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Abstract
Background: Transforming growth factor-β1 (TGF-β1), a key biological mediator following
ionizing radiation, plays a role in a complex tissue reaction involved in local radiation-induced
pathological damage. Knocking out Smad3 (S3KO), a downstream signaling intermediate in the
TGF-β pathway, in mice protects their skin from radiation damage as demonstrated by decreased
epithelial acanthosis and dermal fibrosis as compared to Smad3 wild-type (S3WT) mice.

Objective: The present study was designed to investigate the molecular mechanisms contributing
to increased radioprotection in the absence of Smad3.

Methods: Primary dermal fibroblasts derived from S3WT and KO mice were exposed to 5Gy
ionizing radiation in vitro. Western blot analyses, immunocytochemistry, and reporter transfections
were used to dissect the radiation-induced events.

Results: There was increased phosphorylation of ERK-MAPK, p53 and H2A.X in S3KO compared
to the S3WT fibroblasts, implicating them in a key signaling cascade in response of these cells to
radiation. Pro-fibrotic gene expression was decreased in S3KO fibroblasts post-irradiation.

Conclusion: The absence of Smad3 may decrease radio-responsiveness by increasing activation
of DNA damage sensing mechanisms and decreasing induction of pro-fibrotic genes.

1. Introduction
Transforming growth factor β (TGF-β) has been shown to be central to radiation-induced
cytokine responses in vivo, including a prominent role in both the profuse synthesis and
reorganization of matrix, as well as the increased apoptosis of epithelial and hematopoetic cells
present in the targeted radiation field [1,2]. Tissue irradiation damage involve both the primary
biochemical and physiological events that occur immediately following ionizing irradiation,
as well as secondary effects that are seen days, months or even years after the initial exposure.
Studies in TGF-β1 null mice and attempts to neutralize TGF-β have highlighted its role in both
primary and secondary cellular and tissue damage induced by ionizing radiation [3].
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The predominant post-radiation damage in skin of Smad3 WT (S3WT) mice is increased
thickness of the epithelial spinous layer (acanthosis) and pronounced dermal fibrosis,
characterized by both increased deposition and disorganized architecture of collagens [4]. We
had shown previously that the Smad3 KO (S3KO) mice are less responsive to local cutaneous
radiation demonstrating decreased acanthosis and minimal fibrosis [4], while also
demonstrating improved healing post-irradiation [5], a response that can be compromised in
patients undergoing radiotherapy.

Fibroblasts are a key cellular target in mediating tissue radiation responses both in terms of
stromal responses, as well as paracrine modulation of other cell lineages including epithelial
cells and infiltrating and resident inflammatory cells. The key determinant of radio-
responsiveness seems to be the cell's ability to detect and repair DNA damage while the
initiation of various intra- and extracellular signaling networks orchestrate the eventual
outcome at the tissue and organismal levels [3].

In this study we used primary dermal fibroblasts isolated from S3 WT and KO mice as a
simplified in vitro system to begin to dissect the possible molecular signaling cascades involved
in the observed radioprotection seen in the S3 KO mice.

2. Materials and Methods
2.1 Primary Cell Culture

Primary dermal fibroblasts were isolated from S3WT and S3KO one-day old pups as previously
described [4]. Cells were propagated in DMEM (GIBCO, Grand Island, NY), 10% FBS
(Hyclone, Logan, UT), 1% Penstrep (Gibco) and used semi-confluent between 2-7 passages
for all assays.

2.2 Chemicals and reagents
The following inhibitors or vehicles (DMSO/PBS) were added 30-60 min prior to treatment:
SB431542 (Alk5) 5 μM (Sigma, St. Louis, MO); PD98059 (ERK) 25 μM; SB202190 (p38) 10
μM; and SP600125 (JNK) 10 μM (Calbiochem, San Diego, CA).

2.3 Ionizing irradiation
Primary dermal fibroblasts were trypsinized and 1 × 106 cells were plated in 10% serum in 10
cm dishes and allowed to attach overnight before being starved for 10 h in 0.2% serum. Cells
were then exposed to γ-irradiation (5 Gy) from a 60Co source, maintained in 0.2% serum for
up to 24 h for signaling experiments, and then lysed at particular time points.

2.4 Transfections
Fibroblasts were plated in 6 well plates (3 × 104 cells/well) and co-transfected with CAGA-12,
ARE-FAST1, pT3P (PAI), AP1, c-Jun and COL1A2-CAGA-TK-luc (courtesy of John Varga,
University of Illinois at Chicago) reporters along with pRLTK-luciferase using Fugene6
(Roche, Nutley, NJ). Cells were allowed to recover overnight, serum-starved for 10 h before
being irradiated (5 Gy). After an additional 16-18 h, cells were lysed in passive lysis buffer
(Promega, Madison, WI) and assayed with the dual luciferase kit as per manufacturer's
instructions (Promega).

