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Abstract

Despite advances in radiation delivery protocols, exposure of normal tissues during the course of radiation therapy remains
a limiting factor of cancer treatment. If the canonical TGF-b/Smad pathway has been extensively studied and implicated in
the development of radiation damage in various organs, the precise modalities of its activation following radiation exposure
remain elusive. In the present study, we hypothesized that TGF-b1 signaling and target genes expression may depend on
radiation-induced modifications in Smad transcriptional co-repressors/inhibitors expressions (TGIF1, SnoN, Ski and Smad7).
In endothelial cells (HUVECs) and in a model of experimental radiation enteropathy in mice, radiation exposure increases
expression of TGF-b/Smad pathway and of its target gene PAI-1, together with the overexpression of Smad co-repressor
TGIF1. In mice, TGIF1 deficiency is not associated with changes in the expression of radiation-induced TGF-b pathway-
related transcripts following localized small intestinal irradiation. In HUVECs, TGIF1 overexpression or silencing has no
influence either on the radiation-induced Smad activation or the Smad3-dependent PAI-1 overexpression. However, TGIF1
genetic deficiency sensitizes mice to radiation-induced intestinal damage after total body or localized small intestinal
radiation exposure, demonstrating that TGIF1 plays a role in radiation-induced intestinal injury. In conclusion, the TGF-b/
Smad co-repressor TGIF1 plays a role in radiation-induced normal tissue damage by a Smad-independent mechanism.
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Introduction

Radiation therapy is one of the most important methods of

curing cancer and more than half of cancer patients will receive

radiotherapy at some stage during the course of their treatment.

New radiotherapy techniques aim to improve the radiation dose

gradient to the target tissues and to reduce the dose to the

surrounding normal tissues at risk. However, radiation-induced

normal tissue toxicity remains a major contributor to complication

after cancer therapy [1]. Radiation injury is a complex process

that occurs in organized tissues orchestrated by mutually de-

pendent cellular lineages as well as a multitude of biologically

active molecules such as growth factors, cytokines and chemokines

[2,3].

The Transforming Growth Factor-b1 (TGF-b1) is a highly

important growth factor among the panel of molecules expressed

in tissues after radiation exposure and TGF-b1 contribution in the

initiation and progression of radiation-induced normal tissue

damage is well documented [4,5]. Several studies have demon-

strated a positive correlation between the severity of radiation

injury and TGF-b1 signal activation. Radiation-induced up-

regulation of TGF-b1 expression levels has been shown in lung

[6], kidney [7], intestine [8], skin [9], liver [10], bladder [11] and

rectum [12]. In addition to TGF-b1 itself, several studies have

shown up-regulation of intracellular effectors of TGF-b1 signaling

and, in particular, the canonical Smad-dependent pathway [12–

14]. TGF-b1 transduces signals by binding to complexes of type I

(ALK1 and ALK5) and type II serine/threonine kinase receptors.

Ligand binding induces phosphorylation of the receptors, which

then activate intracellular signaling via phosphorylation of

receptor R-Smads (Smad2 and Smad3). R-Smad then complex

with Smad4, triggering nuclear translocation and subsequent

regulation of expression of specific target genes [15]. Increased

expression of the TGF-b1 receptors, ALK5 and endoglin [13,16],

Smad mediators, Smad2 and Smad3 [14,17], and increased

expression of TGF-b/Smad target genes such as Plasminogen

Activator Inhibitor type 1 (PAI-1) and Connective Tissue Growth

Factor (CTGF) [13,14,18] were reported after irradiation in vivo

and in vitro. Moreover, skin damage is reduced in Smad32/2 mice

following ionizing radiation exposure, suggesting that Smad

signalling contributes to radiation-induced injury [19,20].

If TGF-b1 has been demonstrated to be a key mediator

involved in radiation-induced normal tissue damage, the mecha-

nism by which the TGF-b/Smad signal is activated is not fully

understood. Ubiquitous expression of TGF-b1 imposes a fine

tuning of signal transduction. Smad-mediated signals induced by

TGF-b1 are tightly regulated by negative-feedback mechanisms

via inhibitory Smads (I-Smads) [21] and Smad co-repressors such
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as c-Ski, SnoN and TG-Interacting Factor 1 (TGIF1) [22,23]. I-

Smads (i.e. Smad6 and Smad7) can inhibit the activation of R-

Smads by competing for type I receptor interaction, and by

recruiting specific ubiquitin ligases, known as Smad ubiquitination

regulatory factor (Smurfs), or phosphatases to the activated

receptor complex, thereby targeting it for proteosomal degrada-

tion or dephosphorylation [24]. Recentlty, particular attention was

paid for the smad co-repressor TGIF1 for its expanding biological

roles in development [25,26], acute myeloid leukemia [27], and

hematopoietic cell proliferation and differentiation [28]. TGIF1 is

a member of the three aminoacid loop extension (TALE) class of

homeodomain proteins that functions both as a co-repressor of the

TGF-b1 pathway and as a competitor of the retinoic acid pathway

[29]. TGF-b1-dependent transcriptional repression by TGIF1 is

mediated by direct competition with the coactivator p300/CBP

for Smad2 interaction, thereby repressing TGF-b1 activated

genes. In addition and independently of TGF-b1 signaling,

TGIF1 exerts intrinsic transcriptional repression by direct DNA

binding through the recruitment of the histone deacetylase

complex, the carboxyl-terminus binding protein complex, and

the Sin3 complex, all of which modify chromatin configuration

and limit the transcription of several target genes [30].

Thus, several recent studies in mouse models of renal fibrosis

strongly suggest that down-regulation of Smad7 or Smad co-

repressors Ski and SnoN expressions leads to an amplification of

TGF-b signaling, which contributes to the progression of

inflammation and fibrosis [31–34]. In the present study, we

hypothesized that TGF-b1 signaling and downstream target genes

could be influenced by modifications of I-Smad and/or Smad co-

repressors expression in response to irradiation. We demonstrate in

vivo in a model of radiation-induced small intestinal damage in

mice and in vitro in a model of endothelial cells that radiation-

induced sustained activation of TGF-b/Smad pathway is not

related to the down regulation of its negative feedback mechan-

isms. Moreover, we show that TGIF1 plays a role in radiation-

induced small intestinal damage independently of the Smad

pathway.

