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The traditional paradigm of radiation�induced ef�
fects is based on cells damaged directly by the radia�
tion. Current evidence suggests that in cell popula�
tions exposed to ionizing radiation (IR), biological ef�
fects occur in a much larger proportion of cells than
those are estimated to be traversed by radiation [1–3].
The irradiated cells are capable of providing signals to
the neighboring cells, and that signal results in biolog�
ical effects to nearby unirradiated cells. This phenom�
enon was termed as bystander effect. Evidence for a
bystander effect in irradiated cell populations was first
reported in 1992 [4]. Direct evidence of the bystander
effect was provided in studies where the transfer of me�
dium from irradiated cells was shown to induce cell
killing of unirradiated bystander cells [5]. Non�target�
ed effects of IR have significant implications for un�
derstanding mechanisms of radiation action (reviewed
in [2]). 

Abbreviations: IR – ionizing radiation; ROS – reactive oxygen
species. 

* E�mail: mchaudhr@uvm.edu

Biological responses in bystander cells were inves�
tigated in many studies. An increase in the frequency
of micronuclei formation, sister chromatid exchanges,
gene mutations and chromosomal instability were re�
ported to take place in bystander cells [4, 6–9]. Apart
from these, an increase in the frequency of random
mitochondrial mutations was found in bystander cells
exposed to conditioned media from irradiated tumor
explants, and this was associated with a reduction in
mitochondrial membrane potential [10]. Changes in
gene expression were observed in bystander cells [11].
Expression levels of p53, p21 and MDM2 genes in by�
stander cells were modulated [12]. The expression
changes of 18 genes, involved in mitogen�activated
protein kinase (MAPK) pathway, following exposure
to IR were shown in bystander cells [13]. The α�parti�
cle�induced metabolic reactive oxygen species (ROS)
production activates signaling pathways in bystander
cells [14]. It is suggested that many factors influence a
bystander response including the linear energy transfer
(LET) of the radiation. The existence of bystander ef�
fect after high LET radiation, such as α�particles is
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The ionizing radiation (IR) induces a variety of biological effects in irradiated cells. Additionally, the irradiated
cells communicate with unirradiated cells and induce changes in them through a phenomenon termed as the by�
stander effect. The nature of the bystander effect signal and how it impacts unirradiated cells remains to be dis�
covered. Examination of molecular changes in bystander cells due to signals from irradiated cells could lead to
the identification of the pathways underlying the bystander effect. To gain insight into the molecular pathways
affected by the transmission of signal from irradiated cells to bystander cells, we monitored the microRNA
(miRNA) transcriptional changes. miRNAs control gene expression at the posttranscriptional level. In previous
studies from our laboratory the modulation of miRNA in irradiated human cells were identified. In the present
work human lymphoblasts TK6 cells in a medium exchanged bystander effect model system were used to analyze
miRNA expression alterations by employing the real time RT�PCR technology. The relative expression of sev�
eral miRNAs involved in RAS, c�MYC and BCL2 gene regulation were examined. The let�7 family of miRNAs
was upregulated in irradiated cells but most of these miRNAs remained repressed in bystander cells. The
miR�17�3p, miR�19b, and miR�18a were upregulated in irradiated cells but were repressed in the bystander
cells. The miR�17�5p, miR�142�3p, miR�142�5p, and miR�19a were induced only for a short time in bystander
cells. The miR�15a, miR�16, miR�143, miR�145, miR�155, and miR21 were upregulated in irradiated TK6 cells.
While the expression of miR�15a, miR�16, miR�155, and miR�21 was repressed, the miR�143 and miR�145 ex�
pression was induced in bystander cells. These results indicate the involvement of miRNA modulation in irradi�
ated and bystander cells. 
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very well documented [15]. A low LET X�irradiation
was shown to be capable of inducing medium�mediat�
ed bystander effects in fibroblasts [16]. 

