondrial respiration was assessed by measurement of OCR us-
ing a Seahorse XF96 Analyzer (Seahorse Bioscience, USA). After
treatment, the cells were transferred into a 96-well XF96 plate at a
cell density of 5 � 103 cells/well and incubated overnight. Cartridge
plates for metabolic stress injections were hydrated for 24 hr at
37�C without CO2 in calibrant solution. At 1 hr prior to the assay,
the cultural medium in the XF96 plate was replaced by a Seahorse
assay medium. OCR was measured under the following four condi-
tions: basal, 1 mM oligomycin, 0.3 mM carbonyl cyanide-4-phenylhy-
drazone (FCCP), and 0.5 mM rotenone + 0.5 mM antimycin A. OCR
was normalized by the total protein concentration.

Mitochondria Isolation

The isolation of an enriched mitochondrial fraction from PCa cells
was performed using a Mitochondrial Isolation Kit (Sigma, USA), ac-
cording to the manufacturer’s instruction. Briefly, the cells were
collected and washed once with cold PBS, and 2� 107 cells were lysed
in 1 mL homogenization buffer by 25 strokes in a homogenizer. After
being incubated on ice for 15 min, the homogenate was centrifuged at
600 � g for 10 min at 4�C to precipitate the nuclei, and the resulting
supernatant was further centrifuged at 11,000� g for 10 min at 4�C to
precipitate the mitochondrial fraction.

RNA Isolation and qRT-PCR

Total RNA was isolated from the treated cells by Tirzol preparation.
Reverse transcription was performed using a PrimeScript RT reagent
kit (Takara Bio, Japan), according to the manufacturer’s instructions.
qPCR was performed using a SYBR Premix Ex Taq (Takara Bio,
Japan) by a LightCycle System (Roche, USA). Sequences of the
qPCR primers are listed in Table S1.

Western Blots

Cells or tumor tissues were harvested and total proteins were ex-
tracted using a radioimmunoprecipitation assay (RIPA) buffer with
1 mM phenylmethylsulfonyl fluoride. The extracted proteins (50–
100 mg) were separated on a 10% SDS-PAGE and then transferred
onto a polyvinylidene fluoride (PVDF) membrane. The membrane
was blocked in 5% skim milk for 2 hr and then washed three times
for 15 min using a TBST solution (Tris-buffered saline containing
0.05% Tween-20). Subsequently, the membranes were incubated
overnight at 4�C with the primary antibodies against MnSOD (Cell
Signaling Technology, USA), Gpx2 (Abcam, UK), TrxR2 (Abcam,
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UK), and b-actin (Cell Signaling Technology, USA). After washing
with TBST three times for 15 min, the membranes were incubated
for 2 hr with a peroxidase-conjugated goat anti-mouse immunoglob-
ulin G (IgG) (Santa Cruz Biotechnology, USA) or a goat anti-rabbit
IgG (Santa Cruz Biotechnology, USA). The immunoblotting was
visualized using an enhanced chemiluminescence detection system
(Bio-Rad, USA). The intensities of blots were normalized by b-actin
as a loading control and then analyzed using Image Lab software.

Measurement of Antioxidant Enzyme Activity

After treatment, cell and tissue extracts were used to measure the ac-
tivities of antioxidant enzymes using the relating kits and reagents.
The extracts were prepared using an ultrasonic cell disruption system
and collected by centrifugation at 10,000 rpm for 15 min at 4�C. To
measure enzyme activity, the extracts were further centrifuged at
12,000 rpm at 4�C for 10 min to completely remove debris. The su-
pernatants were subjected to an SOD assay kit (Beyotime Biotech-
nology, China) for measuring MnSOD activity, according to the
manufacturer’s protocol. The kit contains a Cu/ZnSOD inhibitor
and WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium), which produced a highly wa-
ter-soluble formazan dye that can be inhibited by SOD. The optical
density (OD) values were measured at 450 nm using a microplate
reader (BioTek synergy 2, USA), and MnSOD activity was calculated
using a formula as described in the manufacturer’s instructions. Gpx
activity wasmeasured using a Gpx assay kit (Beyotime Biotechnology,
China),49 which can measure the coupled oxidation of NADPH dur-
ing glutathione reductase (GR) recycling of oxidized glutathione from
Gpx-mediated reduction of t-butyl peroxide. During the assay, excess
GR, glutathione, and NADPH were sequentially added according to
the manufacturer’s instruction. TrxR activity was measured using a
fluorescence assay kit containing thioredoxin reductase (Cayman
Chemical, USA), according to the manufacturer’s protocol.50 The ex-
tracts were added in a diluted assay buffer (0.2 mg/mL BSA in 50 mM
Tris-Cl and 1 mM EDTA [pH 7.5]) containing NADPH in 96-well
plates and incubated for 30 min at 37�C. After adding a fluorescent
substrate, OD (emission at 545 nm, excitation at 520 nm) was
measured using TECAN Infinite M200 (Tecan, Switzerland). The
concentration of TrxR was calculated using the increased fluorescent
intensities at the defined reaction times according to the standard
curve.

Animals

Animal experiments were performed according to the Institutional
Animal Care and Use approved by the Research Committee of Nanj-
ing Medical University (IACUC-1601229). The 5-week-old male
nude (BALB/c) mice (Beijing Vital River Lab Animal Technology,
China) were used for mouse xenograft tumor experiments. 5 �
106 cells from the logarithmic growth phase were subcutaneously im-
planted into the left flanks of mice and allowed to form the xenograft
tumors. After tumor volume reached 500 mm3, the mice were
randomly divided into four groups: saline control, Dox induced,
saline + 5� 3-Gy IR, and Dox + 5� 3-Gy IR Induced. At 2 days before
IR treatment, Dox was added into the mice’s drinking water at the
final concentration of 2 mg/L and replaced every other day to the
end of experiments. IR treatments were given every other day for
5 times with 3 Gy/day. Tumor volumes were measured using digital
calipers every other day and calculated using a standard formula
(V = 0.52 � AB2, where A and B represent the diagonal tumor
lengths). The mice were executed when tumor volume reached
2,000 mm3 and tumor tissues were removed for the following
experiments.

Statistical Analysis

Data are presented as the mean ± SD of at least three replicates. Sig-
nificant differences between two groups were analyzed by unpaired
Student’s t test. One-way ANOVA followed by Dunnett’s or Bonfer-
roni multiple comparison test was applied for multiple-group exper-
iments using Prism (GraphPad, USA). Statistical significance was
accepted at p < 0.05.
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