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Abstract: It has been known for decades that ionizing radiation (IR) promotes carcinogenesis and high-linear energy
transfer (LET) IR has a higher risk than low-LET IR for carcinogenesis; however, the mechanism remains unclear. Mi-
croRNAs (miRNAs) have a critical effect on carcinogenesis through post-transcriptional modification. In this study, our
purpose is to explore whether miRNAs are involved in IR-(especially high-LET IR) promoted liver carcinogenesis. We
showed here that among several hundred miRNAs, miR-21 was the only one that increased 6 folds in high-LET IR-
promoted mouse liver tumors when compared with that in the non-irradiated liver tissues. We also showed that miR-
21 was up-regulated in human or mouse hepatocytes after exposure to IR, as well as in liver tissues derived from
whole body irradiated mice. The increased level of miR-21 was more significant in high-LET irradiated cells or liver
tissues. After the non-irradiated, low-LET or high-LET irradiated human hepatocytes were over-expressed with miR-21,
these cells became tumorigenesis in nude mice. The tumors derived from high-LET-irradiated-cells were largest, and
accompanied by more significant changes in the miR-21-targets: PTEN and RECK. In addition, we showed that IR-
induced up-regulation of miR-21 depended on the up-regulation/activation of AP-1 (at an earlier time, within 2 h) and
the ErbB/Stat3 pathway (at a later time, more than 2 h), which was also IR dose dependent. Taken together, we con-
clude that IR-induced up-regulation of miR-21 plays an important role in IR (especially high-LET IR)-promoted liver
carcinogenesis.
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contributions from other sources such as nu-
clear weapons testing fallout, discharges from
It is known that terrestrial ionizing radiation (IR), nuclear installations and miscellaneous uses of
such as y- or x-ray (possibly above certain radiation (e.g. industrial radiography). IR-
doses, such as 0.1 Gy [1-3]), increases the age- promoted carcinogenesis is initiated by IR-

Introduction

related risk of most common human cancers [4,
5]. People are constantly exposed to cosmic
radiation and to y-rays from naturally occurring
radionuclides in the ground and building materi-
als. Natural background radiation delivers an
average individual dose of about 0.02-0.03 Gy/
annum and variations of a factor of three are
frequent around the world, but it is not difficult
to find areas with doses 10 times greater or
more, mainly due to high levels of radon gas
and its decay products [5]. By far the largest
component of anthropogenic radiation exposure
comes from medical uses, with much smaller

induced DNA damage that involves multi-
pathways and affects genomic instability; how-
ever, the whole picture remains unclear. Com-
pared with y- or x-ray (low linear energy transfer
(LET) radiation), high-LET radiation-induced DNA
damage (generated by high charge energy (HZE)
particles, high-energy ions in space radiation or
by a special radiotherapy machine that is being
increasingly and effectively used for targeted
cancer therapy) is more difficult to be repaired,
which reflects a higher relative biological effec-
tiveness (RBE). Due to a lack of epidemiologic
and mechanical data, it is highly uncertain how
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high the risk is for increasing carcinogenesis in
astronauts following exposure to space radia-
tion [6]. The results from animal studies showed
that high-LET IR promoted more tumorigenesis
than low-LET IR [7, 8], indicating an excess rela-
tive risk (ERR) from high-LET IR for promoting
carcinogenesis. Although it is known that most
cases of hepatocellular carcinoma (HCC) are
secondary to either a hepatitis viral (B or C) in-
fection or alcoholism cirrhosis [9], animal ex-
periments have demonstrated that IR could
increase the HCC frequency [3]. Recently, it was
reported that HZE particle-irradiated mice had
an even higher frequency of HCC than y-ray irra-
diated mice [10], suggesting that people who
exposed to IR, especially high-LET IR (such as
people who received radiotherapy or astro-
nauts) might increase the frequency of HCC,
however, the mechanism remains unclear.

MicroRNAs (miRNAs) are a class of small non-
coding RNAs (ncRNAs) with ~22 nucleotides in
length. To date, more than 1000 miRNAs have
been identified and more miRNA genes in the
human genome are estimated to be identified.
In general, miRNAs post-transcriptionally nega-
tively regulate gene expression by binding to the
3’-untranslatated region (UTR) of the targeted
messenger RNAs (mRNAs) to inhibit the genes
translation [11]. One miRNA can target multiple
MRNAs and one mRNA can be targeted by multi-
ple miRNAs [12]. Most mammalian mRNAs are
conserved targets of miRNAs [13]. The expres-
sions of miRNAs are usually tissue or develop-
mental stage specific, and the change in the
miRNA expression pattern is already found in
many different cancers, such as brain, breast,
lung, colon, prostate, bladder and pancreatic
tumors including HCC [14-24]. Now more and
more data has demonstrated that miRNAs play
an important role in carcinogenesis. There are
several possible mechanisms for miRNAs to
affect tumorigenesis [16, 25]. Up-regulation and
amplification of a miRNA that targets one or
more tumor suppressors might lead to increas-
ing oncogene expression and carcinogenesis;
and loss or epigenetic silencing of a miRNA that
targets one or more oncogenes could trigger
multiple oncogenic pathways.

