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Abstract

Purpose: Although ionizing radiation is critical in treating cancer, radiation-induced fibrosis
(RIF) can have a devastating impact on patients’ quality of life. The molecular changes leading to
radiation-induced fibrosis must be elucidated so that novel treatments can be designed.

Methods and Materials: To determine whether microRNAs (miRs) could be responsible for
RIF, the fibrotic process was induced in the right hind legs of 9-week old CH3 mice by a single-
fraction dose of irradiation to 35 Gy, and the left leg served as an unirradiated control. Fibrosis
was quantified by measurements of leg length compared with control leg length. By 120 days after
irradiation, the irradiated legs were 20% (/P=.013) shorter on average than were the control legs.

Results: Tissue analysis was done on muscle, skin, and subcutaneous tissue from irradiated and
control legs. Fibrosis was noted on both gross and histologic examination by use of a pentachrome
stain. Microarrays were performed at various times after irradiation, including 7 days, 14 days, 50
days, 90 days, and 120 days after irradiation. miR-15a, miR-21, miR-30a, and miR-34a were the
miRs with the most significant alteration by array with miR-34a, proving most significant on
confirmation by reverse transcriptase polymerase chain reaction, c-Met, a known effector of
fibrosis and downstream molecule of miR-34a, was evaluated by use of 2 cell lines: HCT116 and
1522. The cell lines were exposed to various stressors to induce miR changes, specifically ionizing
radiation. Additionally, in vitro transfections with pre-miRs and anti-miRs confirmed the
relationship of miR-34a and c-Met.
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Conclusions: Our data demonstrate an inverse relationship with miR-34a and c-Met; the
upregulation of miR-34a in RIF causes inhibition of c-Met production. miRs may play a role in
RIF; in particular, miR-34a should be investigated as a potential target to prevent or treat this
devastating side effect of irradiation. Published by Elsevier Inc.

Introduction

As cancer survivorship continues to grow, research must focus on ameliorating the long-term
side effects of cancer therapies such as radiation (1). Radiation-induced fibrosis (RIF) is
such a side effect, which can have devastating consequences for patients (2-4) and can affect
many organs, leading to problems such as inadequate ventilation, decreased cardiac output,
reduced range of motion, poor cosmesis, and delayed wound healing (5-7). As a result,
doses of radiation administered to tumors are limited by the tolerance of the surrounding
normal tissues to prevent toxicities such as fibrosis.

Although several therapeutics such as vitamin E, pentoxifylline, and pirfenidone have been
used to treat RIF with some improvement in range of motion, they have had limited efficacy
(8-10). More significant advances might be made if treatments could directly target the
molecular alterations leading to fibrosis. Although it is known that fibrosis is caused by
excess collagen and alterations in extracellular matrix (ECM), the cause of these changes has
yet to be elucidated. Several inflammatory cytokines, such as transforming growth factor-p
(TGF-B), interleukin-1, and tumor necrosis factor have been implicated in fibrosis induced
by radiation (3, 7, 11). Fibrosis can also be thought of as a balance between pro-
inflammatory and anti-inflammatory cytokines such as interleukin-10 produced by
regulatory T cells (12). Other molecules not primarily associated with inflammation, but that
deposit collagen include the hepatocyte growth factor receptor (HGFR) or c-Met
[mesenchymal-epithelial transition factor], which is a receptor tyrosine kinase, whose only
known ligand is hepatocyte growth factor (HGF). When bound by its ligand, HGF, c-Met has
been shown to promote cell proliferation and angiogenesis, induce migration, and inhibit
apoptosis in a host of target cells outside hepatocytes (13). This particular receptor tyrosine
kinase has also been associated with wound healing and collagen production (14). Given that
several different molecules are involved in the production and maintenance of fibrosis, it is
postulated that fibrosis could be regulated at the transcriptional and translational level (15).

Several specific microRNAs (miRs) have been implicated in regulating fibrosis of the heart,
lungs, liver, and kidney resulting from other causes (15). In this study, we sought to
determine whether miRs play a role in the molecular cascade of events leading to RIF so that
novel targets can be identified for the development of therapeutics.