The mechanism(s) underlying the bystander effect
has not been completely understood. It was suggested
that the production of ROS, direct cell�to�cell signal�
ing via gap junctional intercellular communication or
soluble factor(s) released into the medium surround�
ing irradiated cells could be responsible [4, 5, 11, 17–
19]. The effect may be mediated by signaling pathways
responsive to oxidative stress. The activation of stress�
related kinases and their downstream transcription
factors JNK, ERK1/2, p90RSK, Elk�1 and ATF2 was
shown to take place in bystander cells [12]. Free radi�
cals originating in cellular membranes and mitochon�
dria are believed to play an important role in the by�
stander response [20], and protection effect of ROS�
scavenging catechins on bystander cells from radiation
effects was also reported [21]. 

This study was undertaken to understand molecu�
lar processes by which the IR exposure may elicit by�
stander responses. Our goal was to examine microRNA
(miRNA) expression in irradiated and bystander cells.
Changes in miRNA levels were shown to be associated
with many human diseases. miRNAs are small non�pro�
tein�coding single�stranded RNAs of ~22 nucleotides
that function as negative gene regulators. miRNAs
control a wide range of biological functions by regulat�
ing hundreds of mRNA targets [22]. miRNAs nega�
tively regulate their targets by binding with perfect or
nearly perfect complementarity to mRNAs to induce
the RNA�mediated interference pathway [23].
miRNAs are bound by Argonaute (Ago) proteins in
RNA�induced silencing complexes (RISCs) [24].
Most miRNAs do not degrade their mRNA targets as
a mechanism of gene regulation. These miRNAs bind
to imperfect complementary sites within the 3'�un�
translated regions of their mRNA targets. In this case
the target�gene repression occurs post�transcription�
ally at the level of translation [25] resulting in reduced
protein levels but the mRNA levels remain unaffected
[26]. The degree of complementarity between a
miRNA and its target mRNA determines the mecha�
nism of post�transcriptional regulation [27]. Nearly
perfect pairing induces cleavage of the target mRNA,
whereas partial pairing results in translational repres�
sion and mRNA decay. A single miRNA has the capabil�
ity to bind to as many as 200 diverse mRNA targets rang�
ing from transcription factors, secreted factors, receptors
and transporters [26, 28], thus potentially controlling the
expression of about one�third of human mRNAs. 

X�irradiation can induce a medium�mediated by�
stander response in unirradiated human TK6 cells co�
cultured with irradiated cells in a transwell insert cul�
ture dish [9, 16]. In the present study, we asked wheth�
er medium�mediated bystander effect in TK6 are ac�
companied by alterations in the miRNA expression
levels. To our knowledge, the modulation of miRNAs

in bystander cells co�cultured with irradiated cell con�
ditioned medium has not been reported. Here, differ�
ent miRNA expression in irradiated and bystander
cells was detected. Irradiated cells displayed an ability
to induce changes in the expression level of miRNAs
in bystander cells.

EXPERIMENTAL

Cell culture and maintenance. The human lympho�
blast cell line TK6 was obtained from Dr. Howard
Liber (Colorado State University, Fort Collins, CO,
USA). The cells were grown in RPMI 1640 medium sup�
plemented with 10% fetal bovine serum (“Invitrogen”,
USA), 100 mg/mL of streptomycin and 100 U/mL of
penicillin. The cell culture was maintained at a density
of 2.5 × 105 cells/mL in a 37°C�incubator with 5%
CO2 and 100% humidity.

Ionizing radiation treatment and cell co�culture. Ir�
radiation of 3 × 106 cells was performed with a RAD
Source 2000 X�ray Biological irradiator (“Alpharetta”,
USA) available at the University of Vermont. The cells
were seeded at a density of 3 × 106 per mL and irradi�
ated at room temperature with a dose of 2 Gy at a dose
rate of 1.7 Gy/min.

The cell culture transwell inserts (“Becton Dickin�
son Biosciences”, USA) were used to study the by�
stander effect [16]. The bottom of the insert is a mem�
brane with 1 µm pores at a density of 1.6 × 106/cm2.
The polyethylene terephthalate membranes are highly
permeable and allow increased rate of basolateral dif�
fusion of nutrients and other molecules for transport,
secretion or binding studies. The transwell culture in�
sert dish has a growth area of 4.2 cm2, and the compan�
ion well of a six�well plate has a growth area of 9.6 cm2.
The distance from the membrane of the insert dish to the
bottom of the well of the companion plate is 0.9 mm. 