Based on the information above, it is possible
that IR-modulated expression of miRNA contrib-
utes to IR-promoted -carcinogenesis. In this
study we were interested in testing this hypothe-
sis and focused on studying whether miRNAs
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are involved in IR-promoted liver carcinogene-
sis. We show here for the first time that miR-21
is involved in IR-promoted hepatocellular car-
cinogenesis. We demonstrate that IR induced
the up-regulation of miR-21 through the up-
regulation and/or activation of AP-1 and ErbB/
Stat3. In addition, our results indicate that high-
LET IR is more efficient than low-LET IR for pro-
moting miR-21-induced tumorigenesis.

Materials and methods
Cell lines, mice and irradiation

Immortalized human hepatocytes (LO2 cells)
were obtained from Dr. Rui-Xia Sun’s laboratory
in the Shanghai Institute of Liver Disease and
immortalized mouse hepatocytes were obtained
from Dr. Philip Troilo’s laboratory [26]. These
cells were adapted to grow in DMEM medium
supplement with 10% calf serum. The mice
(CBA/Cal, 6-8 week or 6-8 month old, pur-
chased from Jackson Laboratory) were exposed
to IR. Low-LET radiation was carried out using
an x-ray machine (X-RAD 320, N. Branford 320
kV, 10 mA, 2-mm aluminum filtration for cells
and the filter with 1.5 mm aluminum, 0.8 mm
tin and 0.25 mm copper for mice) in our labora-
tory and high-LET radiation was carried out us-
ing an alternating-gradient synchrotron (Fe ions,
1 GeV/amu) at Brookhaven National Laboratory
(BNL). The dose rates for both high-LET IR and
low-LET IR were about 1 Gy/min. The LO5 cells
were generated by collecting the surviving LO2
cells after exposure to 0.5 Gy of x-ray (low-LET)
and the HO5 cells were the surviving LO2 cells
after exposure to 0.5 Gy of Fe ions (high-LET).
These cells had been subcultured for more than
10 generations before using in any experiment.

Plasmid constructs and transfection

The sequence of pri-miR-21 shown below was
amplified from HepG2 cell (human hepatocellu-
lar carcinoma cells, purchased from ATCC) ge-
nomic DNA by using the primer pairs: 5-TAG
AAG CTT TTA ACA GGC CAG AAA TGC CTG-3' and
5'-TAT CTC GAG AGG ACC AGA GTT TCT GAT TA-3'
and inserted into pC-DNA3 plasmid (Invitrogen)
at Hindlll and Xhol sites.

TTAACAGGCCAGAAATGCCTGGGTTTTTTTGGTTTG-
[TTITTGTTTTTGTTTTTTTATCAAATCCTGCCTGACTG
TCTGCTTGTTTTGCCTACCATCGTGACATCTCCATG
GCTGTACCACCTIGTCGGGTAGCTTATCAGACTGAT
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GTTGACTGTTGAATCTCATGGCAACACCAGTCGATG
GGCTGTCTGACATTTTGGTATCTTTCATCTGACCATC
CATATCCAATGTTCTCATTTAAACATTACCCAGCATC
ATTGTTTATAATCAGAAACTCTGGTCCT

The underlined is the precursor of hsa-miR-21.
The non-irradiated LO2 cells (NR) or irradiated
LO2 cells (LO5 and HO5, as described above)
were transfected individually with pcDNA3.0
plasmid alone or the plasmid encoding miR-21
by using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. Sta-
ble cell lines in 500 yg/ml of G418 were se-
lected and expression of miR-21 was confirmed
by qRT-PCR analysis.