Materials and Methods

Mice and fibrosis measurements

To induce fibrosis in an in vivo model, 9-week-old CH3 mice were treated on a protocol
approved by the National Cancer Institute Animal Care and Use Committee. This protocol is
a modification of a leg-contracture protocol developed by Dr Helen Stone (16). Mice were
placed in a custom-made jig so that only the right hind leg of the immobilized animal was
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irradiated. A single-fraction dose of 35 Gy was delivered to the right hind leg of the animal
by a Therapax DXT300 x-ray irradiator (Pantak, Inc, East Haven, CT) using 2.0-mm Al
filtration (300 kV peak) at a dose rate of 1.8 Gy/min (17). For further details regarding in
vivo radiation, see supplemental methods (available at www.redjournal.org). The mice were
killed, and tissue from the hind legs including skin, subcutaneous tissue, and muscle was
collected and processed at successive time points after irradiation, including 7 days, 14 days,
50 days, 90 days, and 120 days. Details on tissue processing for molecular analysis can be
found in supplemental methods (available at www.redjournal.org). The length of hind legs
was measured immediately before the procurement of hind leg tissue but not measured
serially because of possible elongation caused by measurement. The unirradiated leg served
as the control. Degree of contracture was expressed as 100% minus length of irradiated leg
divided by length of unirradiated leg.

Histopathology

Fibrosis in situ was evaluated by Movat’s pentachrome stain (American Mastertech
Scientific Pentachrome Kit, Lodi, CA) to delineate collagen, nucleus, elastic fibers, mucin,
muscle, and fibrinoid material according to their procedural guidelines (18).

microRNA array

To determine whether miRs play a role in RIF, miR microarray analysis was performed by
Exigon according to their standard array guidelines using a miR microarray chip (v.11.— hsa,
mmu & rno) containing 1940 capture probes in 4 replicates, representing 831 human miRs
(Woburn, MA) using 3 distinct tissue samples per time point. Arrays were conducted by
locked nucleic acid (LNA)-enhanced probes on 5 ng of total RNA after the RNA integrity
and quality was assessed to ensure an RNA Integrity Number (RIN) =7 using the Agilent
Bioanalyzer (Agilent, Santa Clara, CA). Median values of the replicate spots were
background subtracted and log transformed and subjected to further analysis.

Array data processing

Raw data were quantile normalized for interarray variability. Data were preprocessed to
eliminate miRs with uniformly low expression or with low expression variation (standard
deviation <0.3) across the experiments, retaining 502 miRs. Average linkage hierarchical
clustering (Pearson correlation, average linkage) was used to obtain clustering of the data
sets. To determine whether there were genes differentially expressed between unirradiated
and irradiated leg tissue, differential expression analysis was performed with significant
analysis of microarrays (SAM) (19). The estimated significance levels were obtained by
permutation testing, and P values were corrected for multiple hypotheses testing using a
Benjamini and Hochberg false discovery rate (FDR) adjustment. Those miRs with FDR <0.1
were selected as significantly differentially expressed. In silico analysis was conducted with
Targetscan (release 5.0) (www.targetscan.org), miRDB (www.miRDB.org) (20, 21), and the
miRanda algorithm (www.microRNA.org) to determine potential downstream targets related
to fibrosis. All statistical analysis was completed in the statistical packages R (www.r-
project.org).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2020 November 13.


http://www.redjournal.org/
http://www.redjournal.org/
http://www.targetscan.org/
http://www.mirdb.org/
http://www.microrna.org/
http://www.r-project.org/
http://www.r-project.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Simone et al.

Page 4

Reverse transcriptase polymerase chain reaction

Reverse transcriptase polymerase chain reaction (RT-PCR) was used to confirm alterations
in miR-15a, miR-21, miR-30a, and miR-34a in tissue from both radiated and unirradiated
controls. These miRs showed all of the following: a 2-fold change in expression over time,
an FDR <10%, and identification by SAM plot. Technical triplicates were run of 3 biological
samples from each time point with use of the TagMan microRNA assay kit to generate
cDNA (Applied Biosystems, Foster City, CA) to reverse transcribe 10 ng of RNA according
to the manufacturer’s instructions. cDNA was amplified and expression was quantified by
the ABI-7500 real-time PCR instrument (Life Technologies, Grand Island, NY) normalizing
to U6 for human cell lines and sno202 for murine samples. Results were quantified by the
delta-delta CT method (22). Significance was determined by comparing the irradiated
samples with time-matched controls.