Methods and Materials

Animals and Irradiation Procedure
C57BL/6 mice (named wild type) were purchased from Charles

River Laboratories, TGIF1 knockout mice were maintained on

a C57BL/6J background as previously described thus TGIF1+/+,

TGIF1+/2 and TGIF12/2 were from the same colony [35].

Genotype was determined by PCR screening (Figure S1). For total

body irradiation (TBI), TGIF1+/+, TGIF1+/2 and TGIF12/2

mice (n= 10 to 12 mice per group) were anesthetized with i.p.

injection of a ketamine/xylazine solution and were exposed to

13 Gy, a radiation dose known to induce gastrointestinal

syndrome, using a 60Cobalt source (dose rate 1.4 Gy.min21).

Localized intestinal radiation injury was performed by exposure of

an intestinal segment to 19 Gy of radiation. Briefly, TGIF1+/+,

TGIF1+/2 and TGIF12/2 mice were anesthetized with isoflurane

and a 3-cm-long intestinal segment (10 cm from the ileocecal

valve) was exteriorized and exposed to a single dose of 19 Gy

(60Co source dose rate 1.2 Gy/minute). Sham irradiation was

performed by maintaining the intestinal segment exteriorized

without radiation exposure. After radiation exposure or sham

irradiation, the exposed segment was returned to the abdominal

cavity and peritoneum/abdominal muscles and skin were

separately closed with interrupted sutures and mice were

euthanized at different times after irradiation. For survival curves,

mice were followed until a clinical ‘‘limit point’’ in accordance

with ethic guidelines, i.e. humanely euthanized when presenting

clinical signs of distress such as prostration, severe weight loss and

dyspnea. For TBI survival curves, mice were monitored twice

a day, included week-ends.

Following localized small intestinal irradiation, intestinal

segments from sham and irradiated mice were harvested and

snap-frozen in liquid nitrogen and stored at 280uC for RNA

isolation. All experiments were conducted in compliance with legal

regulations in France for animal experimentation, and protocols

were approved by the ethics committee for animal experimenta-

tion of the Institute for Radiological Protection and Nuclear Safety

(number P05-09).

Histology and Immunohistochemistry
Five-micrometer-thick sections of mouse small intestinal tissue

were stained with hematoxylin-eosin-saffron for routine histology.

Morphometric analyses were performed using the Visiol@bTM

2000 image analysis software (Biocom SA, Les Ulis, France). For

each animal, villus height value is the mean of 20 villi measured.

The intraindividual variation was about 10%. Data are presented

as the mean values derived from between 3 and 6 tissue sections

from different mice per group 6 standard error of the mean.

Crypt number was assessed along 1000 mm of longitudinal section.

Data are presented as mean values derived from between 3 and 6

tissue sections from different mice per group 6 standard error of

the mean.

Specimens of normal tissue from patients treated for rectal

adenocarcinoma with preoperative radiotherapy (45 Gy; 2 or

1.8 Gy by fraction) were taken from the irradiated field adjacent to

the tumor and from microscopically normal mucosa distant from

the tumor (about 6 weeks after the last fraction). Formalin-fixed,

paraffin-embedded tissue samples were obtained following in-

stitutional ethics (Gustave Roussy Institute) and French Medical

Research Council guidelines. No consent was required and

sections from tissues patients were obtained retrospectively several

years after surgery and data were analyzed anonymously. Briefly

5-mm sections were incubated with anti-TGIF1 (sc-17800, Santa

Cruz Biotechnology, Heidelberg, Germany). Biotinylated rabbit

anti-mouse IgG and streptavidin/biotinylated-peroxidase kit

(DAKO) were used before revelation by DAB substrate kit (Dako,

Trappes, France) and counterstained with hematoxylin.

Endothelial Cell Culture and Irradiation
Human umbilical vascular endothelial cells (HUVECs) were

purchased from Lonza (Verviers, Belgium) and cultured in EGM-

2-MV medium at 37uC with 5% CO2. Cells were used between

passages 4 and 5 and were irradiated at 2, 10 and 20 Gy with

a 137Cesium source.

RNA Isolation, Reverse Transcription and Real-time PCR
Total RNA was prepared with the total RNA isolation kit

(Rneasy Mini Kit, Qiagen, Valencia, CA). RNA quantification

and integrity was analysed using Agilent 2100 bioanalyzer. RT

was performed with 1 mg RNA using a reverse transcription kit

from Applied Biosystems (Courtaboeuf, France). Pre-developed

TaqMan gene expression assays (Applied Biosystems) were used to

quantify transcript levels of all studied genes (see Table S1). qPCR

was carried out using the ABI PRISM 7900 Sequence detection

system, and the results were normalized to the housekeeping genes

GAPDH or 18S for respectively in vitro or in vivo experiments.

Relative mRNA was quantified using the DDCT method.

Role of TGIF1 in Radiation Intestinal Injury
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Transient Transfection and Reporter Gene Assay
HUVECs were transiently co-transfected with (CAGA)9-Lux

reporter or PAI- Luc plasmids together with myc-Smad3 or myc-

TGIF using FuGENE HD (Roche Diagnostics, Meylan, France).

In all experiments, co-transfection with renilla luciferase pRLTK

vector was used for normalization. 24 hours after transfection,

cells were serum depleted for 18 hours and were irradiated and/or

treated with 10 ng/mL of TGF-b1. The cells were lysed 24 hours

later and relative luciferase activity was measured using a Mithras

luminometer (Berthold Technologies, Bad Wildbad, Germany) by

the Dual-Luciferase reporter assay according the manufacturer’s

instructions (Promega, Charbonnières, France).