miRNAs microarray and gRT-PCR

Total RNA was isolated from the hepatocytes,
fresh liver tissue or paraffin-embedded liver
tissue by using a miRNeasy MINI kit or a miR-
Neasy FFPE kit (Qiagen) according to the manu-
facturer’s instructions. The paraffin-embedded
liver tissues were kindly provided by Dr. Ullrich
(University of Texas Medical Branch) and Dr.
Weil (Colorado State University). These tissues
were derived from mice 2 years after receiving 1
Gy of Fe ion (high-LET) IR. The miRNA microarray
was analyzed by LC Science Inc with miRBase
Version 13.0. Additional paraffin-embedded
liver tissues were kindly provided by Drs. Wolo-
schak and Paunesku from the Northwestern
University Tissue Bank. These liver tissues were
derived from mice 2 years after receiving 0.5 Gy
neutron (high-LET) IR. cDNA was synthesized
from 0.5 pg RNA with gene specific primer in 15
ul reaction using the TagMan MicroRNA Reverse
Transcription Kit and TagMan® MicroRNA Assay
hsa-miR21# and RNU48 (Applied Biosystems)
according to the manufacturer’s instructions. A
product from the RT reaction was diluted 1:20
and performed in triplicate with a TagMan Uni-
versal PCR Master Mix for qRT-PCR analysis
according to the manufacturer’s instructions.
Each gqRT-PCR experiment was repeated at least
twice.

Western blot analysis

Whole cell lysates were prepared with RIPA
buffer. Standard Western blot was carried out.
The antibodies against ErbB2, c-Jun, c-fos,
Stat3, phospho-Stat3 (tyr705), PTEN and RECK
were purchased from Cell Signaling Technology.
The antibodies against EGFR, p-Tyr(PY99) and
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beta-actin were purchased from Santa Cruz Bio-
technology. The Western blot signals were ana-
lyzed by using a Phosphorlmager (GE Health-
care).

SiRNA transfection

The siRNAs against human ErbB2, c-Jun or c-
Fos, as well as a control RNA, were purchased
from Santa Cruz Biotechnology. LO2 cells were
transfected with these siRNAs, respectively, with
a siRNA transfection reagent from Santa Cruz
Biotechnology according to the manufacturer’s
instructions. The cells were irradiated at 24 h
after transfection. The cells were collected at 1
h and 72 h after IR, respectively.

Tumor xenografts

Thirty six 4-5 week old female athymic nude
mice (Harlan Laboratories) were divided into 6
groups (6 mice/group) and injected with differ-
ent stable cell lines as follows: NR-v and NR-miR
-21 (non-irradiated human hepatocytes (LO2)
transfected with vector alone or the vector con-
taining miR-21); LO5-v and LO5-miR-21 (LO5
cells transfected with vector alone or the vector
containing miR-21); HO5-v and HO5-miR-21
(HO5 cells transfected with vector alone or the
vector containing miR-21). Each mouse was
subcutaneously injected with 4 X 106 cells in 50
ul of sterile PBS at two sides of the body. The
mice were sacrificed at four weeks after injec-
tion and tumors were weighed.

Results

miR-21 is highly-expressed in hepatocellular
carcinomas from irradiated mice

To investigate whether miRNAs were involved in
IR-promoted hepatocellular carcinomas, we
compared the miRNA expression profiles in the
liver carcinoma from mice at 2 years after expo-
sure to 1 Gy of Fe ions (high-LET IR) and in the
liver tissues from control mice. The results
showed that among more than 700 mouse
miRNAs, miR-21 was the only one with expres-
sion levels ~6 folds higher in the liver carci-
noma from high-LET irradiated mice versus in
liver tissues from the control mice, although
some miRNAs had minor differences in expres-
sion levels (less than 2 folds) (Figures 1A, B).
The gRT-PCR data confirmed the big difference
in the miR-21 expression between the two
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group samples (data not shown). To exclude the
possibility that the results might only reflect
specific incidents in a few samples (three hepa-
tocellular carcinomas from three irradiated
mice), we collected 10 additional mouse liver
tumor tissues from the Northwestern University
Tissue Bank, the mice were sacrificed 2 years
after exposure to 0.5 Gy of neutron (high-LET)
IR. The gRT-PCR data showed that miR-21 was
over-expressed in all the liver tumor tissues
from irradiated mice when compared with the
liver tissues from non-irradiated controls
(Figures 1C, D). These results indicate that over-
expression of miR-21 is a common feature in IR-
promoted liver cancers and suggest a functional
link between miR-21 over-expression and IR-
promoted liver tumors.

lonizing radiation promotes miR-21 expression
in hepatocytes and liver tissues

To study whether there was a functional link
between IR-promoted hepatocellular carcino-
genesis and the change of the miRNAs expres-
sion, we compared the microarray data from the
mouse or the human hepatocytes that survived
0.5 Gy high or low-LET IR. The results showed
that among several hundred mouse or human
miRNAs, only the miR-21 level consistently in-
creased in both irradiated mouse hepatocytes
and human hepatocytes when compared with
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Figure 1. Over-expression of miR-

