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Abstract Cellular radioresistance is one of the major
obstacles to the effectiveness of cancer radiotherapy.
In an attempt to elucidate the implication of HIF-1o
and miR-17-92 expressions in refractory radioresistant
cells and also in order to study the potential applica-
tions of these molecules as novel therapeutic modal-
ities to overcome radioresistant cancers, the current
study was conducted. Clinically relevant radioresis-
tant (CRR) cells from human cancer cell lines were
established by exposing to long-term fractionated
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radiation of X-rays. Correspondingly, microarray
analysis and real time RT-PCR were performed to
find miRNA involved in the CRR phenotype. HIF-1a
was down-regulated and miR17-92 cluster was over-
expressed in CRR cells by transfection. The expres-
sion of miR 17-3p was inhibited by specific inhibitors
and miR 19a was enforced by mimics, respectively in
parental cells. Overexpression of HIF-1o in parental
cells or down regulation of HIF-1a in CRR cells were
not involved in radioresistance. However, when HIF-
1o was genetically modified to constitutively express
under normoxia condition, it was rendered for protec-
tion to cells. Exogenous overexpression of miR 17-92
cluster in CRR cells resulted in abolition of HIF-1a
expression and restored sensitizations to ionizing
radiation. Attenuated expression of miR-17-3p in
parental cells protected them from irradiation. Overall,
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fine-tune deregulation of miR 17-92 cluster in CRR
cells might account for the accumulation of HIF-1a in
the CRR cells following exposure to irradiation.

Keywords Cancer radioresistance - MicroRNA -
miR17-92 cluster - HIF-1a. - CRR

Introduction

Radiotherapy is one of the major modalities for cancer
therapy. Recent advances in physical targeting of
ionizing radiation (IR), optimization of IR delivery
schedules, and tumor imaging have resulted in
considerable improvements in the patient outcomes
(Schaue and McBride 2015). However, the existence
of cellular radioresistance is one of the major imped-
iment to the efficiency and versatility of radiotherapy
(RT) (Kuwahara et al. 2017, 2018; Shimura 2011,
Tomita et al. 2018). Radioresistance is influenced by
various intracellular and extracellular factors. Micro-
RNAs (miRNAs) are noncoding RNAs, approxi-
mately 22 nucleotides in length, which function as
post-transcriptional regulators (Cellini et al. 2014;
Schoof et al. 2012; Zhao et al. 2013; Zhou et al. 2015)
by controlling mRNA stability and translation effi-
ciency (Guo et al. 2010; Ye et al. 2012).

Hypoxia, an oxygen concentration below physio-
logical levels, is a well-known influential extracellular
factor. Conspicuously, hypoxia disrupts the produc-
tion of free radicals and thereby interferes with the
beneficial effects of radiotherapy. Hypoxia-inducible
factor-1(HIF-1) is a heterodimeric protein, consisting
of acand B subunits and the HIF-1o subunit is regulated
by O, concentration (Poon et al. 2009; Vaupel and
Mayer 2007). Normoxia causes rapid degradation of
HIF-10, whereas hypoxia stabilizes it. Activation of
the PI3K/AKT/mTOR pathway and reactive oxygen
species inhibit proteasomal degradation of HIF-1o
(Ladelfa et al. 2011; Ranasinghe et al. 2014) resulting
in its accumulation.

It is known that upregulation and activity of HIF-1a
have been implicated in many cancers and correlated
with a poor prognosis and tumor recurrence after RT
(Ranasinghe et al. 2014). However, the role of HIF-1a
in radiation resistance in cancer cells is controversial
(Vordermark et al. 2004; Arvold et al. 2005; Staab
et al. 2011). Furthermore, there are no studies that
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indicate the direct implication of HIF-1a in radiore-
sistance phenotype in vitro under normoxic
conditions.