2.5 Immunoblot Analyses
Immunoblotting was performed as described previously [6]. Briefly, cells were scraped into
lysis buffer (HEPES pH 7.4 (25mM), sodium chloride (175mM), glycerol (0.1%), EDTA
(5mM), Triton X-100 (0.1%), sodium fluoride (50mM), sodium orthovanadate (5mM),
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complete mini protease inhibitor cocktail (Roche)) and spun at 14000 rpm for 15 min to clear
cellular debris. Total protein was estimated by BCA assay (Pierce, Rockford, IL). Samples
(20-50 μg) were then mixed with loading buffer and reducing agents (both Invitrogen, Carlsbad,
CA) and heated at 72°C for 10 min followed by cooling on ice, spinning at 14000 rpm for 2
min, running on pre-cast Tris-Glycine gels (Invitrogen), and transferring onto 0.2 μm
nitrocellulose membranes (GE Healthcare, Piscataway, NJ). Blots were incubated with primary
antibodies total and phospho-JNK, total and phospho-ERK, phospho-p53 (serine 15), phospho-
MDM2 (all from Cell Signaling, Danvers, MA), phospho-Smad3 (kind gift from Ed Leof,
Mayo Clinic, Rochester, MN), total and phospho-H2A.X, HSP-70 (both Millipore,
Charlottesville, VA), p53 (Ab-5, Lab Vision Corp., Fremont, CA) and β-actin (Chemicon,
Temecula, CA) followed by appropriate species-specific secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA). Chemiluminescence (Pierce) was detected
by films (MR Kodak, Rochester, NY) or digital imager (Alpha Inotech, San Leandro, CA).

H2A.X analyses—Staining for γH2A.X was carried out as described previously [7]. Briefly,
cells were washed with Tris-buffered saline (TBS) and fixed-permeabilized with 95% ethanol
and 5% acetic acid for 5min, washed with TBS, blocked with 3% BSA-TBS and incubated
with 1:2500 anti-phospho-H2A.X (Millipore) for 1hr at room temperature. Following washes
with TBS, secondary FITC-conjugated antibody was added for 1.5 h, and slides were washed
with TBS and mounted with mounting medium containing DAPI (Vector labs).

3. Results
3.1 Decreased transcriptional activity in S3KO cells following irradiation

Since skin of S3 KO mice showed less epithelial damage and extracellular matrix synthesis
following exposure to ionizing irradiation than did skin of WT mice, we hypothesized that S3
KO cells might be less responsive to radiation. We examined this using reporter constructs of
collagen1α2 and common AP1 reporters to determine if their downstream transactivations were
differentially modulated by the Smad3 status in these primary fibroblasts following irradiation.
Transfections with the Smad3 specific reporter CAGA-12 and a pan-TGF-β1 reporter (PAI1)
demonstrated that the TGF-β1 pathway was indeed activated by irradiation in the S3WT cells
(p<0.05), but was deficient in the S3KO cells (Fig. 1). The Smad2 specific reporter (ARE /
FAST1) was not significantly affected in either cell line following irradiation. We observed
decreased activation of both c-Jun and AP1 reporters in S3KO cells as compared to S3WT
cells (Fig.1), suggesting decreased radio-responsiveness. The activation of the collagen1α2-
AP reporter in S3WT cells following radiation was clearly deficient in the S3KO cells
(p<0.05) supporting the decreased fibrosis observed in vivo in the S3KO mice [4].

3.2 Similar cell growth of S3 WT and KO dermal fibroblasts following irradiation
We began to look for differences in radiation responsiveness in S3 WT and KO dermal
fibroblasts by comparing cell growth characteristics after exposure to ionizing radiation. Both
cell types demonstrated similar numbers of viable cells when maintained in either full (10%)
or low (0.2%) serum for up to 5 days following irradiation. (Data not shown and [4]).
Additionally, FACS analyses showed that cells transited through the cell cycle similarly at 24
h post-irradiation.

3.3 Enhanced ERK-MAPK activation in S3KO cells following ionizing radiation
Following exposure to ionizing irradiation, an increase of phospho-ERK MAPK in S3KO and
S3WT primary fibroblasts was observed (Fig. 2A). While an increase in phospho-ERK levels
occurred with similar kinetics in both cell types, the activation in S3KO cells appeared to be
more pronounced. Interestingly, a similar increase in phospho-JNK MAPK levels in S3KO
cells compared to S3WT fibroblasts was also observed, while phospho-p38 MAPK did not
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seem to be affected in the S3KO fibroblasts (Fig. 2A and data not shown). Total levels of these
proteins were not affected following irradiation (Fig. 2A). Activation of the TGF-β pathway
by irradiation as evidenced by increased phospho-Smad3 in the S3WT fibroblasts was seen
(Fig. 2B).