Western Blot Analysis
Proteins lysed in RIPA buffer supplemented with proteases and

phosphatases inhibitors were separated by SDS-polyacrylamide

gel electrophoresis before transfer onto nitrocellulose membranes.

The following protein-specific primary antibodies were used: anti-

TGIF1 (sc9825), anti-Ski (sc-33693), anti SnoN (sc-9141), anti-

Myc (9E10) (Santa-Cruz Biotechnology), anti-Smad7 (MAB2029,

R&D Systems Europe, Lille, France), anti-PAI-1 (Novocastra

Laboratories Ltd., Newcastle, UK), anti-Smad3 (Zymed), anti-

phospho-Smad3 (C25A9, Cell signaling technology, Danvers,

MA). Membranes were incubated with HRP-conjugated second-

ary antibody (Amersham, Orsay, France) and were developed

using enhanced chemiluminescence (Amersham). Membranes

were stripped and reprobed with anti-glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) antibody (Biodesign, Saco, ME) to

detect GAPDH expression as a loading control.

TGIF Gene Silencing using siRNA
Human TGIF1 siRNA and non-targeting negative control

siRNA (ON-TARGETplus SMARTpool TGIF1 L-011404 and

ON-TARGETplus Non-targeting Pool) were purchased from

Dharmacon (Chicago, IL). HUVECs were seeded into 6 well

plates for 24 h to reach 50–70% confluence and were transfected

with siRNA at a final concentration of 100 nM using Dharmafect

according to the manufacturer’s protocols. The medium was

replaced 24 h after transfection and cells were irradiated and

processed for further analysis. The silencing efficiency of siRNAs

was confirmed by real time PCR and western blot analyses.

Statistical Analyses
Data are given as means 6 SEM. Statistical analyses were

performed by ANOVA or Student’s t test with a level of

significance of P,0.05. Mouse survival curves were calculated

by the Kaplan-Meier method and compared using the log rank

test.

Results

Overexpression of Molecular Actors of TGF-b/Smad
Signaling in Mouse Radiation Enteropathy is Associated
with Increased Expression of Smad co-repressors TGIF1
and SnoN
We used an in vivo model of radiation enteropathy to investigate

the kinetics of mRNA levels of TGF-b1 itself, an effector of Smad

signaling, Smad3, and a TGF-b1/Smad-target gene, PAI-1.

During the observation period (days 1, 3, 14 and 42 after

irradiation), mRNA levels of TGF-b1, Smad3 and PAI-1 increased

progressively to reach a peak at 14 days, compared to control

levels in sham-operated mice for each time point (Figure 1).

Expression of TGF-b1 and Smad3 decreased to control levels by

42 days, whereas PAI-1 expression was still 2.5 times greater

compared to the control level (Figure 1). These observations

provide strong evidence that our model is appropriate to study

a putative implication of Smad co-repressors and inhibitors in the

radiation-induced TGF-b/Smad activation pathway. To investi-

gate whether TGF-b-signaling pathway activation in mouse

irradiated intestine could be related to aberrant regulation of

Smad transcriptional co-repressors/inhibitors, (ie TGIF1, SnoN,

Ski and Smad7), kinetic analysis of their transcript levels in

irradiated intestinal tissues was performed. Figure 2 shows that the

kinetics of TGIF1 and SnoN gene expression follows the same

pattern of variation as TGF-b1, Smad3 and PAI-1 mRNA levels.

No variations were observed for Ski and Smad7. In our model of

radiation enteropathy, up-regulation of TGF-b signaling tran-

scripts (TGF-b1 and Smad3) and the TGF-b1 downstream target

gene PAI-1 is associated with an increased expression of the Smad

co-repressors TGIF1 and SnoN.

Expression of TGF-b/Smad Regulatory Elements and PAI-
1 in a Radiation Dose - and Time-dependent Manner in
Endothelial Cells
Previous studies from our group showed that radiation-induced

rectal damage in humans is associated with overexpression of PAI-

1 and phospho–Smad2/3 in the endothelium [14]. TGIF1

immunohistochemical staining performed on human rectum

sections revealed a positive immunoreactivity in the smooth

muscle layers and endothelium of submucosal vessels (Figure S2).

Even if it was not possible to ascertain differences in TGIF1

staining intensity between unexposed and irradiated tissues in the

endothelial compartment, this observation comforted us in the

choice of human endothelial cells for in vitro studies. We then used

Human Umbilical Endothelial Cells (HUVECs) to investigate

whether the expression of TGF-b/Smad co-repressors and

inhibitors is modulated in response to ionizing radiation. Time-

course and dose-response experiments in HUVECs revealed that

Smad3 and PAI-1 transcript levels, as well as their protein

abundance, increased after irradiation (figure 3A). Moreover, the

phosphorylated form of Smad3 increased rapidly after irradiation,

demonstrating an activation of TGF-b/Smad pathway signaling in

this in vitro model. Radiation exposure did not affect Ski, SnoN,

and Smad7 mRNA and protein expression in either a dose- or

time- dependent manner. Interestingly, and in accordance with in

vivo results, after irradiation TGIF1 expression increased at both

the mRNA and protein levels (figure 3B), suggesting that TGIF1

could affect the normal tissue response to ionizing radiation.