Interestingly, both HIF-1a and the miRNA-17-92
cluster target multiple cellular pathways favouring
tumorigenesis by enhancing cell proliferation and
inhibiting apoptosis suggesting HIF-loo and the
miRNA-17-92 cluster may be involved in common
biological functions (Taguchi et al. 2008). Moreover,
functional annotation indicated that target genes of the
miR-17-92 cluster are involved in the regulation of
radiation associated signal pathways (Mendell 2008;
Taguchi et al. 2008). It has also been reported that the
upregulation of miR-17-3p remarkably sensitized PCa
cells to ionizing radiation (IR) (Xu et al. 2018).
Several studies have been reported to show the
implication of HIF-la in radioresistance (Moeller
et al. 2004; Vordermark et al. 2004). Nevertheless, the
implication of HIF-1a and miR-17-92 cluster in radio-
resistance response remains to be investigated.

Conventional fractionated RT consists of 2 Gy per
fraction once a day, 5 days a week for 5-7 weeks
(Shimura 2011). To elucidate the molecular mecha-
nisms of cellular radioresistance we have established
clinically relevant radioresistant (CRR) cell lines from
several human cancer cell lines by long-term exposure
to X-rays with a stepwise dose escalation (Kuwahara
et al. 2011, 2018; Shimura 2011).

CRR cells continue to proliferate under exposures
to fractionated radiation (FR) of 2 Gy/day of X-rays
for more than 30 days, a standard protocol of cancer
radiotherapy (Kuwahara et al. 2011). CRR cells are an
ideal model to better understand the molecular mech-
anisms behind cellular radioresistance. The present
study was conducted to elucidate the implication of
HIF-1oo and miR-17-92 expressions in refractory
radioresistant cells and to investigate potential appli-
cations of these molecules as new therapeutic modal-
ities to overcome radioresistant cancers.

Materials and methods
Plasmid DNA

Plasmids pcDNA4/myc-His and pcDNA3.1 were
purchased from Invitrogen (Carlsbad, CA, USA).
HIF-1o was cloned into pcDNA4/myc or pcDNA3.1
as described previously (Kiani et al. 2013).
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Constitutively HIF-1a expressing plasmid under nor-
moxia i.e. pcDNA4/myc-His-HIF-1a-3A were con-
structed by introducing three mutations of alanine
instead of the wild-type residues of proline 402,
proline 564 and asparagine 803. HIF-1a expressed
from HIF-10-3A construct is stable under normoxia
condition. pcDNA3.1CMVpuro-miR17-92 was kindly
gifted by Dr. Takahashi, Nagoya University. pGFP-V-
RS-HIF-1a shRNAs and pGFP-V-RS-negative non-
effective shRNA were purchased from Origen (Ori-
Gene, USA).

Cell culture, reagents, and treatments

Human cancer cell lines, SAS (oral squamous cell
carcinoma), HepG2 (liver cancer) and HeLa (cervical
cancer cell line) were obtained from the Cell Resource
Center for Biomedical Research, Institute of develop-
ment, Aging, and Cancer, Tohoku University. HeLa-
SHRE-DsRed?2 cells containing reporter gene under
the promoter of HIF-1a, which emit red fluorescence
under hypoxic conditions in response to HIF-1 activity
(Harada et al. 2005).

All cell lines were cultured in Roswell Park
Memorial Institute 1640 medium (RPMI-1640) (Na-
calai Tesuque, Kyoto, Japan) and supplemented with
5% fetal bovine serum (Invitrogen) in a humidified
atmosphere at 37 °C in the air with 5% CO,. For
cultivation of cells under hypoxia condition they were
underwent 1% O, condition in a multi-gas incubator
Prescyto MG70M (Saitama-ken, Japan).