The culture media of irradiated cells was changed
immediately after irradiation with fresh unirradiated
media. The unirradiated cells were plated into six�well
dishes at a density of 2 × 105 cells/mL. The inserts con�
taining 2 × 105 cells/mL of irradiated cells were put in�
to the wells of dishes (fig. 1), and the six�well plates
along with inserts were returned to the incubator. The
irradiated and bystander cells were co�cultured to al�
low the induction of X�ray�induced bystander effect
until the time at which cells were harvested. The con�
trol samples were treated in the same way, except for ir�
radiation. The treated and bystander cells were incu�
bated at 37°C and harvested at 0, 0.5, 4, 8, 12, and 24 h
before RNA isolation. There was one well for each
time�point, and the experiment was repeated three
times independently. All the timencourse samples
were compared to zero�time point control. 

Cell viability assay. The viability of cells was measured
by a trypan blue exclusion assay. Cell suspension (80 µL)
was put into a well of a 24�well plate (1 × 105 cells/well)
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and incubated at 37°C for 0–24 h after irradiation.
Twenty microliters of trypan blue solution (0.05% in
phosphate�buffered saline, PBS) were added to the
cell suspension. After 10 min at room temperature,
cell number was measured with the use of hemocy�
tometer (“Millipore”, USA). 

RNA isolation. The miRNAs were isolated from the
harvested cells. The control (mock irradiated) and ir�
radiated cells were counted with a hemocytometer.
Approximately 5 × 106 cells were pelleted by centrifu�
gation at 1 500 rpm for 5 min, and washed with 1 mL
of the (Mg2+ and Ca2+)�free Dulbecco in PBS (“Invit�
rogen”). Small RNAs, less than 200 nucleotides, were
isolated from cells using the “mirVanaTM miRNA” iso�
lation kit following the enrichment procedure for
small RNA recovery (“Applied Biosystems”, USA).
The quantity and quality of miRNAs were evaluated
with the use of the BioPhotometer (“Eppendorf”,
USA) and electrophoresis in 2% agarose gel with
ethidium bromide detection, respectively. 

miRNA. Here, miRNA targets hsa�let�7a, hsa�let�
7b, hsa�let�7c, hsa�let�7d, hsa�let�7e, hsa�let�7f, hsa�
let�7g, hsa�let�7i, hsa�miR�142�3p, hsa�miR�142�5p,
hsa�miR143, hsa�miR�145, hsa�miR�155, hsa�miR�
15a, hsa�miR�16, hsa�miR�17�3p, hsa�miR�17�5p,

hsamiR�18a, hsa�miR�19a, hsa�miR�19b, and hsa�
miR�21 were investigated. All miRNAs selected for
this study are expressed in TK6 cells and are modulat�
ed in TK6 cells after irradiation with X�rays [29]. 

These miRNA genes were selected from the Sanger
Center miRNA Registry at http://www.sanger.ac.uk/
Software/Rfam/mirna/index.shtml. All TaqMan assays
and endogenous controls for miRNA analysis and assays
on demand for gene expression analysis were purchased
from “Applied Biosystems”, USA. Standard TaqMan as�
says were designed using PrimerExpress software (“Ap�
plied Biosystems”). Since most of the miRNAs from let�
7 family differ from each other only by 1–3 nucleotides,
the TaqMan probes for different members of let�7 family
could bind to several miRNAs. Although there is no infor�
mation available on TaqMan probes for these miRNAs at
the Applied Biosystem’s website, the specificity of these
probes was assured by the manufacturer. All RNA sam�
ples for miRNA analysis were normalized based on the
TaqMan Gene Expression Assays for human endogenous
RNU44 control. 

cDNA synthesis reactions. Reverse transcriptase
(RT) reactions were set up using a commercial kit
from “Applied Biosystems”, which contained RNA
samples, 50 nM stem�loop RT�primer, RT�buffer,
0.25 mM each of dNTPs, 3.33 U/µL of MultiScribe™
reverse transcriptase and 0.25 U/µL of RNase inhibi�
tor. The 15 µL reaction mixtures were incubated in
Techne TC�312 thermocycler (“Burlington”, USA)
for 30 min at 16°C, 30 min at 42°C, 5 min at 85°C, and
then held at 4°C. All RT�reactions, including no�tem�
plate controls and RT�minus controls, were run in du�
plicate. 