TGIF1 Genetic Deficiency Sensitizes Mice to Radiation-
induced Intestinal Damage
To prove the involvement of TGIF1 in radiation-induced

intestinal damage, we followed the survival of TGIF1 deficient

mice under two irradiation conditions: a radiation–induced lethal

gastrointestinal syndrome after 13 Gy total body irradiation (TBI),

and localized radiation-induced enteropathy after 19 Gy irradia-

tion. After a lethal 13 Gy TBI, Kaplan-Meier curves show that

homozygous and heterozygous TGIF1 deficient mice died more

rapidly than TGIF1+/+ mice. Eight days after irradiation, no

TGIF12/2 mice survived whereas 100% lethality in TGIF1+/2

and TGIF1+/+ mice occurred at 10 and 13 days, respectively

(figure 4A). After a 13 Gy TBI and without bone marrow

transplantation, the cause of death is due to both bone marrow

destruction and gastrointestinal damage. Survival curves obtained

after TBI irradiation suggest that TGIF1 plays a role in radiation-

induced gastrointestinal damage, but one may not exclude a role

Role of TGIF1 in Radiation Intestinal Injury

PLoS ONE | www.plosone.org 3 May 2012 | Volume 7 | Issue 5 | e35672



for TGIF1 via the bone marrow compartment in this model. In the

model of localized radiation enteropathy, Kaplan-Meier analyses

show that 40% of TGIF1+/+ died rapidly in the first 10 days

(figure 4B). At day 10, lethality is more pronounced in TGIF1+/2

(70%) and TGIF1–/– (84%) mice. Fifty days after irradiation, no

TGIF12/2 mice survived whereas 58% of TGIF1+/+ and 21% of

TGIF1+/2 were still alive (figure 4B). Three days after 19 Gy

localized small intestinal irradiation, histological examination

(Figure S3) revealed mucosal inflammatory infiltrate (A) and

significant crypt loss in all tissues (B). Crypt loss was significantly

more severe in TGIF12/2 mice than in other groups. No

significant change in villus height was observed at this time point

in any group (C).

TGIF1 Deficiency is not Associated with Changes in
Radiation-induced TGF-b Pathway-Related Transcripts in
Mouse Radiation Enteropathy
TGIF1-deficient mice showed an enhanced sensitivity to TBI

and localized intestinal radiation exposure, thus we examined

whether the exacerbated radiosensitivity of TGIF1 deficient mice

is associated with a deleterious role of TGF-b/Smad pathway

signaling activation in radiation intestinal damage. We studied the

acute effect of 19 Gy localized intestinal radiation on TGF-b/
Smad signaling-related transcripts (TGIF1, TGF-b1, Smad3,

Smad7, Ski and SnoN) and Smad-target gene-related transcripts

(PAI-1, CTGF, COL3AI, MMP2 and MMP9) at day 3 in

TGIF1+/+, TGIF1+/2 and TGIF12/2 mice. Consistent with our

previous data, irradiation increased expression of TGF-b1, Smad3

and TGIF1. No significant variation was observed for Smad7, ski

and SnoN (figure 5A). In addition, comparisons of mRNA

expression profiles of intestinal sections of irradiated TGIF12/2

and TGIF1+/2 versus irradiated TGIF1+/+ mice showed that

TGIF1 deficiency did not alter radiation-induced TGF-b1 and

Smad3 expression. In a similar fashion, we showed that the lack of

TGIF1 did not modify the radiation-induced up-regulation of

TGF-b/Smad target genes such as PAI-1, CTGF, COL3AI,

MMP2 and MMP9 (figure 5B). All together, these results suggest

that the influence of TGIF1 on radiation-induced intestinal

sensitivity in vivo is independent of the TGF-b/Smad canonical

pathway.

Radiation-induced TGF-b/Smad Pathway Activation in
HUVECs is Independent of TGIF1
By using the TGF-b/Smad responsive gene reporter vector

(CAGA9-luc), radiation-induced Smad-dependent transcription

was measured in HUVECs after 10 Gy exposure in the presence

or absence TGF-b1. Results showed that both irradiation and

TGF-b1 activate Smad-dependent transcription in HUVECs

(figure 6A). Next, we investigated the impact of TGIF1 over-

expression on TGF-b1 - and radiation-induced Smad transcrip-

tion. Luciferase activity in HUVECs transfected with myc-Smad3,

with or without myc-TGIF1, and with or without treatment with

TGF-b1 and/or irradiation, showed that overexpression of TGIF1

represses the TGF-b-induced SMAD-dependent transcriptional

activation but not the radiation-induced SMAD-dependent

transcription (figure 6B). To confirm these results, we examined

whether TGIF1 overexpression affects radiation-induced Smad-

dependent transcription of PAI-1. A PAI-1 promoter-luciferase

Figure 1. Radiation induces activation of the TGF-b pathway in a mouse model of 19 Gy-localized small intestinal irradiation: mRNA
levels measured by real time PCR of TGF-b1, SMAD3 and PAI-1 in total intestinal tissues, 5 hours, 1 day, 3 days, 14 days and
42 days after irradiation. mRNA level of 18S was used as housekeeping gene and dot line indicates value 1 assigned for control sham-operated
animals at each time. Results are +/2 SEM (n= 6 to 8 mice/group). *p,0.05 versus sham mice.
doi:10.1371/journal.pone.0035672.g001

Figure 2. Kinetic analyses of mRNA levels of SMAD co-repressors and inhibitors in a mouse model of 19 Gy-localized small
intestinal irradiation: mRNA levels of TGIF1, SnoN, Ski and SMAD7 were measured by real time PCR in total intestinal tissues,
5 hours, 1 day, 3 days, 14 days and 42 days after irradiation.mRNA level of 18S was used as housekeeping gene and dot line indicates value
1 assigned for control sham-operated animals at each time. Results are +/- SEM (n= 6 to 8 mice/group). *p,0.05 versus sham mice.
doi:10.1371/journal.pone.0035672.g002
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reporter assay was performed in HUVECs co-transfected with

myc-Smad3 with or without myc-TGIF1, and with Wt-PAI-Luc

gene reporter vector or CAGA box-mutated PAI-1 Luc gene

reporter (Db123-PAI-1 Luc). Radiation increased luciferase

activity in HUVECs transfected with Wt-PAI-1-luc but not with

Db123-PAI-1 Luc. Radiation-induced, Smad-dependent PAI-1

transcription was not influenced by TGIF1 over-expression

(Figure 6C). Western blot experiments performed on HUVECs

cotransfected with myc-Smad3 with or without myc-TGIF1

confirmed that TGIF1 overexpression has no effect on radiation-

induced PAI-1 protein expression (figure 6D). To complete these

results, TGIF1 expression knock-down was performed using

TGIF1 siRNA in HUVECs to explore the impact of TGIF1

silencing on radiation-induced Smad3 and PAI-1 expressions.