3.4 Serine 15 phosphorylation of p53 is increased in S3KO cells via the ERK-MAPK pathway
The phosphorylation of serine 15 of p53 specifically impairs its ability to interact with MDM2,
promoting its accumulation and function in response to DNA damage [8]. To determine if
phospho-p53 status might contribute to reduced radio-responsiveness in S3 KO dermal
fibroblasts, we examined levels of phosphoSer-15 in S3WT and KO cells at various times post-
irradiation. Both S3WT and KO cells showed increased phospho-p53 at 30 min post-
irradiation, but by 1 h the S3KO cells showed 5-fold greater phospho-p53 than did WT cells
when compared to non-irradiated cells (Fig. 3A). In both cell types the expression then
decreased though 8h. A direct comparison of the phospho-p53 at the 1h time points is shown
in Fig 3B.

MAPKs are activated following exposure to ionizing radiation (Fig. 2A) and they can directly
affect the phosphorylation of p53 at multiple sites [9,10]. The specific signaling cascade
involved in this response was explored by using inhibitors specific to the ERK, JNK, p38 and
TGF-β signaling pathways. Our data demonstrate the central role of ERK-MAPK in
modulating the specific phosphorylation of p53 at serine 15, while the other inhibitors do not
affect this specific event (Fig. 3C). The inability of the ALK5 inhibitor to affect the serine 15
phosphorylation of p53 indicates the absence of a direct role of TGF-β in modulating this
particular cellular radiation response in both S3WT and S3KO cells.

Interestingly, both cell lines demonstrate increases in total p53 levels following ionizing
irradiation which occurred at later time points than as observed with increases in phospho-p53
(Fig. 3D). This increase seemed more apparent in the S3KO DFs at 4 h. This data is consistent
with the observation that some of the increased phosphoserine 15 activated p53 levels in S3KO
cells might also result from increased p53 transactivation as has been previously reported
[11,12].

3.5 Increased Phosho-H2A.X in S3KO fibroblasts following irradiation
Irradiated S3KO dermal fibroblasts appear to have an exaggerated cellular response to
irradiation compared to the S3WT cells as evidenced by enhanced activation of both MAPK
and p53. This differential response is further supported by the levels of increased phospho-
Histone H2A.X in the S3KO cells compared to S3WT cells at 4 h post-irradiation as determined
by immunofluorescence (data not shown). Phosphorylation of histone H2A.X at serine 139
represents DNA damage sensing both in terms of damage due to double strand breaks, as well
as to the repair intermediates initiated due to this damage [13]. This increase in phospho-H2A.X
levels occurred earlier and to a greater extent in S3KO than in S3WT cells (Fig. 4A), while
total levels of H2A.X were not altered following irradiation (data not shown). The increased
levels in S3KO cells were not affected by the ERK inhibitor suggesting that the p53 and H2A.X
phosphorylation responses are modulated by different upstream signaling pathways (Fig. 4B).
The increased phospho-H2A.X levels suggest that these cells, in the absence of Smad3, might
have a more exquisite DNA damage sensing, repair or bypass mechanism in response to
radiation.

4. Discussion
Ionizing radiation activates multiple intracellular pathways critical to controlling cell survival
and repopulation in a stress-specific, microenvironment-modulated and cell type-dependent
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manner. There are often inter-connections or crosstalk at various levels between these
pathways. As eloquently outlined in a recent review, biological systems are usually modeled
as hierarchical, linear responses rather than combinatorial networks [3]. Among these intricate
signaling networks, several major pathways are evoked by radiation including PI3K, MAPKs,
and ATM that are mediated through a variety of growth factor and cytokine membrane
receptors [14,15]. The TGF-β signal transduction pathway functions through heterodimeric
serine-threonine kinase receptors, TβRII and TβRI (Alk5) and nuclear-cytoplasmic signaling
intermediates, predominantly Smads 2, 3, 4, and 7 [16]. A significant role for other TGF-β-
dependent signaling pathways, referred to as ‘lateral signaling’, through MAPK and PI3K have
also been documented. ERK-MAPK has been shown to directly affect Smad3 phosphorylation
and vice versa, implicating the intimate molecular association of these pathways downstream
of ligand-activated signaling [17].

We show in this study that the TGF-β pathway is activated post-irradiation as evidenced by
activation of TGF-β specific promoters (Fig. 1) and the phosphorylation of Smad 3 (Fig. 2).
The absence of Smad3 in primary dermal fibroblasts more effectively induces ERK-MAPK
mediated damage-repair sensing molecular cascades such as the phosphorylation and
transcriptional induction of p53 (Fig. 3) and phosphorylation of H2A.X (Fig. 4) that could
contribute to the radioprotection observed in the Smad3 null mice. We did not observe any
significant decrease in phospho-p53 using the Alk5 inhibitor, implicating a TGF-β
independent, but Smad-dependent event mediated by ERK-MAPK, as has been shown recently
in other systems [17]. The upstream ligand-receptor complex inducing ERK-MAPK activation
post-irradiation, as well as activation of other signaling intermediates such as Raf, Ras,
intracellular calcium and reactive oxygen species remains to be investigated.