21 in liver carcinoma from irradi-
ated mice. (A) Histology of liver

I Normal
— Tumor

tissues or tumors (H&E, x 200)

from non-irradiated or high-LET
irradiated (1 Gy) mice. (B) The miR-
21 expression level was derived
from the microarray data (LC, Sci-
ences, LLC). The mice were irradi-
ated with 1 Gy high-LET IR (iron)
and the mice were sacrificed two

years after IR. The tumor data were
mean + SE obtained from three

I Hormal
1 Tumor

mice. (C) Histology of liver tissues
or tumors (H&E, x 200) from non-

irradiated or high-LET irradiated (1
Gy) mice. (D) The miR-21 expres-
sion level was analyzed by qRT-
PCR. The mice were irradiated with
0.5 Gy high-LET IR (neutron) and
the mice were sacrificed two years
after IR. The tumor data were mean
+ SE obtained from ten mice.

their non-irradiated counterparts (Figure 2A).
The miR-21 level was higher in high-LET irradi-
ated cells (Figure 2A). Similar results were ob-
served in liver tissues derived from the mice at
one day or 20 days after 0.5 Gy low or high-LET
IR: only the miR-21 level consistently increased
in all irradiated samples (Figure 2B), especially
in high-LET irradiated samples (Figure 2B).
These results indicate that IR could promote
miR-21 expression in hepatocytes or liver tis-
sues, even though the dose was only 0.5 Gy.
High-LET IR dramatically increased the miR-21
level when compared with low-LET IR, particu-
larly in the liver tissues from the mice at 20
days after IR (Figure 2B). Recently, two reports
from different groups also showed that the miR-
21 expression increased in irradiated human
cells [27, 28], confirming that the miR-21 ex-
pression is stimulated by IR. miR-21 targets
multiple pathways that are involved in p53, TGF-
B, mitochondrial apoptosis and tumor-
suppressor etc to promote carcinogenesis [24,
29-37]. It is reasoned that IR-stimulated miR-21
expression plays a very important role in pro-
moting carcinogenesis. Here, we focused on
elucidating how IR promotes miR-21 expression.

IR stimulated/activated AP-1 and Stat3, which
correlates with the up-regulation of miR-21

Similar to mRNA expression, miRNA expression

Int J Clin Exp Med 2010; 3(3):211-222
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requires transcriptional factor regulation. By
searching literature, we found that two tran-
scriptional factors, AP-1 and Stat3, could trigger
miR-21 expression [37-40]. We were interested
in studying whether IR-induced miR-21 expres-
sion was via stimulating these transcriptional

Figure 2. IR-stimulated miR-21 expression in human or
mouse hepatocytes and liver tissue. (A) miR-21 expression
in mouse or human hepatocytes survived 0.5 Gy low-LET or
high-LET IR after more than 10 generations. The miR-21
level was derived from the microarray data (LC, Sciences,
LLC). The analysis is based on the non-irradiated controls
(as 1). (B) miR-21 expression in liver tissue from mice (6-8
month old) at 1 day or 20 days after low or high-LET IR (0.5
Gy). The miR-21 level was derived from the microarray data
(LC, Sciences, LLC). Each group had 3 mice, the analysis is
based on the non-irradiated controls (as 1) *, p < 0.05.

factors/pathways and, if so, which transcrip-
tional factor/pathway, AP-1, Stat3 or both was
essential for IR-induced miR-21 expression. For
this purpose, we compared miR-21, AP-1 and
Stat3 expression/activation in human hepato-
cytes at different time points after IR. We also
compared the data from the hepatocytes that
survived (more than 10 generations) 0.5 Gy low-
LET (L) or high-LET (H) IR exposures. The results
showed that AP-1 (c-Fos and c-Jun) expression
increased at 0.5 h, reached the maximum at 2
h and then decreased to the baseline at 4 h
after IR (1 Gy, x-ray) exposure (Figure 3A). The
AP-1 expression pattern induced by IR only
matched the miR-21 expression within 2 h after
IR (Figure 3A), suggesting that besides AP-1,
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Figure 3. IR-stimulated miR-21 expression correlates with up-regulation/activation of AP-1 and ErbB/Stat3. (A) The
levels of AP-1 (c-Fos and c-Jun) or miR-21 in LO2 (human hepatocytes) cells at different times after 1 Gy exposure.
Actin was used as an internal loading control. L: the cells (LO2) that survived 0.5 Gy low-LET IR. H: the cells (LO2) that
survived 0.5 Gy high-LET IR. Top panel: the image from Western blot. Bottom panel: analysis of the protein levels
shown in the top panel by ImageQuant. The miR-21 level was measured by qRT-PCR. (B) The levels of Stat3, phos-
phorylated Stat3, and miR-21 in LO2 cells at different times after 1 Gy exposure. (C) The levels of ErbB (EGFR and
ErbB2), phosphorylated ErbB and miR-21 in LO2 cells at different times after 1 Gy exposure.