In vitro experiments

To analyze the miR-34a and c-Met interaction, normal human fibroblast 1522 cells and
human colon carcinoma HCT116 cells were used because pilot studies confirmed inducible
expression of miR-34a (data not shown). HCT116 cells (from Dr B. Vogelstein, Johns
Hopkins University, November 2008) were cultured in McCoy’s 5A media with 10% fetal
bovine serum, penicillin, and streptomycin (100 ug/mL). AG1522 (1522) primary fibroblasts
(Coriell Institute, January 2009) were cultured in F12 media with 20% fetal bovine serum,
penicillin, and streptomycin. HCT116 and 1522 cells were exposed to dimethyl sulfoxide
(control), irradiation (2 Gy and 10 Gy, respectively), or doxorubicin (1 pM) because this
chemotherapy is noted to cause cardiac fibrosis. Further details regarding in vitro radiation
are described in supplemental methods (available at www.redjournal.org). Cell lysates were
then collected 12 hours after doxorubicin exposure and 24 hours after transfection or after
irradiation and analyzed for miR-34a and c-Met expression by use of an enzyme-linked
immunosorbent assay kit according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN). Pre-miR-34a and anti-miR-34a (Life Technologies, Grand Island, NY)
transfections were done with lipofectamine 2000 (Invitrogen, Grand Island, NY) to
determine the effect of overexpression and knockdown of miR-34a on c-Met expression with
and without exposure to 1 of the 3 stressors. Additional materials and methods for in vitro
enzyme-linked immunosorbent assay and Western blotting are described in supplemental
methods (available at www.redjournal.org).

Statistical analysis

Results

Expression of target proteins and miR expression in fibrotic samples was normalized to
unirradiated controls, and significance was defined at A<.05 using the Student ¢test. Error is
the standard error of the mean in RT-PCR and protein expression data.

Radiated leg shortens over time owing to fibrosis

On gross evaluation, irradiated legs measured significantly shorter than did unirradiated
controls (Fig. 1A and B). At days 50, 90, and 120 after irradiation, the irradiated leg lengths
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were 86.7%, 83.7%, and 80% of control (P=.027, P=.004, and P=.013, respectively) (Fig.
1G). On histologic examination, the gross evidence of fibrosis noted by leg shortening was
directly correlated with an increase in collagen fiber deposition as shown by Movat’s stain in
comparison with the control legs (Fig. 1C-F).

reveal miR signature for RIF

After comparison of unirradiated control legs at days 0 and 120 with irradiated legs at day 7,
14, 50, 90, and 120,a distinct pattern or miR signature emerged from the use of unsupervised
hierarchical clustering that greatly separated the control samples (unirradiated days 0 and
120) and day 7 irradiated legs from the other samples (Fig. 2A). The maximum number of
miRs demonstrating at least a 2-fold change in expression from control expression occurred
on day 50 after irradiation. The number of miRs demonstrating this caliber of change
decreased slightly but remained significantly elevated on day 120 after irradiation compared
with day 7 after irradiation (Fig. 2B). A SAM plot was developed to identify miRs that
might be specific to fibrotic changes compared with miRs that might have fluctuated by
chance (Fig. 2C).

RT-PCR confirms significant changes in miR-15a, miR-30a, miR-21, and miR-34a

The miRs showing a 2-fold change in expression over time, an FDR <10%, and identified by
SAM plot included miR-15a, miR-30a, miR-21, and miR-34a. Although confirmatory RT-
PCR revealed some significant changes in miR-15a (Fig. 3A), miR-21(Fig.
3B),andmiR-30a(Fig. 3C),miR-34ashowedthe most significant upregulation when compared
with controls (Fig. 3D) at both early and late time points (P values .0574, .051, .059,

and .0093 at days 7, 14, 90, and 120, respectively). On day 120, miR-34a showed a 5-fold
increase compared with unirradiated controls and therefore may be affecting downstream
protein expression in pathways crucial to RIF.

miR-34a downstream targets

In silico analysis of miR 34a revealed several downstream targets associated with fibrosis: c-
Met, SMAD 2/3, and CTGF. Given that c-Met has been correlated with fibrotic pathogenesis
in the literature, it was further evaluated and noted to decrease in most irradiated samples,
but it showed the greatest decrease in relative expression (1.17 control vs 0.75 irradiated
tissue) 14 days after irradiation (Fig. 4A).