Quantitative real�time polymerase chain reaction
(QPCR) and data analysis. QPCR was performed on a
7900HT Sequence Detection System (“Applied Biosys�
tems”) by using a standard TaqMan PCR kit protocol. A
10 µL sample for the PCR contained 0.67 µL of RT�
product, TaqMan Universal PCR Master Mix, 0.2 µM
TaqMan probe, 1.5 μM forward primer and 0.7 µM re�
verse primer. The reactions were incubated in a 384�well
plate at 95°C for 10 min, followed by 40 cycles of 95°C
for 15 s and 60°C for 1 min. The relative expression
values of cycle thresholds were calculated by using the
comparative delta delta cycle threshold, ΔΔCT, meth�
od [30] by normalization to the control miRNA
RNU44. The threshold cycle (CT) is defined as the
fractional cycle number at which the fluorescence
passes the fixed threshold. Statistical significance was
determined using analysis of variance (ANOVA). The
statistics and data analysis were performed with ABI
prism and GraphPad Prism 5 software, both licensed
to the University of Vermont. CT values for the 21�tar�
gets of miRNAs in each cell line were statistically eval�
uated using a one�way T�test (p < 0.05). All experi�
ments were repeated three times and differences in
miRNA levels were statistically significant between the
irradiated and bystander cells. 

Six�well cell culture dish

Cells

Transwell

Well

Filter membrane

Well with an inserted transwell

Cells

Fig. 1. The co�culture system using transwell to study by�
stander effect. The unirradiated cells were plated in six�
well dishes, as described in the experimental section. Tran�
swell inserts were placed in each well of the dish, and irra�
diated cells were put in the insert to initiate co�culture of
irradiated and unirradiated cells.
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RESULTS

TK6 cells were irradiated with 2�Gy dose of X�rays
and co�cultured with unirradiated cells using a tran�
swell system [9, 16] to study miRNA responses in both
irradiated and bystander cells (fig. 1). At 0, 0.5, 4, 8, 12
and 24 h time points the irradiated and bystander cells
were harvested. The miRNA isolated from the harvest�
ed cells was subjected to QRT�PCR expression analy�
sis. The expression level of several miRNAs including
eight let�7 family members, and miRNAs involved in c�
MYC and BCL2 gene regulation was evaluated. Different
expression levels of miRNAs relative to sham controls
were observed in the irradiated and bystander cells. 

The expression analysis of miR�let�7a, miR�let�7b,
miR�let�7c, miR�let�7d, miR�let�7e, miR�let�7f,
miR�let�7g, and miR�let�7i in irradiated and bystand�
er cells during a 24�h time period is shown in figure 2.
The expression of miR�let�7a, miR�let�7b, miR�let�7c,
miR�let�7e, miR�let�7f, and miR�let�7g miRNAs was

upregulated and reached a maximum level at 4 h in ir�
radiated cells (fig. 2). There was a decline in the ex�
pression of these miRNAs at the 8�h time point. There
were two peaks of induction, namely: one at 4 h and
the other at 12 h – in the expression levels of miR�let�7d,
and miR�let�7i (fig. 2d,h). 

The expression of most of eight let�7 miRNAs in
bystander cells remained downregulated throughout
the 24 h time period (fig. 2). The miR�let�7c showed
two peaks of expression upregulation: one at 4 h and
another at 12 h (fig. 2c). The miRlet�7e was induced at
4 h and then its expression level was declined (fig. 2e).
The miR�let�7g was induced at 0.5� and 8�h time
points (fig. 2g). There were significant differences in
the miR�let�7a (p = 0.04) and miR�let�7f (p = 0.03) ex�
pression levels in the bystander cells in comparison with
unirradiated control cells. There were significant differ�
ences in the relative expression of miRlet�7a (p = 0.02),
miR�let�7b (p = 0.01), miR�let�7c (p = 0.02),
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Fig. 2. The expression of let�7 miRNA family members relative to unirradiated controls in 2�Gy irradiated TK6 and bystander
cells. The miRNA expression was assessed at 0, 0.5, 4, 8, 12 and 24 h post irradiation. The relative expression is shown as Log2
transformed values for: a – let�7a, b – let�7b, c – let�7c, d – let�7d, e – let�7e,  f – let�7f, g – let�7g, h – let�7i.  – Irradiated
cells,  – bystander cells. Here and further, error bars indicate the standard error of the mean (SEM) for three independent ex�
periments. 
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miR�let�7f (p = 0.01), and miR�let�7i (p = 0.04) be�
tween irradiated and bystander cells. 