Silencing efficiency (90%) was confirmed by real time PCR (data

not shown) and western blot (figure 6E). TGIF1 knock down had

no effect on radiation-induced mRNA levels of Smad3 and PAI-1,

and had no effect on either PAI-1 protein level or the

phosphorylated form of Smad3 (figure 6F and G).

Figure 3. Effect of irradiation on mRNA and protein expression of SMAD3, PAI-1 and SMAD co-repressors and inhibitors in HUVEC.
(A) Irradiation induces SMAD pathway and PAI-1 in HUVEC cells. mRNA levels of SMAD3 and PAI-1 in HUVEC 6, 24, 48 and 72 hours after irradiation
were measured by real time PCR. mRNA level of GAPDH was used as housekeeping gene and value 1 was assigned to unirradiated cells for each time.
Protein levels of Smad3, phospho-Smad3 and PAI-1 were followed by western blot. (B) Radiation dose- and time-dependent mRNA level and protein
abundance of TGIF1, SnoN, Ski and Smad7 were measured by real time PCR and western blot. Results are the mean 6 SEM of 3 independent
experiments realized in triplicates. *P,0.05 vs unirradiated cells.
doi:10.1371/journal.pone.0035672.g003
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Discussion

Increased expression, secretion, and activation of TGF-b1 and

Smad following radiation exposure [13,14,36–38] strongly sug-

gests that TGF-b/Smad-dependent signaling is involved in the

initiation and progression of radiation-induced normal tissue

injury. In irradiated tissues, TGF-b1 cytokine production may

result from transcriptional, translational and/or post translational

mechanisms [37,39,40]. In addition to TGF-b1 itself, irradiation

also induces the up-regulation of TGF-b receptors, activation of

Smad2/3, and the subsequent increase in expression of Smad

target genes, such as PAI-1 and CTGF, in different in vivo and in

vitro models [13,14,17,38]. Despite all of these extended studies of

TGF-b signaling activation after irradiation, the role of Smad

inhibitors and co-repressors has never been investigated in the

context of radiation-induced normal tissue injury.

Here we show for the first time that the Smad co-repressor

TGIF1 plays a role in radiation-induced intestinal damage and,

unexpectedly, we demonstrate that radiation-induced Smad

signaling in endothelial cells is independent of TGIF1.

On the basis of previous studies showing that downregulation of

Smad inhibitors and Smad co-repressors amplifies TGF-b signaling

activation and contributes to the progression of fibrosis [31,32], we

hypothesized that Smad co-repressors and I-Smad down-regula-

tion could be responsible in part for radiation-induced activation

of TGF-b signaling and downstream target genes expression. In

our experimental model of mouse radiation enteropathy, activa-

tion of the pro-fibrosing TGF-b/Smad pathway and its target gene

PAI-1 is associated with increased expressions of two Smad co-

repressors, mainly TGIF1 and to a lesser extend SnoN.

To investigate the in vitro expression of TGF-b/Smad co-

repressors and inhibitors in response to ionizing radiation, we

chose endothelial cells for two reasons: 1) for the positive

immunoreactivity of TGIF1 phospho-Smad2/3 and PAI-1 in the

endothelium of submucosal vessels of human irradiated normal

rectum and 2) for the activation of TGF-b signaling in response to

irradiation previously shown by our group and others [14,38].

Kinetic analysis of transcriptional levels of Smad co-repressors/

inhibitors in HUVECs shows an increase in TGIF1 expression

after irradiation. Our in vivo and in vitro results show that TGIF is

Figure 4. TGIF1 genetic deficiency sensitizes mice to gastrointestinal syndrome and radiation enteropathy. Kaplan-Meier analyses
represent the percent survival of TGIF1+/+, TGIF1+/2 and TGIF12/2 mice following (A) 13 Gy total body irradiation and (B) 19 Gy localized small
intestinal irradiation. Statistical differences were determined by the log rank test, *p = 0.0033, **p = 0.19, ***p = 0.00065, #p=0.06, ##p= 0.11,
###p=0.000014.
doi:10.1371/journal.pone.0035672.g004
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a radiation target gene. We then showed that TGIF1 genetic

deficiency in mice enhanced radiation sensitivity in cases of either

TBI or localized high dose intestinal radiation exposure,

demonstrating the principle that TGIF1 modulation affects the

normal tissue response to ionizing radiation.

Proliferation and apoptosis are two crucial events in the

intestinal tissue response to high dose radiation exposure. TGIF1

genetic deficiency is associated with the deregulation of fibroblast

proliferation and progression through the G1 cell cycle phase [35],

and down-regulation of TGIF1 sensitizes HepG2 cells to arsenic

trioxide-induced apoptosis [41]. Changes in cell proliferation and/

or apoptosis in radiosensitive compartments could explain the

enhanced radiosensitivity of TGIF1 deficient mice. TGIF1

deficient irradiated intestine does not show any detectable

variation in the expression of the principle G1 cell cycle regulatory

genes (i.e. p21, cylin D, p27 and p15) (data not shown). However,

crypt loss is more severe in TGIF12/2 mice than in other groups

and may reflect either increased radiation-induced cell loss and/or

reduced regenerative cell proliferation. The measure of the

Figure 5. TGIF1 genetic deficiency is not associated with modifications of radiation-induced TGF-b pathway-related molecular
profile in vivo. mRNA levels of (A) TGF-b signaling-related genes and (B) TGF-b/Smad target genes in TGIF1+/+, TGIF1+/2 and TGIF12/2 mice 3 days
after 19 Gy localized small intestinal irradiation were determined by real time PCR. mRNA level of 18S was used as housekeeping gene and value 1
was assigned to sham-operated TGIF1+/+ animals. Results are the mean6 SEM with 8 to 10 mice per group. *P,0.05 vs TGIF1+/+ sham mice. #P,0.05
vs TGIF1+/+ irradiated mice. No significant difference was obtained between TGIF1+/+, TGIF1+/2 and TGIF12/2 sham-irradiated animals.
doi:10.1371/journal.pone.0035672.g005
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apoptotic index of intestinal epithelial cells and microvascular

endothelial cells will be a promising continuation of this work.