Transfection experiments confirm miR-34a and c-Met alterations in response to radiation
and similar stressors

Irradiation alone caused a significant increase in miR-34a expression in both cell lines (Fig.
4B). After rescue transfection of anti-miR-34a after irradiation of the cell lines, miR-34a
expression was similar to that of the unirradiated control. An inverse relationship between c-
Met and miR-34a expression was noted in vitro when compared with the results from our in
vivo model (Fig. 4B and C). Anti-miR-34a significantly increased c-Met and had a rescue
effect on c-Met expression in both cell lines after irradiation (Fig. 4D). The same trends,
notably a significant increase in miR-34a and a decrease in c-Met, were noted in both cell
lines in response to exposure to alternative stressors such as doxorubicin (Fig. 4E). To assess
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the effect of c-Met knockdown on the fibrotic process, we performed transfection
experiments with c-Met siRNA and evaluated the expression of key profibrotic molecules.
We found that 2 molecules, TGF-B1 and CTGF, were upregulated in those cells with c-Met
knockdown compared with those cells receiving empty vector transfection (Fig. 4F). In
addition, we found that PDGF-R is downregulated in response to c-Met knockdown. Figure
E2 (available at www.redjournal.org) shows quantification of these blots.

Discussion

Radiation-induced fibrosis is a side effect of radiation therapy that can have a negative
impact on a patient’s quality of life during survivorship. Medical assisted devices are often
used by patients with a loss of functionality caused by the development of fibrosis in
muscles, nerves, or both (23). Although several studies have been conducted using
antioxidants and treatments that increase vascularity and promote oxygen delivery to combat
RIF, there are no specific targeted therapies or preventative agents for RIF (10, 23). This lack
of targeted therapies prompted us to explore the role of miRs in the induction of RIF in an in
vivo model.

In our model, it is assumed that leg shortening is caused by the fibrotic reaction that occurs
in the muscle and skin within the mouse leg. Although there is no perfect model for
measuring fibrosis, the leg shortening model offers a standardized method that we have used
in our laboratory for many years. The initial model was described by Dr Helen Stone in this
journal in 1984 and has been used in many published reports subsequently (16, 24, 25).
Admittedly, measurement of fibrosis in vivo is difficult because there is no histopathologic
finding that is highly sensitive or specific for RIF. Pathologic analysis reveals abundant
evidence of fibrosis in the irradiated leg; however, quantification of this fibrosis remains
difficult and may not correlate with clinically relevant fibrosis. Although atrophy and
decreased growth may also play a role, the demonstration of increased collagen fibers within
muscle suggests that the predominant cause of the observed shortening is fibrosis. Therefore,
we are confident that this leg contracture model is a sufficient and reproducible model of
RIF.

Four miRs were significantly altered on miR array and were worthy of further investigation;
of these, miR-34a appeared to have the most significant alteration. Previous studies have
implicated miR-34a in fibrosis because of its relationship to c-Met, an antifibrotic molecule,
warranting further examination of this relationship (26). In our in vivo model, we were able
to simulate physiologic late effects of radiation with the leg shortening model and found
miR-34a upregulation even at the latest time point with concurrent decreased expression of
c-Met. Studies have shown direct correlation and binding sites between miR-34a and c-Met,
and an inverse relationship between them has been demonstrated (27, 28). Knockdown of c-
Met is shown to increase fibrosis by the deposition of extracellular matrix (29-31) through
expression of TGF-f in a Smad3-dependent manner. In the setting of chronic fibrosis,
particularly in the liver, there is thought to be a balance between TGF-f and HGF (32). If the
HGFR, or c-Met, is downregulated, there is no longer a balance, and TGF-B is the
dominating molecule. In addition, several studies have implicated activation of c-Met in
angiogenesis and activation of vascular endothelial growth factor, which is known to be
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decreased particularly in RIF (33). We postulated that perhaps the use of an anti-miR34a
molecule could restore c-Met expression in response to irradiation (34). We were able to
show that a knockdown of c-Met in vitro results in upregulation of TGF-f and CTGF, both
significant contributors to fibrosis. We noted that PDGF-R was downregulated with c-Met
knockdown, which is consistent with previous literature published on Met and PDGF-R and
its ligand PDGF (35, 36). This particular interaction between Met and PDGF has been
associated more with epithelial cell motility than fibrosis. Our findings suggest a mechanism
of crosstalk between c-Met and TGF-p and CTGF, contributing to RIF.

Radiation-induced fibrosis can take many years to develop, and there is mounting evidence
demonstrating that fibrosis is a dynamic process that can be reversed; a miR-34a inhibitor
could be used to increase the quality of life for patients in the survivorship phase. It has been
shown that treatments such as pentoxyfylline, vitamin E, and pirfenidone, which have some
efficacy in reversing RIF late after irradiation, have had no effect on the acute effects of
fibrosis (10, 37, 38). Therefore, the development of clinical protocols with ideal timing of
using a miR-34a inhibitor will be crucial. Its use would not be recommended during
definitive treatment because c-Met has mitogenic properties and may potentiate epithelial-
to-mesenchymal transformation, which could increase the risk of cancer recurrence (14).