215

Int J Clin Exp Med 2010; 3(3):211-222



microRNA, miR-21 and ionizing radiation-promoted liver carcinogenesis

A B 1 h after IR (1 Gy)
ControlRNA - + - - - EEE Control RNA
siRNA-c-Fos - - - + + [ cFossiRNA

" B c-Jun siRNA
siRNA-c-~Jun - - + - + — goll:ll;)::ed siRNAs
IR1Gy - + + + + 5
CFOS] — —— o E
C-JUNe —— — - .g
PTEN =— o o — &
2
RECK- v —— e e e -
o
Actin- o
E
Cc D
ControlRNA - + -
siRNA-EGFR - - + - + 72 h after IR (1 Gy)
siRNA-ErbB2 - - - + +
IR,1Gy - + + o+ + EE Cntrol RNA
[ EGFR siRNA
i B ErbB2 siRNA
EGFR —J Clo)mhilslled siRNAs
Eroe2- [N ©
2
p-Stat3-| = = w——— —— .g
| o = | O P — ]
&
RECK-| = - e e -
: [
Actin- «
E

other factor(s) also contributed to the increased
miR-21 level at a later time (more than 2 h) af-
ter IR. This hypothesis is supported by the Stat3
data, which showed that the phosphorylated
levels of Stat3 (at the Tyr705 site) increased at
2 h after IR (1 Gy) and continually increased
until 72 h after IR (Figure 3B). The increased
phosphorylation levels of Stat3 matched the IR-
induced miR-21 expression, although the Stat3
protein level did not change much (Figure 3B).
Since this phosphorylated Stat3 represents the
activation of Stat3, these data suggest that
Stat3 might be the major transcriptional factor
for stimulating the expression of miR-21 at a
later time (more than 2 h) after IR. Stat3 could
be phosphorylated by ErbB1 (EGFR) or ErbB2
[41, 42]. Next, we examined which ErbB family
member, EGFR or ErbB2 was the major activa-
tor for IR-stimulated Stat3 phosphorylation. The
results showed that the EGFR level started to
increase at 2 h and continually increased at 72
h after IR (Figure 3C). The ErbB2 level did not
increase as dramatically as the EGFR level did;
however, the phosphorylation level of ErbB
(including EGFR and ErbB2) clearly increased
with time after IR (Figure 3C), suggesting that
both EGFR and ErbB2 involved IR-stimulated
Stat3 phosphorylation. Although we could not
measure these protein levels/activations for a
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Figure 4. IR-stimulated miR-21 expression is via AP
-1 at an earlier time and ErbB/Stat3 at a later
time. (A) The effects of AP-1 siRNAs on the expres-
sion of miR-21 targets. LO2 cells were treated with
c-Jun siRNA, c-Fos siRNA or both for 24 h and were
then irradiated with 1 Gy. The cells were collected
at 1 h after IR and the protein levels were meas-
ured by Western blot. Actin was used as an inter-
nal loading control. (B) The effects of AP-1 siRNA
on the expression of miR-21. The cells were col-
lected at 1 h after IR, RNA was prepared and the
miR-21 levels were detected by qRT-PCR. The re-
sults were obtained from two separate experi-
ments with 6 samples of each treatment, **, p<
0.01. (C) The effects of EGFR siRNA and ErbB2
siRNA on Stat3 activation and the expression of
miR-21 targets. LO2 cells were treated with EGFR
siRNA, ErbB2 siRNA, or both for 24 h and were
irradiated with 1 Gy. The cells were then collected
at 72 h after IR and the protein levels were meas-
ured by Western blot. (D) The effects of EGFR
siRNA and ErbB2 siRNA on the miR-21 expression.
The cells were treated and collected as described
above, RNA was prepared and the miR-21 levels
were detected by qRT-PCR. The results were ob-
tained from two separate experiments using a total
of 6 samples for each treatment, **, p< 0.01.

longer time (more than 72 h) after radiation
because of the cell growth situation, the in-
creased or activated levels for these proteins in
HO5 (H) or LO5 (L) cells (Figures 3B, C) suggest
that the expression of miR-21 in the cells at a
later time (more than 72 h) after IR could be
continually stimulated by the ErbB/Stat3 path-
way. These AP-1 and ErbB/Stat3 data indicate
that miR-21 might be stimulated by AP-1 at an
earlier time (within 2 h) and by the ErbB/Stat3
pathway at a later time (more than 2 h).