CRR cell lines, SAS-R1, HepG2-8960-R and
HeLa-R were established by exposing them to FR of
X-rays for more than 5 years as described previously
(Kuwahara et al. 2011, 2017; Shimura 2011). The
plasmid vectors were transfected to cells using either
FuGENE HD (Promega, Madison, WI, USA) or
Lipofectamine 2000 (Invitrogen) according to manu-
factures’ protocols. The stable clones were selected in
the presence of appropriate antibiotics, 450 pg/ml
G418 (Sigma, St Louis, MO, USA), 1.5 pg/ml
puromycin (InvivoGen, San Diego, CA, USA) or
150 pg/ml Zeocin (Invitrogen). Synthetic inhibitors of
miR 19a, miR17-3p, synthetic mimics of miR19a,
miR17-p and the scramble controls were obtained
from Dharmacon and were transfected with Dharm-
FECT1 (Dharmacon, USA) at a final concentration of
60 nM.

Irradiation

X-ray irradiation was performed in a 150 KVp X-ray
generator (Model MBR-1520R, Hitachi, Tokyo,
Japan) with a total filtration of 0.5 mm aluminum
plus 0.1 mm copper filter, at a dose rate of 1.0-Gy/min.

Cell survival assay after irradiation

Cell survival was determined by the modified high-
density survival (MHDS) assay as described previ-
ously (Kuwahara et al. 2010). In some experiments,
cell survival was determined by colony formation
assays following irradiation as described (Feng et al.
2014).

Microarray analysis

The samples of SAS-R and HepG2-R and their
parental counterparts were processed for total RNA
extraction with the miRNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
protocols. For Quality control of extracted RNA, the
samples were electrophoresed on agarose gel (2%) and
for quantity measurement, the extracted RNA was
checked by NanoDrop®-1000 Detector (NanoDrop-
Technologies, Wilmington, USA). Next, the samples
were labeled using a miRCURY Hy3/Hy5S Power
labeling kit and followed by hybridization on a 3D-
Gene™ Toray miRNA Oligo chip (v.13.0; Toray
Industries, Tokyo, Japan). 3D-Gene Scanner 3000 was
used for scanning (Toray Industries). To read the raw
intensity of the image 3D-Gene extraction version 1.2
software was used (Toray Industries). The raw data
were analyzed via GeneSpringGX v 10.0 (Agilent
Technologies) in order to determine the change in
miRNA expression between the parental and their
CRR counterpart cells. The samples were normalized
relative to 28sRNA.

Western blot analysis

Western blot of whole cell lysates was performed as
previously described (Shimura et al. 2010).

Briefly, the cells were lysed in a lysis buffer
[0.5 M NaCl, 1 mM EDTA, 25 mM sodium phos-
phate buffer pH 7.4, 10% glycerol, 5 mM MgCl,,
1 mM dichlorodiphenyltrichloroethane, 0.5% Triton
X-100, 1 mM PMSF, protease inhibitor cocktail
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(Nacalai Tesque, Kyoto, Japan) and phosphatase
inhibitor cocktail (Nacalai Tesque)]. Proteins were
separated by 12% sodium dodecyl sulfate—polyacry-
lamide gel electrophoresis (SDS-PAGE) and trans-
ferred electrophoretically to PVDF membranes (Bio-
Rad, Hercules, CA, USA). 5% (w/v) skim-milk was
used to block the membranes (Cell Biolabs, San
Diego, CA, USA) for 1 h. Then, the membranes were
incubated with primary antibodies overnight at 4 °C.
Membranes were then incubated for 1 h at room
temperature with the secondary antibodies. The pro-
tein bands were observed by Chemi-Lumi One L
western blotting substrate (Nacalai Tesque).

The primary antibodies in the present study were
anti-B-actin (A5316, Sigma), anti-HIF-1oo (NB100-
105, Novus Biologicals, Littleton, CO, USA) and the
secondary antibodies were goat anti-rabbit IgG
(H1202, Nichirei Bioscience, Tokyo, Japan) and
mouse anti-rat IgG (H1104, Nichirei Bioscience).