The modulation of miR�17�3p, miR�17�5p,
miR�142�3p, miR�142�5p, miR�19a, miR�19b, and
miR�18a in irradiated TK6 and bystander cells was
evaluated (fig. 3). These miRNAs have shown to be in�
volved in the regulation of c�MYC gene. In irradiated
TK6 cells, miR�17�3p, miR�19a, miR�19b, and miR�18a
were upregulated until 4 h following the IR treatment
and downregulated after that time. An induction in the
expression level of miR�19b was seen at the 12�h time
point (fig. 3). The miR�17�5p, miR�142�3p, and
miR�142�5p remained repressed after IR�treatment
when monitored during the 24�h time course experi�
ment (fig. 3). In bystander cells miR�17�5p, miR�142�3p,
miR142�5p, miR�18a, and miR�19a were induced at
the early time point of 0.5 h and were repressed at later
time points. Only miR�19a expression was upregulat�
ed later, at 12 h (fig. 3e). The expression of miR�17�3p

was repressed at 12�h time point and miR�19b re�
mained repressed throughout the time of the experi�
ment. There was significant difference in the miR�19b
(p = 0.026) expression levels in the bystander cells in
comparison with unirradiated control. There was signifi�
cant difference in the relative expression of miR�17�3p
(p = 0.04) and miR�19b (p = 0.02) in irradiated and
bystander cells. 

Results obtained for miR�15a, miR�16, miR�143,
miR�145, miR�155, and miR�21 expression in irradi�
ated and bystander cells are shown in figure 4. All of
these miRNAs were upregulated in irradiated TK6 cells.
The highest level of expression was reached at 4 h in the
case of miR�155 (fig. 4c) and miR�21 (fig. 4f). The
maximum expression of miR�15a was observed at 12 h
(fig. 4a). Two distinct peaks of induction were seen for
miR�16, miR�143, and miR�145. These miRNAs were
upregulated at 4 h and 24 h post irradiation (fig. 4b,d,e). 
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Fig. 3. The expression of c�MYC�related miRNA relative to sham�irradiated controls in 2�Gy irradiated TK6 and bystander cells.
The miRNA expression was assessed at 0, 0.5, 4, 8, 12 and 24 h post irradiation. The relative expression is shown as Log2 trans�
formed values for: a – miR�17�3p, b – miR�17�5p, c – miR�142�3p, d – miR�142�5p, e – miR�19a,  f – miR�19b, g – miR�18a.

 – Irradiated cells,  – bystander cells.



МОЛЕКУЛЯРНАЯ БИОЛОГИЯ  том 46  № 4  2012

DIFFERENTIAL REGULATION OF MICRORNA EXPRESSION 639

The expression of miR�15a, miR�16, miR�155,
and miR�21 was repressed in bystander cells (fig. 4).
The miR�143 expression in bystander cells had two
peaks of induction. It was first induced at 4 h and again
at 24 h after a downregulation (fig. 4d).The miR�145
also had two peaks of upregulation; one as seen was at
the 4�h time point and another was observed at 12 h
(fig. 4e). There was significant difference in the miR�16
(p = 0.027), miR�143 (p = 0.02), and miR�21 (p = 0.03)
expression levels in the bystander cells in comparison
with the unirradiated control cells.There was signifi�
cant difference in the relative expression of miR�15a
(p = 0.02), miR�16 (p = 0.008), miR�155 (p = 0.02),
miR�143 (p = 0.04), and miR�21 (p = 0.01) between
irradiated and bystander cells. 