AP-1 and ErbB/Stat3 are essential for IR-
stimulated miR-21 expression

To verify our prediction, we measured the levels
of miR-21 and its targets after knocking down
AP-1 or ErbB/Stat3. Our AP-1 data showed that
when either the c¢-Fos or c-Jun level was
knocked down with the siRNAs (Figure 4A), the
miR-21 level decreased at 1 h after IR (Figure
4B) and the protein levels of PTEN and RECK
(two of the miR-21 targets) increased (Figure
4A). Knocking down both c-Fos and c-Jun en-
hanced the changed levels of miR-21 and its
two targets when compared with knocking down
c-Fos or c-Jun alone (Figures 4A, B), confirming
that both c-Fos and c-Jun are required for stimu-
lating the up-regulation of miR-21 by IR at an

Int J Clin Exp Med 2010; 3(3):211-222
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Figure 5. Up-regulation of miR-21 contributes to IR-promoted hepatocyte tumorigenesis. (A) The levels of miR-21 in
NR (non-irradiated LO2 cells), LO5 or HO5 cells that were transfected with miR-21 or a control vector. (B) Imaging of
the sizes of tumors that developed in the nude mice from the cells over-expressed with miR-21: NR-miR-21, the non-
irradiated LO2 cells that were over-expressed with miR-21; LO5-miR-21, the LO2 cells that survived 0.5 Gy low-LET IR
and over-expressed with miR-21; HO5-miR-21, the LO2 cells that survived 0.5 Gy high-LET IR and over-expressed with
miR-21. Each mouse was injected subcutaneously with the same type cells at two sides of the body. Each group con-
tained 6 mice and 12 injections. (C) Analysis of the tumor weight in the mice from different types of cell lines: NR-miR
-21, LO5-miR-21 or HO5-miR-21: *, P< 0.05; **, P<0.01. (D) Histopathological image of tumors derived from NR-miR-
21, LO5-miR-21 or HO5-miR-21 cells. The tumor tissues were prepared for histopathological slides with hematoxylin
and easin (H&E, x 100) staining. The black arrows indicated the small blood vessels. (E) Compare the levels of miR21
targets (RECT and PTEN) in NR-miR-21, LO5-miR-21 or HO5-miR-21 cells versus that in NR-v, LO5-v and HO5-v cells.
Western blot was performed and Actin was used as an internal loading control.

earlier time. The ErbB/Stat3 data showed that
after EGFR or ErbB2 was knocked down by the
siRNAs, the phosphorylation level of Stat3 de-
creased (Figure 4C) and, most importantly, the
miR-21 level also decreased (Figure 4D) and
the miR-21 targets (PTEN and RECK) increased
(Figure 4C). Knocking down both EGFR and
ErbB2 specifically enhanced the changed levels
of miR-21, Stat3 phosphorylation and its two
targets when compared with knocking down
EGFR or ErbB2 alone (Figures 4C, D), confirming
that both EGFR and ErbB2 are required for
stimulating the up-regulation of miR-21 by IR at
a later time. These results clearly indicate that
IR-stimulated miR-21 expression is via IR-
induced expression/activation of AP-1 (at an
earlier time) and ErbB/Stat3 (at a later time).
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miR-21 promotes IR-induced hepatocellular
carcinogenesis

Although over-expression of miR-21 was accom-
panied with many kinds of cancer [14-23] and
up-regulating the miR-21 expression promoted
tumor growth [43, 44], it remains unclear
whether  up-regulating miR-21 in  non-
tumorigenesis cells could promote such cells
becoming tumorigenesis. To answer this ques-
tion, we made the miR-21 construct and trans-
fected the plasmid encoding the pri-miR-21 in
the following three human hepatocyte lines: NR
(the non-irradiated LO2 cells, control human
hepatocytes), LO5 (the human hepatocytes that
survived 0.5 Gy low-LET IR) or HO5 cells (the
human hepatocytes that survived 0.5 Gy high-
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Figure 6. The effects of IR with different doses on AP-1, ErbB/Stat3 and miR-21 expression/activation. (A) The levels
of AP-1 (c-Fos and c-Jun) or miR-21 in LO2 cells at 1 h after different doses of IR exposure. L and H are the same as
described in Figure 3. Top panel: the image from Western blot. Bottom panel: analysis of the protein levels shown in
the top panel by ImageQuant. The miR-21 level was measured by qRT-PCR. (B) The levels of EGFR, phosphorylated
ErbB or Stat3 and miR-21 in LO2 cells at 72 h after different doses of IR exposure. L and H are the same as de-
scribed above. Top panel: the image from Western blot. Bottom panel: analysis of the protein levels shown in the top
panel by ImageQuant. The miR-21 level was measured by qRT-PCR. (C) A summary of the effects of IR-promoted liver
carcinogenesis is as follows: IR stimulates miR-21 expression through the up-regulation or activation of AP-1 (at an
earlier time) and ErbB/Stat3 (at a later time) pathways. AP-1 could also directly or indirectly activate the ErbB/Stat3
pathways. The over-expression of miR-21 promotes liver tumorigenesis and other IR-stimulated factors that may also

facilitate the function of miR-21 and contribute to liver tumorigenesis.