Reverse transcription (RT)—polymerase chain
reaction (PCR)

Total RNAs were extracted using a miRNeasy Mini
Kit (Qiagen, Valencia, CA, and USA). Relatively,
cDNA was synthesized by the miScript Reverse
Transcription Kit (Qiagen). RT-PCR was performed
using a primer pair, miR-19a_1, miR17-3p and
Hs RNU6-2_1 miScript Primer Assay (Qiagen).
Real-time RT-PCR was performed using miScript
SYBR Green PCR Kit (Qiagen). After an initial
denaturation at 95 °C for 15 min, cDNA was sub-
jected to 40 cycles of 94 °C for 15 s, 55 °C for 30 s
and 70 °C for 30 s using Thermal Cycler Dice Real-
Time System (Takara, Shiga, Japan).

Statistical analysis

Data are expressed as mean = SD. Independent
experiments were performed to evaluate significant
differences between control and other experimental
groups. Significant differences were determined by
one-way ANOVA with post-hoc Tukey test.
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Results

Parental and their CRR counterpart cells
differently express HIF-1o upon irradiation

To investigate whether HIF-1a is implicated in
radioresistance, first, we established a CRR cell line
containing reporter for HIF-1o expression, HeLa-R-
SHRE-DsRed2. Then, these cells and their parental
counterparts were cultured under normoxic and
hypoxic conditions. As we expected, both HeLa-
SHRE-DsRed and HeLa-R-5HRE-DsRed?2 responded
similarly to hypoxia in terms of induction of reporter
gene via HIF-l1a activation (Fig. 1). However and
interestingly, under normoxic conditions, the reporter
gene was also expressed in HeLa-R (Fig. 1). To
compare the responses of HIF-1a expression upon
irradiation, the time-course expression of HIF-1a after
irradiation was studied by western blot analysis. HIF-
la expression was somewhat refractory and was
slightly decreased after 24 h in the parental cells.
However, in the CRR cells it was kept up-regulated
(Fig. 2). These results suggest the contribution of HIF-
la in the radioresistance property of CRR cells and
indicate that the accumulation of HIF-1a in parental
and CRR cells is differently regulated.

HIF-1a that stable upon normoxic condition
protects cells from irradiation

Next, we stably overexpressed HIF-1a in HeLa, SAS
and HepG2 (Fig. 3a, b). Then, these cells were
irradiated under normoxic conditions followed by cell
survival assay. Overexpression of wild type HIF-1a
resulted in marginal but not significant protection to
irradiation (Fig. 3c). However, when the cells stably
overexpressing so-called HIF-1a-3A (Fig. 3b), HIF-
1o was permanently expressed under normoxic con-
dition, and exposed to irradiation the survival fractions
were higher than those transfected with empty vector
(Fig. 3c¢).

Downregulation of HIF-1a in CRR cells and their
sensitization response to irradiation

Next, we determined whether the down-regulation of
HIF-1o (Fig. 4a) results in the sensitization of CRR
cells to irradiation or not. HIF-1oo downregulation
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Fig. 1 Detection of reporter gene indicating of HIF-1a
expression parental and CRR cells by florescent microscope.
HeLa-5HRE-DsRed2 and its CRR corresponding parent i.e.
HeLa-R-SHRE-DsRed2 were cultured under normoxic and
hypoxic conditions. Under hypoxia condition, both parental and

failed to sensitize of CRR cells to irradiation except
for HepG2 8960-R (Fig. 4b).

miR-17-92 cluster downregulates in CRR cells

The profile of HIF-1o induction both in CRR and
parental cells was similar to the report by Taguchi
et al. that HIF-1a is induced by hypoxia regardless of
miR-17-92 expression but under normoxic condition
miR-17-92 negatively regulates HIF-lo expression
(Taguchi et al. 2008). Microarray analysis was
performed to see the association of miR-17-92
expression is different or not between CRR cells and
parental cells. Except for miR-92, the miR-17-92
cluster was downregulated in CRR cells, (consider-
ably miR-19a and 17-3p) 12 h after exposure to 2 Gy
compared with the parental counterparts (Fig. 5 and
Table 1). Real-time (RT)-PCR analysis confirmed the
downregulation of miR-19a and 17-3p (Supplemen-
tary Fig. 1a, b). These suggest that HIF-1o overex-
pression in CRR cells is attributable to the
downregulation of the miR-17-92 cluster.