Finally, we investigated, if the increasing levels of
miRNAs in bystander cells were due to contamination
of these cells by the medium with accumulated miRNAs
resulted from irradiated cell destruction. At first, via�
bility of cells after IR at various time points was mon�
itored. During the 24�h time course no evidence of cell
destruction as assessed by trypan blue exclusion assay
was obtained (fig. 5). Furthermore, the expression lev�
els of several miRNAs in the culture medium were
evaluated. The results indicated that these miRNAs
were absent in the culture medium (fig. 6). 

DISCUSSION

Understanding the effects of IR is important for
evaluating its use in therapy along with assessing risk to
human health from its exposure. Various biological ef�
fects are induced after exposure to IR [31]. Modern
radiobiology documents the phenomenon of bystand�
er effect, whereby cells that are not traversed by IR ex�
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hibit responses like irradiated cells. The existence of a
radiation bystander effect is now well�established. It
complicates the interpretation of risks arising from ab�
scopal effects in radiotherapy, occurrence of second�
ary tumors or cancers as a result of radiation accidents.
The need for better understanding the bystander effect
was realized [3]. The regulatory mechanisms involved
in the bystander response have not been completely
elucidated. To provide insight into the pathways re�
sponding in bystanders, we set out to measure miRNA
expression levels. Here, we used X�ray irradiated hu�
man lymphoblasts, TK6 cells, in a transwell cell co�
culture system that precludes contact between target�
ed and bystander cells as a model system to examine
miRNA expression alterations. A dose of 2 Gy was
used to mimic the radiation therapy treatment and to
avoid high toxic effects. TK6 cells for this study were
selected because bystander effect was known to occur
in these cells after treatment with 2�Gy dose of X�rays.
It was shown that the X�ray�induced bystander signals
produced mutagenic responses in TK6 cells [9]. We
compared the miRNA expression patterns in directly
irradiated and bystander cells after such single treat�
ment. Several miRNAs examined in this study control
the expression of RAS, c�MYC and BCL�2 genes that
are implicated in the IR�induced cellular response. In
our previous studies it was shown that these miRNAs
are modulated in human cells that were IR�treated
[29, 32, 33]. The focus of the current study was to de�
termine, if the miRNA expression changes are in�
volved in bystander cells. 

The monitoring of miRNA expression in X�ray�
treated cells revealed differences in the relative expres�
sion of let�7 family of miRNA between the directly ir�
radiated and bystander cells. The let�7 miRNA family
is a negative regulator of the RAS oncogene [34].
Downregulation of RAS gene is associated with a poor
prognosis of lung, pancreatic and colon cancers [35].
The let�7 miRNA family exhibited altered expression
in response to IR�treatment [36]. It was shown that
expression levels of the let�7 miRNA family members
were upregulated in irradiated TK6 cells [29]. Here,
we show that let�7 family miRNAs are upregulated in

irradiated cells, but most of them are repressed in by�
stander cells (fig. 2). The miR�let�7c, miR�let�7e, and
miR�let�7g were induced in both bystander and irradi�
ated cells. The modulation of let�7 miRNAs might
have a role in the response of bystander cells after
IR�treatment. 

In previous studies it was shown that the expression
of the miRNA associated with c�MYC translocation
was upregulated in cells exposed to gamma�radiation
[32]. The investigation of these miRNAs in irradiated
TK6 cells indicated that the miR�17�3p, miR�19a,
miR�19b, and miR18a were upregulated (fig. 3). In
contrast, the expression of miR�17�3p, miR�19b, and
miR�18a remained repressed in bystander cells. The
miR�17�5p, miR�142�3, and miR�142�5p were not
induced in irradiated TK6 cells (fig. 3). In bystander
cells the miR�19a was upregulated and miR�17�5p,
miR�142�3p, miR�142�5p, and miR�19a were in�
duced although only for a short time. These results
suggest that miRNAs regulating c�MYC show differen�
tial expression in bystander cells. The proto�oncogene
c�MYC regulates the expression of genes involved in
cell division, cell growth, and apoptosis [37]. The
c�MYC induces a cluster of miRNAs known as
miR17�92. This cluster includes miR�17�5p, miR�17�3p,
miR�18a, miR�19a, miR�20a, miR�19b, and miR�92�1
and is amplified in B�cell lymphomas [38]. Induced
expression of the c�MYC correlated with tumor devel�
opment and miR�17�92 cluster was designated as a
potential oncogene [38]. The miR�17�5p targets p21
and BIM genes [39]. Overexpressed miR�17�3p,
miR18a, and miR�19a were found in lung cancers and
B�cell lymphomas, and these are involved in angio�
genesis [37]. Using microbeams, Iwakawa et al. [40]
found different gene expression profiles in carbon
ions�irradiated and bystander cells. Genes related to
the cell cycle or death (CDKN1A, GADD45A, NOTCH1
and BCL2L1), and cell communication (IL1B, TCF7
and ID1) were upregulated in irradiated cells, but not
in bystander cells. We previously reported that the ra�
diation�induced gene expression profile in irradiated
cells differed from unirradiated bystander cells [1].
Data on miRNA expression suggest that some path�
ways leading to biological effects in bystander cells
may differ from those in directly irradiated cells. 