TGIF1 exerts several different modes of TGF-b/Smad de-

pendent transcriptional repression. TGIF1 replaces the co-

activators that bind to Smad2 and Smad3, and also recruits other

Figure 6. TGIF1 has no effect either on radiation-induced Smad pathway activation or on radiation-induced PAI-1 overexpression
in endothelial cells. (A) HUVECs were transfected with (CAGA)9-Luc reporter plasmid for 24 h and were serum starved for 18 hours. Cells were
irradiated at 10 Gy in presence or not of 10 ng/mL TGF-b1. Relative luciferase activity was measured 24 h after irradiation (B) HUVECs were co-
transfected for 24 h with CAGA9-Lux and myc-Smad3 with or without myc-TGIF1. Relative luciferase activity was measured 24 h after irradiation and/
or treatment with 10 ng/mL of TGF-b1. (C) HUVECs were transfected with wt-PAI-1 Luc reporter or CAGA box-mutated PAI-1 Luc reporter (D123-PAI-1
Luc) and myc-Smad3 with or without myc-TGIF1. Luciferase activity was assayed 24 hours after irradiation. Relative luciferase activity is the mean 6
SEM of at least 3 independent experiments realized in triplicates (D) HUVECs were transfected for 24 h with myc-Smad3 with or without myc-TGIF1.
Cells were irradiated at 10 Gy and PAI-1 expression was measured 24 h after irradiation. E-G) HUVECs were transfected with non–targeting siRNA
(siRNA control) or siRNA TGIF1 for 24 h and irradiated at 10 Gy. Silencing efficiency was confirmed by western-blot (E). mRNA level (F) and protein
levels of PAI-1 and Phospho-Smad3 were performed by western-blots (G). Results are the mean +/- SEM of two independent experiments realized in
triplicates and representative blots from three independent experiments are shown. *p,0.05
doi:10.1371/journal.pone.0035672.g006
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general co-repressors, including histone deacetylases (HDACs) and

Sin3, to the complex, thus repressing TGF-b/Smad target genes

[30]. In addition, TGIF1 may also regulate ubiquitin-dependant

degradation of Smad2 [42], and by recruiting carboxyl-terminus

binding protein, can also repress TGF-b1 gene transcription via

interactions with polycomb group proteins [43]. We examined

whether the exacerbated radiosensitivity of TGIF1 deficient mice

is associated with the deleterious role of TGF-b/Smad signaling

activation reported in diverse irradiated tissues. Analyses after

19 Gy localized intestinal irradiation reveals that TGIF1 de-

ficiency does not alter the expression of either radiation-induced

TGF-b1 signaling gene expression (TGF-b1, Smad3, Smad7, Ski

and SnoN) or radiation-induced TGFb/Smad target gene (PAI-1,

CTGF, COL3AI, MMP2 and MMP9). These in vivo results suggest

that TGIF1 exerts a role in radiation-induced injury without

altering Smad target gene transcription. In vitro, overexpression of

TGIF1 in HUVECs represses TGF-b1-induced SMAD-depen-

dent transcriptional activation, showing that TGIF1 is a key

regulator of TGF-b1 signaling in endothelial cells. However,

TGIF1 overexpression affects neither the radiation-induced Smad-

dependent transcription, nor the radiation-induced Smad-de-

pendent PAI-1 overexpression. In support of these results, TGIF1

silencing in HUVECs has no effect on radiation-induced PAI-1

expression. Altogether, our in vivo and in vitro results show that

TGIF1 plays a role in radiation-induced injury independently of

a Smad signaling pathway. Moreover, our experiments reveal

differences between the TGF-b1 and the radiation-induced Smad-

dependent transcription in endothelial cells, and molecular

mechanisms involved in these differences will have to be

elucidated.

Moreover, TGIF1 has been reported to interact with Ras/

MAPKinase, ERK1/2 and NF-kb pathway and thereby con-

tributes to inflammation, differentiation and apoptosis in response

to a variety of growth factors (EGF and HGF) and cytokines (TNF-

a) [44–46]. Irradiation activates MAPKinase and NF-kb pathways

in different tissues and in endothelial cells [47,48], and it would be

interesting to explore whether TGIF1 genetic deficiency is

associated with a deregulation in one or more of these pathways

that could contribute to the sensitization of TGIF1 deficient mice

to radiation damage.

In conclusion, this is the first report which shows that TGIF1 is

increased in response to ionizing radiation, and that this protein

plays a role in radiation injury. The molecular mechanism by

which TGIF1 is involved in radiation-induced intestinal damage

seems to be independent of TGF-b/Smad signaling and future

investigations to understand the role of TGIF1 in radiation-

induced injury need to be performed.

Supporting Information

Figure S1 Example of PCR screening for TGIF1 geno-
type.

(TIF)

Figure S2 Representative microscopic images from
immuno-labelling of TGIF1 on human rectal tissue
submucosal vessels. (A) unirradiated tissue; (B) dystrophic

vessel in the irradiated area from the same patient. Magnification

x 200.