O

Hypoxia

SHREp-DsRed2

S rasmaca R 4

SHRED

Normoxia

CRR cells expressed reporter gene while under normoxic
conditions only it was observed in CRR cells. Schematic
representations of the reporter gene that is regulated under
control of HIF-1a promoter and when it activates and inactivates
have also been shown in the top of the figure

Overexpression of miR-17-92 cluster in CRR cells
abolished the induction of HIF-1a after irradiation

To attribute HIF-1a overexpression in CRR cells
following irradiation could be due to downregulation
of miR-17-92 cluster, CRR cells with stable overex-
pression of the miR-17-92 cluster were established by
transfecting miR-17-92 cluster to CRR cells (Supple-
mentary Fig. 2).

The response of HIF-1a expression in the CRR
cells with stable overexpression of miR-17-92
response was studied by western blot analysis after
exposure to 10 Gy of X-rays. Interestingly miR-17-92
overexpression in CRR cells disturbed the induction of
HIF1-o (Fig. 6a). These indicate that miR-17-92
negatively regulates HIF-1o expression in the CRR
cells.

Overexpression of miRNA-17-92 in CRR cells
restore sensitivity of the acquired radioresistance
cells to ionizing radiation

In order to determine whether miRNA-17-92 overex-

pression would affect the sensitivity of CRR cells to
irradiation or not survival assay was performed.
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Fig. 2 Study of HIF-1a expression in the parental and CRR
cells by western blot analysis. Parental (HepG2, HeLa, and
SAS) and CRR cells (HepG2-8960-R, HeLa-R, and SAS-R)
were underwent 10-Gy irradiation followed by evaluation of
HIF-1o expression at different time points. Expression of HIF-

Overexpression of miRNA-17-92  significantly
decreased the survival of CRR cells after irradiation
(Fig. 6b). However, overexpression of miRNA-17-92
in the parental cells had marginal or no effects in terms
of cell survival following irradiation (Supplementary
Fig. 3).

Effects of miR19a and 17-3p inhibition
or overexpression on the parental cells

As described above, miR19 and 17-3p were notably
downregulated in CRR cells. On the other hand, next
we investigated the effect of inhibition or induction of
miR 19a and 17-3p in parental cells. They were down
regulated or overexpressed by the synthetic inhibitors
or inducers (mimics) (Supplementary Fig. 4a, b),
exposed to irradiation and followed by survival assay.
Inhibition of miR19a resulted in sensitization of
parental cells to irradiation (Fig. 7a. Interestingly,
inhibition of 17-3p protected cells to irradiation
(Fig. 7b). Overexpression of miR-17-3p slightly sen-
sitized HeLa and SAS but protected HepG2 cells.
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1o was stabilized in CRR cells after 12 h while in the parental
cells was decreased at this time. B-actin was also detected as
loading a control. NIOR the cells with no irradiation, / hours,
D days, IR irradiation

Overexpression of miR19a protected HelLa and
HepG2 and had no effect on SAS cells to irradiation
(Supplementary Fig. 5a, b). Altogether, although fine
tune regulation of miR17-92 cluster is essential to
determine sensitization or resistance of cells to
irradiation, down regulation of miR17-3p plays an
important role to confer radioresistance.

Discussion

Our CRR cells and their isogenic parental cells are
suitable to elucidate the molecular mechanisms truly
involved in radioresistance (Kuwahara et al.
2017, 2018). A number of studies have reported that
HIF-1a plays an important role in radioresistance of
cancer cells. However, as far as we are aware, this is
the first study that tries to find the relationship between
HIF-1o and miR17-92 cluster in radioresistance of
cancer cells. In this study, HIF-1o expression was
higher in CRR cells than their corresponding parental
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Fig. 3 Overexpression of HIF-1o in the parental cells and study
of their radioresistance. a Western blot analysis for detection of
HIF-1a overexpression in Hela, SAS, and HepG2. The cells
were transfected with an empty vector (EV), that containing
HIF-1o or HIF-1a-3A. B-Actin was used for internal control.
b Cells stably transfected with HIF-10-3A underwent normoxic
and hypoxic conditions. Under hypoxic HIF-1a expression was
induced in control cells transfected with an empty vector.

cells under normoxia, suggesting that HIF-1o might
play a role in the CRR phenotype.