LET IR). We then examined the miR-21 levels in
the colonies from each transfection. The results
showed that the transfection of the vector alone
did not affect the miR-21 level, and the miR-21
level increased differently in the cells trans-
fected with the miR-21 construct. We screened
the cell lines (NR-miR-21, LO5-miR-21 or HO5-
miR-21) and selected the cell lines with the
similar high levels of miR-21 for the xenograft
animal experiments (Figure 5A). Next, we exam-
ined the tumorigenesis of these cell lines: NR-v,
LO5-v or HO5-v cells (transfected with vector
alone) or NR-miR-21, LO5-miR-21 or HO5-miR-
21 cells were subcutaneously injected into the
nude mice. One month following the injection,
we sacrificed the mice and examined the tu-
morigenesis frequency and tumor weight which
indirectly reflected the tumor size. The results
showed that all the vector cell lines did not
show any tumor growth in the mice; however, all
the cell lines over-expressed with miR-21 devel-
oped tumors (Figure 5B). To our knowledge, this
is the first study to have showed that over-
expressing miR-21 could make immortalized
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human cells become tumorigenesis. These re-
sults indicate that miR-21 plays an essential
role in promoting tumorigenesis in these cells.

Interestingly, the tumors that developed from
the irradiated cells (LO5-miR-21 or HO5-miR-21)
were bigger than those from the non-irradiated
cells (NR-miR-21) (Figures 5B, C). The tumors
that developed from the high-LET irradiated
cells (HO5-miR-21) were even bigger than those
from the low-LET irradiated cells (LO5-miR-21)
(Figures 5B, C). The histopathological slides
showed that more small vessels formed in the
tumors developed from the irradiated cells (LO5
-miR-21 and HO5-miR-21), especially from the
high-LET irradiated cells (HO5-miR-21) than in
the tumors developed from the non-irradiated
cells (NR-miR-21) (Figure 5D). Since the levels
of miR-21 are similar among all these cell lines
(Figure 5A), the results of the different tumor
sizes derived from these different cell lines sug-
gest that IR (especially high-LET IR) induced
other biological changes in the cells that pro-
vided an environment that facilitated miR-21
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promoting liver tumorigenesis. To test the hy-
pothesis, we compared the levels of PTEN and
RECK (the targets of miR-21) in NR-miR-21, LO5
-miR-21 and HO5-miR-21 cells. The results
showed that the levels of PTEN and RECK were
the lowest in HO5-miR-21 cells and the highest
in NR-miR-21 cells (Figure 5E); although, the up-
regulated levels of miR-21 in these cell lines
were similar (Figure 5A). These results suggest
that radiation, especially high-LET IR, could acti-
vate other pathways that facilitate the role of
miR-21 in liver carcinogenesis.

IR-promoted expression of miR-21 depends on
the radiation dose

The size of the tumors developed from high-LET
irradiated cells is bigger than that from low-LET
irradiated cells (Figures 5B, C), which confirms
the fact that high-LET radiation has an excess
relative risk (ERR) when compared with low-LET
IR to promote carcinogenesis [6, 8]. The ERR of
carcinogenesis is believed to be related to the
fact that the DNA damage induced by high-LET
IR is more difficult to repair than by low-LET IR.
To examine whether high-LET IR-stimulated ex-
pression of miR-21 was also related to ERR, we
performed dose-response experiments because
it is known that DNA damage induced by IR is
linearly dose-dependent. The results showed
that the expression/activation levels of AP-1,
ErbB/Stat3 and miR-21 upregulated with in-
creasing doses up to 2 Gy and then reached a
plateau level until 5 Gy, at an earlier time (1 h)
or at a later time (72 h) after IR (Figures 6A, B).
These results suggest that IR-induced miR-21
expression is dose dependent under a certain
dose (~ 2 Gy). At this dose range, more dam-
aged DNA might stimulate the activation of mul-
tiple carcinogenesis-relevant pathways
(including the AP-1 and ErbB/Stat3 pathways)
and when the activation reaches the maximal
level, more DNA damage cannot further trigger
the activation including the expression of miR-
21 in the short term. These dose response
curves of AP-1, ErbB/Stat3 and miR-21 also
match the dose response curve for IR-promoted
carcinogenesis [45] that revealed that high
doses kill more cells and could not further in-
crease carcinogenesis. After combining all our
results, we formed the following model: IR-
stimulated AP-1 and ErbB/Stat3 up-regulates
miR-21 in the human hepatocytes, which re-
sulted in these cells becoming tumorigenerable.
IR, especially high-LET IR, facilitates the function
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of miR-21, which speeds up the process of tu-
morigenesis (Figure 6C).