Negative regulators of B�cell lymphoma miR�15a
and miR�16�1 are downregulated in chronic lympho�
cytic leukemia [41]. These miRNAs target MYB, a
gene that is involved in myeloid, lymphoid, or mixed�
lineage leukemias [42]. miR�15a and miR�16 were up�
regulated in X�ray irradiated TK6 cells. Two distinct
peaks of induction at 4�h and 24�h time points post ir�
radiation were seen for miR�16. The miR�15a and
miR�16 were not induced in bystander cells (fig. 4).
These results suggest different responses to IR exposure
in TK6 and bystander cells. The miR�15a and miR�16
also negatively regulate BCL2 [40], and BCL2 was impli�
cated in the radiation response of TK6 cells [43]. 
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Fig. 6. Investigation of various miRNAs in the culture me�
dium from irradiated TK6. The cells were treated with a
2�Gy X�ray dose and the culture medium was collected at
0, 0.5, 4, 8, 12 and 24 h time points. The miRNA expres�
sion levels relative to sham�irradiated controls are shown
as Log2 transformed values. 
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The miR�143, miR�145, miR�155, and miR�21
were upregulated in X�ray irradiated TK6 cells (fig. 4).
The miR�143 and miR�145 were also induced in by�
stander cells. The miR�143 regulates connective tissue
growth factor and its expression correlates with adipo�
cyte differentiation and carcinogenesis [44]. Altered
expression of miR�145 and miR�155 was detected in
lung cancers [45]. Similar expression patterns ob�
served for certain miRNAs in directly irradiated and
bystander cells indicate common functions in the IR�
induced pathways. In many studies the gene expres�
sion in directly irradiated and bystander cells was com�
pared. Global gene expression analyses of bystander
and irradiated cells showed that CDKN1A level in�
creased in directly exposed cells but was not changed
in the bystander cells [46]. NF�κB expression regulat�
ed PTGS2 (cyclooxygenase�2), IL8 and BCL2A1
genes, responded similarly in bystander and irradiated
cells [46]. No differences in the transcriptomes of cells
grown in medium from X�irradiated cells or directly
irradiated were seen [47]. From transcript patterns of
cells grown in culture medium from irradiated cells it
was concluded that X�irradiated and bystander cells
had similar changes in most functional pathways [48]. 

Cells exposed to IR release factors that induce
DNA damage, chromosomal instability, apoptosis, al�
terations in gene expression, and changes in the prolif�
eration rate of neighboring unexposed cells. Our find�
ings suggest that miRNA levels are disturbed in by�
stander cells and may have a role in regulating the
radiation response. There could be several possible
reasons of miRNA expression alterations in bystander
cells. The induction by ROS from medium, or an in�
crease in the activity of transcription factors could be
contributors to this effect. The modulation of miR�
NAs could be responsible for large�scale gene expres�
sion alterations in bystander cells leading to induction
of non�targeted cellular effects. These observations
provide a link of miRNA modulation after radiation
exposure to the subsequent multiple gene regulation.
The alteration in the balance of signaling is likely to
lead to different outcomes in irradiated cells and their
bystanders. These results imply that intercellular sig�
naling between irradiated and bystander cells activate
intracellular signaling, leading to the miRNA tran�
scriptional stress response in bystander cells. 
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