It is well-known that oxygen can enhance the
cytotoxic effect of radiation (Patterson et al. 2002).
However under hypoxic conditions, ionized DNA is
more easily repaired and the enhancement effect
would be abolished (Sprong et al. 2006). In addition,
radiation activates HIF-la even under normoxic
conditions (Zhang et al. 2015). Our result showed
that overexpression of HIF-1a per se is not sufficient
to confer radioresistance to cells. However constant
HIF-1o overexpression protected cells from radiation-
induced cell death even under normoxic conditions. In
line with our findings, it has been shown that pre-
treatment of HeLa cells in hypoxic conditions resulted
in increased cellular radioresistance (Fu et al. 2015).
Recently, Doi et al. reported that hypoxia mimicked by
cobalt chloride enhanced radioresistance in HeLa cells
(Doi et al. 2015). Of note, cobalt chloride had no effect

However, a high level of expression of HIF-1o was observed in
the cells transfected with the 16 construct containing HIF-1a -
3A under normoxia condition as well. B-actin was used as
loading control. ¢ Survival assay of the parental cells in which
HIF-1a or HIF1a -3A was overexpressed as described above.
HIF-1a -3A protected cells against irradiation. CI, HepG2; CII,
SAS; CIII, Hela; EV, empty vector; — , normoxia; +, hypoxia
(mean £ SD, number of samples = 3, **p < 0.01)

on the oxygenation of cells but activates the hypoxia
signaling transduction pathway, especially the HIF-1o
pathway (Liu et al. 2010). Nevertheless, controversial
reports have been also reported to address the role of
HIF-1 o in radiation resistance in cancer cells both
in vivo and in vitro. Vordemark et al. have shown that
the HIF-1o protein accumulation levels under hypoxia
do not always correlate with cellular radioresistance
(Vordermark and Katzer 2004). Arvold et al. demon-
strated that the radiosensitivity of mouse embryonic
fibroblasts (MEF) following exposure to hypoxia was
independent of HIF-la (Arvold and Guha 2005).
Although the manipulation of HIF-1a did not affect
radiosensitivity in fibrosarcoma cells under normoxic
conditions (Staab et al. 2011) but overexpression of
HIF-1oo and culture under hypoxia conditions
increased radioresistance in HelLa cells (Liu et al.
2010).
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Fig. 4 Downregulation of HIF-1o in CRR cells and survival
assay. a Western blot analysis for detection of down regulation
of HIF-1a.in Hela-R, HepG2-8960-R, and SAS-R1 cells. B-actin
was used as an internal control. B; Survival assay in CRR cells
transfected with HIF-1oo shRNA or control shRNA. Cells

It has been reported that there is an association
between HIF-1a overexpression in tumors with poor
clinical outcomes and radioresistance (Aebersold et al.
2001; Dellas et al. 2008; Koukourakis et al. 2002;
Nordsmark et al. 2007; Semenza 2010). Hence, we
also down-regulated the expression of HIF-1aoin CRR
cells intending to sensitize them to irradiation.
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exposed to different doses of irradiation. Downregulation of
HIF-10 had no significant effects in the CRR cells in terms of
sensitization to irradiation except HepG2 (mean £ SD, number
of samples = 3, *p < 0.5)

However, our results revealed that down regulation
of HIF-1a had marginal or no effects on radioresis-
tance of CRR cells.