Discussion

In this study, we reported for the first time that
IR-stimulated miR-21 expression plays an im-
portant role in hepatocellular carcinogenesis.
This stimulation depends on IR-induced/
activated AP-1 and Stat3. IR could stimulate AP-
1 in the following several ways: up-regulating
expression [46], enhancing the DNA binding
activity of AP-1 [47] and via JNK pathways [48].
We believe that IR-promoted miR-21 expression
at an earlier time following IR is mainly due to IR
-stimulated AP-1 expression. Our data showed
at 4 h after 1 Gy irradiation, the AP-1 level de-
creased, which is consistent with the previous
report [46]. However, at this time, IR-induced
JNK activity is still much higher (data not shown)
[49], suggesting that the activated JNK has less
effects on the decreased AP-1. It is reasoned
that AP-1 transcriptional activity depends on its
DNA binding activity, which explains that AP-1
triggers miR-21 transcription via several AP-1-
binding sites in the miR-21 promoter [39]. AP-1
could also directly or indirectly activate the ErbB
pathways. The ErbB receptor tyrosine kinase is
a major up-stream regulator of Stat3 that can
be activated by mediated multiple signaling
pathways to promote carcinogenesis in different
organs. Stat3 could stimulate miR-21 expres-
sion by binding to its transcriptional enhancer
sites [38] and the ErbB/Stat3 activation plays
an important role in the regulation of miR-21
expression [37, 40]. The ErbB family includes
four members: ErbB 1, 2, 3 and 4. The ErbB
activation is mainly reflected by its autophos-
phorylation. It is possible that the phosphoryla-
tional level of ErbB stimulated by IR could come
from all the 4 members. Although we did not
measure the levels of ErbB3 and ErbB4, the
EGFR (ErbB1) siRNA and ErbB2 siRNA signifi-
cantly inhibited the IR-stimulated miR-21 ex-
pression, excluding the possible involvement of
ErbB3 or ErbB4. Based on these results we be-
lieve that increased phosphorylational level of
ErbB might mainly represent EGFR (ErbB1) and
ErbB2.

It is known that IR (might be above certain
doses such as 0.1 Gy [1-3]) promotes carcino-
genesis in multi-organs, which involves a long
term and complicated process. Our results
showed that over-expression of miR-21 alone
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could make immortalized human hepatocytes
become tumorigenesis, which was promoted by
IR, indicating the importance of miR-21 in car-
cinogenesis including IR-promoted carcinogene-
sis. The miR-21 level in IR-promoted liver tu-
mors was ~6 folds higher than that in non-
tumor liver tissues, and up-regulating miR-21 up
to 6 folds higher in the hepatocytes than in their
counterpart controls makes the human hepato-
cytes become tumorigenesis. These results sug-
gest that the tumorigenesis requires an in-
creased expression of miR-21 up to a certain
level. IR-stimulated miR-21 expression was only
~2 folds in hepatocytes for the short term, and
it gradually increased in the liver tissues at 20
days after IR (especially high-LET IR). We believe
that IR-stimulated miR-21 requires a long term
accumulation to a certain level. In fact, the lev-
els of miR-21 and its upstream regulators in the
hepatocytes that survived IR (L or H) after 10
generations was higher than in the cells just
exposed to irradiation (Figures 2B, 3, 4, 6A, B),
which supports our hypothesis. We believe that
irradiated cells/tissues gradually auto-select the
changed cells to better facilitate their survival
and growth, which contributes to carcinogene-
sis. Of course, this prediction requires more
experiments to detect miR-21 levels in liver tis-
sues from the mice at different times (1, 3, 6,
12, 18 months) after IR. Our results showed
that even miR-21 levels are similar among non-
irradiated, low-LET irradiated and high-LET irra-
diated cells; the tumor size is much bigger when
developed from irradiated cells especially from
high-LET irradiated cells. These results indicate
that IR-stimulated miR-21 up-regulation is not
the only reason for IR-promoted tumors; other
IR-stimulated pathway changes may collaborate
together during the long term process of the cell
selection to facilitate the tumorigenesis. The
detailed mechanism needs more work to eluci-
date in the near future.

In summary, our results for the first time estab-
lish a link between IR-stimulated miR-21 expres-
sion and IR-promoted liver carcinogenesis. We
demonstrate that IR-induced up-regulation of
miR-21 depends on AP-1 and ErbB/Stat3. IR-
promoted carcinogenesis is a long term compli-
cated process that involves the cell selection
with changed factors to facilitate survival and
division. Our results suggest that miR-21 is one
of the factors. We believe that these results will
contribute to our understanding of liver carcino-
genesis, and will be useful in preventing IR-
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induced liver carcinogenesis.
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