In conclusion, future studies should examine the relationship between miR-34a and c-Met in
the context of RIF. miR-34a may be a marker for radiation-induced injury (39); in addition,
peptide nucleic acid or locked nucleic acid technology could be developed to create targeted
inhibitors against miRs for the treatment of RIF. The sustained dysregulation of miR-34a
through late stages of RIF confirms its relevance, warranting future studies to evaluate this
miR as a potential marker of RIF and treatment target.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

microRNAs may play a role in the regulation of radiation-induced fibrosis. Our study
examined miR-34a and its downstream target c-Met in @ murine model of radiation-
induced fibrosis. We showed that radiation upregulates miR-34a, leading to c-Met
downregulation that contributes to acute and late fibrosis. miR-34a represents a potential
target for the prevention or treatment of radiation-induced fibrosis.
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Fig. 1.

Figrosis on gross and histologic examination. The irradiated right hind leg of a mouse has
telangiectasias, alopecia, and fibrosis causing contracture at 90 days (A) and 120 days (B).
Movat’s pentachrome stain shows elastin fibers in black, collagen fibers in yellow,
proteoglycans in blue, muscle as red, and cell nuclei as purple. Unirradiated legs (C) and (D)
do not show the increased collagen deposition and excess extracellular matrix muscular
atrophy, and fibrosis as seen in the irradiated legs collected at 120 days (E) and (F). (G)
*Significant leg shortening effects as shown by leg measurements at later timepoints: 50
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(P=.027), 90 (P=.004), and 120 days (P=.013) after irradiation. A color version of this figure
is available at www.redjournal.org.
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Fig. 2.

Expected Score

MicroRNA microarray heat map and analysis. miR arrays were performed on days 7, 14, 50,
90, and 120 after irradiation on both fibrotic and control legs. A heat map was generated to
evaluate changes in miRs with a standard deviation of =0.5 between each time point (A);
they are arranged as s from left to right: 2 day O controls (A and B), 7 days after irradiation
(C and D), 14 days after irradiation (E), 50 days after irradiation (F and G), 90 days after
irradiation (H and 1), and 120 days after irradiation (J and K), and a day 120 control (L).
miRs with a 2-fold change in expression (reference time-point day 0) are graphed as a
function of days after irradiation (B). A significant analysis of microarrays plot was

generated to help determine significantly altered miRs (C).
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Reverse transcripitase polymerase chain reaction (RT-PCR) confirms temporal upregulation
in 2 of 4 candidate microRNAs. Confirmatory RT-PCR showed few significant changes for
miR-15a (A) and 30a (C) but did show several significant increases for miR-21 (B) and

miR-34a (D) at day 120 (P=.0154 and ~<.0001, respectively). Error bars represent standard
error of the mean with biological n=5 for all microRNAs. *Significance in expression when

compared with respective control.
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Fig. 4.

E)?pression of downstream target c-Met in radiation and transfection experiments show miR
relationship. In silico analysis showed c-Met as a target of miR-34a and was therefore
evaluated in vitro after irradiation (A). Time-points on days 14, 50, and 120 showed
significantly decreased c-Met expression in comparison with time-matched controls

(P.009, .057, and .059, respectively). Expression is normalized to the day 0 control tissue.
HCT116 and 1522 cell lines (B-D) were transfected with empty vector (sham), anti-
miR-34a, or pre-miR34a. Cells were also exposed to radiation (IR, 2 Gy: HCT116 and 10
Gy: 1522). Irradiation significantly increased miR-34a expression in both cell lines
compared to control (CTRL) group (P=.024: HCT116, P=.011: 1522). This corresponded to
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a significant decrease in c-Met expression in the same cell lines (P=.017: HCT116, P=.032:
1522). Rescue transfection with anti-miR-34a in cells exposed to irradiation restored c-Met
expression (B). This correlates with the restoration of c-Met expression (D) to a level
comparable with control and in HCT116 cells greater than control (P=.047). Doxorubicin-
treated cells caused a similar increase in miR-34a expression (P=.001: HCT116, A<.001:
1522) (E). Significance is noted by * for HCT116 and + for 1522 cells compared with
respective no-treatment cells. Anti-c-Met siRNA transfection was completed to assess
response of profibrotic molecules. Knockdown of c-Met in vitro in the 1522 cell line showed
c-Met to be downregulated and an upregulation of TGF-p and CTGF by Western blotting

(F).
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