It could be possible that HIF-2o. complement HIF-
la. Supporting this notion, Doi et al. investigated the
effect of knockdown of both HIF-1a and HIF-2a on
HeLa cells. After exposing to simulated hypoxia, they
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Fig. 5 Microarray analysis of miRNA cluster in CRR cells.
Unsupervised hierarchical clustering analysis indicates down-
regulation of miRNA 17-92 cluster. SAS and HepG2 and their
counterpart CRR cells were exposed to 2 Gy X-rays and
searched for miR17-92 cluster with an altered expression
between the parental and their CRR cells. miRNA 17-92 cluster
was down regulated in CRR cells

found that radioresistance of HeLa cells decreased
more than in either single HIF gene knockdown,
suggesting that both genes are essential to acquire
radioresistance (Doi et al. 2015). Further investiga-
tions on CRR cells, including potential mechanisms,

are required to see contribution both HIF-1a and HIF-
2a in radioresistance.

According to the literature, two non-cell autono-
mous and autonomous mechanisms have been pro-
posed to explain the implication of HIF-lo in
radioresistance. Based upon the non-cell autonomous
mechanism, radiation activates HIF-1o, then it
induces vascular endothelial growth factor (VEGF)
secretion which protects endothelial cells from radi-
ation-induced cell death promotes ultimately tumor
growth (Harada 2011). Activation of HIF-la also
results in up-regulation of SDF-1 that recruits bone
marrow-derived macrophage to the tumor area to
promote vasculogenesis and tumor growth (Kioi et al.
2010). The response of tumor cells to radiation could
also be regulated by autonomous pathways such as
DNA damage repair, autophagy, reactive oxygen
species (ROS) and mitochondrial respiration (Apel
et al. 2008; Moding et al. 2013; Paglin et al. 2001). By
comparing between intact or HIF-lo deleted in
sarcoma cells, it has been shown that there was no
significant difference in autonomous pathways after
irradiation under normoxia (Zhang et al. 2015).
However, further research is required to explore the
precise mechanism of acquired radioresistant cells.

Next, we investigated the expression of the miR17-
92 cluster in CRR cells and its regulatory effect on

Table 1 Fold changes of miR-17-92 cluster in the parental and CRR cells were evaluated by 3D-Gene™ Toray miRNA-chip

(human miRNA ver.13.0)

Fold change

miR name  SAS SAS- SAS- SASRI1- HepG2 HepG2- HepG2- HepG2-8960-
(control) 2 Gy-12-h 2 Gy-24h 2 Gy-12-h (Control) 2 Gy-12 h 2 Gy-24h 2 Gy-12 h

has-miR- 1 — 1.01 1.06 — 1.31 1 1.00 — 1.04 — 1.54
17-5p

has-miR- 1 1.07 — 1.11 — 1.58 1 1.06 - 1.17 —232
17*-3p

has-miR- 1 1.06 1.09 —2.38 1 1.07 1.15 — L.11
18a

has-miR- 1 - 1.14 — 1.05 - 2.7 1 1.04 1.14 -2
19a

has-miR- 1 1.03 1.07 — 1.58 1 1.14 1.08 - 1.2
19b

has-miR- 1 1.04 1.08 — 142 1 1.01 1.01 — 175
20a

has-miR- 1 1.06 1.03 1.00 1 1.21 1.21 — 1.11
92a
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Fig. 6 Overexpression of miR17-92 in the CRR cells and
survival assay. a Western blot analysis for detection of HIF-1a
expression. CRR cells were transfected with empty vector and
the vector containing miR17-92 cluster. Then, the stable cells
exposed to 10 Gy of irradiation and expression of HIF-1o at
different time point was evaluated. Exogenous expression of
miR17-92 prevents the stabilization of HIF-1o in comparisons

HIF-1o expression. Interestingly, we found that
miR17-92 was down- regulated in CRR cells.

Leung et al. reported that exposure to fractionated
radiation and single-dose radiation, down-regulated
and up-regulated the miR 17-92 cluster in human
breast cancer cells, respectively (Leung et al. 2014).