(TIF)

Figure S3 Radiation-induced small intestinal damage.
(A) Images of small intestinal tissues obtained 3 days after sham or

19 Gy localized small intestinal irradiation in wild type, TGIF1+/

+, TGIF1+/- and TGIF12/2 animals. Left panel magnification x40

and right panel magnification x200 as indicated. (B) Number of

surviving crypts measured in small intestinal sections 3 days after

sham or 19 Gy localized small intestinal irradiation in wild type,

TGIF1+/+, TGIF1+/2 and TGIF12/2 animals. (C) Villus height

measured in small intestinal sections 3 days after sham or 19 Gy

localized small intestinal irradiation in wild type, TGIF1+/+,

TGIF1+/2 and TGIF12/2 animals. The hatched bars represent

the wild type control values. *p,0.001 compared to sham animals;
#p,0.005 and ##p,0.001 between irradiated groups.

3,n,6 per group.

(TIF)

Table S1 List of Pre-developped TaqMan gene expres-
sion assay used to quantify transcripts levels.

(TIF)

Author Contributions

Conceived and designed the experiments: FM. Performed the experiments:

MH AF VB GT RA KB. Analyzed the data: MH AF FM. Contributed

reagents/materials/analysis tools: PAH MB. Wrote the paper: MH FM.

References

1. Bentzen SM (2006) Preventing or reducing late side effects of radiation therapy:

radiobiology meets molecular pathology. Nat Rev Cancer 6: 702–713.

2. Barnett GC, West CM, Dunning AM, Elliott RM, Coles CE, et al. (2009)

Normal tissue reactions to radiotherapy: towards tailoring treatment dose by

genotype. Nat Rev Cancer 9: 134–142.

3. Denham JW, Hauer-Jensen M (2002) The radiotherapeutic injury–a complex

‘wound’. Radiother Oncol 63: 129–145.

4. Anscher MS (2010) Targeting the TGF-beta1 pathway to prevent normal tissue

injury after cancer therapy. Oncologist 15: 350–359.

5. Martin M, Lefaix J, Delanian S (2000) TGF-beta1 and radiation fibrosis:

a master switch and a specific therapeutic target? Int J Radiat Oncol Biol Phys

47: 277–290.

6. Anscher MS, Kong FM, Jirtle RL (1998) The relevance of transforming growth

factor beta 1 in pulmonary injury after radiation therapy. Lung Cancer 19:

109–120.

7. Robbins ME, O’Malley Y, Zhao W, Davis CS, Bonsib SM (2001) The role of

the tubulointerstitium in radiation-induced renal fibrosis. Radiat Res 155:

481–489.

8. Wang J, Zheng H, Sung CC, Richter KK, Hauer-Jensen M (1998) Cellular

sources of transforming growth factor-beta isoforms in early and chronic

radiation enteropathy. Am J Pathol 153: 1531–1540.

9. Randall K, Coggle JE (1996) Long-term expression of transforming growth

factor TGF beta 1 in mouse skin after localized beta-irradiation. Int J Radiat

Biol 70: 351–360.

10. Anscher MS, Crocker IR, Jirtle RL (1990) Transforming growth factor-beta 1

expression in irradiated liver. Radiat Res 122: 77–85.

11. Kraft M, Oussoren Y, Stewart FA, Dorr W, Schultz-Hector S (1996) Radiation-

induced changes in transforming growth factor beta and collagen expression in

the murine bladder wall and its correlation with bladder function. Radiat Res

146: 619–627.

12. Milliat F, Francois A, Isoir M, Deutsch E, Tamarat R, et al. (2006) Influence of

endothelial cells on vascular smooth muscle cells phenotype after irradiation:

implication in radiation-induced vascular damages. Am J Pathol 169:

1484–1495.

13. Kruse JJ, Floot BG, te Poele JA, Russell NS, Stewart FA (2009) Radiation-

induced activation of TGF-beta signaling pathways in relation to vascular

damage in mouse kidneys. Radiat Res 171: 188–197.

14. Milliat F, Sabourin JC, Tarlet G, Holler V, Deutsch E, et al. (2008) Essential role

of plasminogen activator inhibitor type-1 in radiation enteropathy. Am J Pathol

172: 691–701.

15. Massague J, Seoane J, Wotton D (2005) Smad transcription factors. Genes Dev

19: 2783–2810.

16. Scharpfenecker M, Floot B, Russell NS, Ten Dijke P, Stewart FA (2009)

Endoglin haploinsufficiency reduces radiation-induced fibrosis and telangiectasia

formation in mouse kidneys. Radiother Oncol 92: 484–491.

17. Schultze-Mosgau S, Blaese MA, Grabenbauer G, Wehrhan F, Kopp J, et al.

(2004) Smad-3 and Smad-7 expression following anti-transforming growth factor

beta 1 (TGFbeta1)-treatment in irradiated rat tissue. Radiother Oncol 70:

249–259.

Role of TGIF1 in Radiation Intestinal Injury

PLoS ONE | www.plosone.org 9 May 2012 | Volume 7 | Issue 5 | e35672



18. Haydont V, Riser BL, Aigueperse J, Vozenin-Brotons MC (2008) Specific

signals involved in the long-term maintenance of radiation-induced fibrogenic
differentiation: a role for CCN2 and low concentration of TGF-beta1.

Am J Physiol Cell Physiol 294: C1332–1341.

19. Flanders KC, Major CD, Arabshahi A, Aburime EE, Okada MH, et al. (2003)
Interference with transforming growth factor-beta/Smad3 signaling results in

accelerated healing of wounds in previously irradiated skin. Am J Pathol 163:
2247–2257.

20. Flanders KC, Sullivan CD, Fujii M, Sowers A, Anzano MA, et al. (2002) Mice

lacking Smad3 are protected against cutaneous injury induced by ionizing
radiation. Am J Pathol 160: 1057–1068.

21. Yan X, Chen YG (2011) Smad7: not only a regulator, but also a cross-talk
mediator of TGF-b signalling. Biochem J 434: 1–10.

22. Deheuninck J, Luo K (2009) Ski and SnoN, potent negative regulators of TGF-
beta signaling. Cell Res 19: 47–57.

23. Wotton D, Lo RS, Lee S, Massague J (1999) A Smad transcriptional corepressor.

Cell 97: 29–39.
24. Itoh S, ten Dijke P (2007) Negative regulation of TGF-beta receptor/Smad

signal transduction. Curr Opin Cell Biol 19: 176–184.
25. Bartholin L, Melhuish TA, Powers SE, Goddard-Leon S, Treilleux I, et al.

(2008) Maternal Tgif is required for vascularization of the embryonic placenta.

Dev Biol 319: 285–297.
26. Aguilella C, Dubourg C, Attia-Sobol J, Vigneron J, Blayau M, et al. (2003)

Molecular screening of the TGIF gene in holoprosencephaly: identification of
two novel mutations. Hum Genet 112: 131–134.

27. Hamid R, Patterson J, Brandt SJ (2008) Genomic structure, alternative splicing
and expression of TG-interacting factor, in human myeloid leukemia blasts and

cell lines. Biochim Biophys Acta 1779: 347–355.

28. Hamid R, Brandt SJ (2009) Transforming growth-interacting factor (TGIF)
regulates proliferation and differentiation of human myeloid leukemia cells. Mol

Oncol 3: 451–463.
29. Bartholin L, Powers SE, Melhuish TA, Lasse S, Weinstein M, et al. (2006) TGIF

inhibits retinoid signaling. Mol Cell Biol 26: 990–1001.

30. Wotton D, Lo RS, Swaby LA, Massague J (1999) Multiple modes of repression
by the Smad transcriptional corepressor TGIF. J Biol Chem 274: 37105–37110.

31. Fukasawa H, Yamamoto T, Togawa A, Ohashi N, Fujigaki Y, et al. (2004)
Down-regulation of Smad7 expression by ubiquitin-dependent degradation

contributes to renal fibrosis in obstructive nephropathy in mice. Proc Natl Acad
Sci U S A 101: 8687–8692.

32. Fukasawa H, Yamamoto T, Togawa A, Ohashi N, Fujigaki Y, et al. (2006)

Ubiquitin-dependent degradation of SnoN and Ski is increased in renal fibrosis
induced by obstructive injury. Kidney Int 69: 1733–1740.

33. Huang Y, Border WA, Noble NA (2006) Perspectives on blockade of TGFbeta
overexpression. Kidney Int 69: 1713–1714.

34. Tan R, Zhang J, Tan X, Zhang X, Yang J, et al. (2006) Downregulation of

SnoN expression in obstructive nephropathy is mediated by an enhanced

ubiquitin-dependent degradation. J Am Soc Nephrol 17: 2781–2791.

35. Mar L, Hoodless PA (2006) Embryonic fibroblasts from mice lacking Tgif were

defective in cell cycling. Mol Cell Biol 26: 4302–4310.

36. Andarawewa KL, Paupert J, Pal A, Barcellos-Hoff MH (2007) New rationales

for using TGFbeta inhibitors in radiotherapy. Int J Radiat Biol 83: 803–811.

37. Barcellos-Hoff MH, Derynck R, Tsang ML, Weatherbee JA (1994) Transform-

ing growth factor-beta activation in irradiated murine mammary gland. J Clin

Invest 93: 892–899.

38. Scharpfenecker M, Kruse JJ, Sprong D, Russell NS, Ten Dijke P, et al. (2009)

Ionizing radiation shifts the PAI-1/ID-1 balance and activates notch signaling in

endothelial cells. Int J Radiat Oncol Biol Phys 73: 506–513.

39. Ehrhart EJ, Segarini P, Tsang ML, Carroll AG, Barcellos-Hoff MH (1997)

Latent transforming growth factor beta1 activation in situ: quantitative and

functional evidence after low-dose gamma-irradiation. Faseb J 11: 991–1002.

40. Jobling MF, Mott JD, Finnegan MT, Jurukovski V, Erickson AC, et al. (2006)

Isoform-specific activation of latent transforming growth factor beta (LTGF-

beta) by reactive oxygen species. Radiat Res 166: 839–848.

41. Liu ZM, Tseng JT, Hong DY, Huang HS (2011) Suppression of TG-interacting

factor sensitizes arsenic trioxide-induced apoptosis in human hepatocellular

carcinoma cells. Biochem J 438: 349–358.

42. Seo SR, Lallemand F, Ferrand N, Pessah M, L’Hoste S, et al. (2004) The novel

E3 ubiquitin ligase Tiul1 associates with TGIF to target Smad2 for degradation.

Embo J 23: 3780–3792.

43. Melhuish TA, Wotton D (2000) The interaction of the carboxyl terminus-

binding protein with the Smad corepressor TGIF is disrupted by a holopro-

sencephaly mutation in TGIF. J Biol Chem 275: 39762–39766.

44. Dai C, Liu Y (2004) Hepatocyte growth factor antagonizes the profibrotic action

of TGF-beta1 in mesangial cells by stabilizing Smad transcriptional corepressor

TGIF. J Am Soc Nephrol 15: 1402–1412.

45. Demange C, Ferrand N, Prunier C, Bourgeade MF, Atfi A (2009) A model of

partnership co-opted by the homeodomain protein TGIF and the Itch/AIP4

ubiquitin ligase for effective execution of TNF-alpha cytotoxicity. Mol Cell 36:

1073–1085.

46. Lo RS, Wotton D, Massague J (2001) Epidermal growth factor signaling via Ras

controls the Smad transcriptional co-repressor TGIF. Embo J 20: 128–136.

47. Chou CH, Chen SU, Cheng JC (2009) Radiation-induced interleukin-6

expression through MAPK/p38/NF-kappaB signaling pathway and the re-

sultant antiapoptotic effect on endothelial cells through Mcl-1 expression with

sIL6-Ralpha. Int J Radiat Oncol Biol Phys 75: 1553–1561.

48. Dent P, Yacoub A, Fisher PB, Hagan MP, Grant S (2003) MAPK pathways in

radiation responses. Oncogene 22: 5885–5896.

Role of TGIF1 in Radiation Intestinal Injury

PLoS ONE | www.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e35672