Taguchi et al. reported that miRNA 17-92 nega-
tively regulates HIF-1a expression. They also showed
that this negative regulatory effect is only exerted
under normoxic conditions (Taguchi et al. 2008). We
also found that miR 17-92 overexpression in CRR
cells abolished the induction of HIF-lo following
exposure to irradiation. These indicate that fraction-
ated irradiation applied to establish CRR cells, might
account for down regulation of miR17-92 and this, in
turn, resulted in up regulation of HIF-1a in the CRR
cells.

Adaptive responses might also explain accumu-
lation of HIF-1a in CRR cells (Lall et al. 2014). It
has been well-known that radiation through pro-
duction of reactive oxygen species (ROS) can
induce HIF-la expression under normoxic condi-
tions (Moeller et al. 2004). On the other hand,
down-regulation of miR17-92 in CRR cells finely

@ Springer

D3 DS D7

— A —————

o

& 6
Dose (Gy)

with CRR cells transfected with an empty vector. B-Actin was
used for control. b Cell survival assay in CRR cells overex-
pression miR17-92 cluster. The CRR cells were exposed to
different doses of irradiation followed by cell survival assay.
The overexpression resulted in sensitization of CRR cells to
irradiation. /R Irradiation (mean £ SD, number of samples = 3,
*p < 0.5, #p < 0.01, ***p < 0.001)

tunes the regulation of HIF-lo under normoxic
conditions in favor of its stabilization.

Finally our result revealed that overexpression of
miRNA-17-92 in CRR cells increased their radiosen-
sitivity. However, in contrast with our findings, Jiang
et al. reported that miR-17-92 overexpression by
transfection in human mantle cell lymphoma cells
markedly increased radioresistance (Jiang et al. 2010).
In this study, we first established several CRR cell
lines then overexpressed miR 17-92 in CRR cells.
Supporting this notion, we also found that attenuated
expression of miR19a resulted in the sensitization of
the parental cells to irradiation and it’s up regulation
conferred resistance to them. However, interestingly
attenuated expression of miR 17-3p in parental cells
resulted in refractory to irradiation suggesting down-
regulation of this miR might be a key molecule to
acquire the radioresistant phenotype. However further
studies are required in this regard. Overexpression of
miR 17-3p and miR19a by mimic in the CRR cells to
evaluate the expression of HIF-1a after irradiation
also would be subject to future study.

Supporting this notion, Xu et al. showed that miR-
17-3p enhances the radiosensitivity of PC-3 cells by
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Fig. 7 Cell survival assay in HeLa, SAS and HepG?2 cells after
attenuating expression of miR-19a and miR17-3p. a miR-19a or
miR17-3p were attenuated in cells, exposed to different doses of
irradiation followed. Repression of miR-19a expression resulted

dysfunction of the three mitochondrial antioxidant
enzymes. Furthermore, their study revealed that miR-
17-3p increased ROS production and decreased mito-
chondrial respiration (Xu et al.2018).

In conclusion, we found that in CRR cells HIF-1a is
accumulated under normoxic conditions in response to
irradiation. However, HIF-1oa is not causative of
radioresistance. We also identified that miR17-92
cluster is down-regulated in CRR cells which, at least
in part, accounts for HIF-1a overexpression. Interest-
ingly, overexpression of miR17-92 in CRR cells
canceled radiosensitivity in CRR cells. We also found
that the downregulation of miR17-3p in the parental
cells might be contributed to radioresistance. Our

Survival fraction
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in more sensitization to irradiation. b Repression of miR17-3p
expression resulted in refractory to irradiation. Scr scramble
inhibitor or mimic control. G Grays (mean + SD, number of
samples = 3, *p < 0.5, **p < 0.01, ***p < 0.000)

findings not only highlight the importance of miR17-
92 in the acquisition of radioresistance but also
introduce a new potential modality for cancer therapy.
However further and comprehensive studies are
required in this regard. For example, although we
found that the expression of HIF-1 o and miR-17-92
cluster is inversely correlated in cancer cells tested it is
imperative to show that HIF-1 o is a direct target of
miR17-92 cluster, especially miR-17-3p or miR-19a.
Luciferase assay would be a useful method to prove
this.
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