The initial physical and chemical events following external radiation energy deposition are
similar in any given cell population and differences in responsiveness are largely determined
by the ability of individual cells to respond to and to repair DNA damage. The primary response
to radiation in hematopoietic cells is apoptosis, while fibroblasts undergo growth arrest, and
epithelial cells can undergo either process depending on anatomical tissue of origin and degree
of damage [2]. We did not see any significant differences in growth or apoptosis of S3WT and
KO dermal fibroblasts following irradiation. A recent study demonstrated that the S3KO bone
marrow stromal cell lines exhibit radioresistance as evidenced by the increased cell population
in the G2 / M cell cycle phase, reduced migration and phenotypic changes [18]. However, we
see no significant difference in survival of S3WT and KO mice following whole body
irradiation [4], suggesting that loss of Smad 3 does not afford protection from bone marrow
toxicity. Additionally, our experiments with bone marrow swapping between the S3WT and
S3KO mice failed to confer any significant protection to locally irradiated skin, suggesting
these cells might have a more redundant role in radioprotection as compared to the local milieu
(manuscript in preparation).

Phosphorylation of Histone H2A.X (γH2A.X) at serine-139 is an often used method to analyze
DNA double strand break damage [7] and repair [11] and is widely used to predict
radiosensitivity of cell lines [19]. Increased γH2A.X has been correlated with increased
concentrations of repair factors [20] and its absence has been shown to be associated with
genomic instability and radiation sensitivity [21]. The increased γH2A.X seen in the S3KO
fibroblasts post-radiation may correlate with their decreased radio-responsiveness, while also
directly implicating the ERK-MAPK pathway in its initiation. Phosphorylation and subsequent
activation of p53, as well as its transcription induction, are key initial responses to DNA
damage. The increased phospho-p53 observed in the S3KO cells, along with the increased
phospho-H2A.X suggests these cells have a more robust DNA damage surveillance and
possibly repair mechanism helping them either adapt to or overcome critical radiation-induced
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DNA damage. This may, in turn, imply that these cells in vivo might induce less paracrine or
bystander damage as observed in S3KO irradiated skin [4].

TGF-β plays a central role in mediating both the acute (primary) and the long term (secondary)
radiation responses in vivo. Immediately following irradiation, redox-mediated activation of
latent TGF-β leading to Smad activation has been demonstrated [22,23]. This induction of
TGF-β may play a role in mediating the primary tissue response of the mesenchyme to ionizing
radiation, which is the induction of matrix genes in an attempt by local cells to spatially restrict
the damage. Indeed increased levels of TGF-β following radiation correlate with increased
susceptibility to fibrosis in cancer patients [24-26], as well as in the lungs of various mouse
strains [27]. The AP1 complex also has been shown to be directly modulated by radiation and
TGF-β [28,29] and is important for intracellular signaling in radio-responsiveness [30]. Our
data with the AP1 reporters suggests that this downstream effector pathway is also
compromised in the S3KO cells compared to the S3WT cells, thus reducing the radiation-
induced gene expression especially of the pro-fibrotic matrix genes and eventual tissue fibrosis
[4,31].

We demonstrate in this study that the altered radio-responsiveness in S3KO primary dermal
fibroblasts through modulated molecular signaling cascades and DNA damage responses
implicates a key role for Smad3 in mediating mesenchymal fibrosis in vivo. We have also
analyzed primary keratinocytes derived from these mice in monolayer culture which did not
show any significant difference in either signaling cascades or key radio-responsive markers
(data not shown). The altered signaling in Smad3KO fibroblasts may also have indirect
paracrine or bystander effects on other local cellular pools as has been shown for fibroblasts
in tumor-stromal interactions [32,33]. The radioprotection in Smad3 KO mice clearly
demonstrates the potential efficacies of therapeutic intervention by blocking this pathway.
However, unless the molecular events are precisely deciphered, the multifaceted effects of
TGF-β and Smads on other non-target cell pools may be detrimental and therefore requires
further exploration.
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Figure 1.
Gene activation following irradiation. Primary dermal fibroblasts were transfected with various
gene specific reporters to demonstrate differences in their activation as affected by Smad3
status namely, PAI1 (Plasminogen activator inhibitor 1) a ‘Pan’ TGF-β reporter; CAGA12
(Smad3-specific); ARE-FAST1 (Smad2-specific); c-Jun, AP1 and collagen1β2 (radiation
response induced reporters). Fold-induction over basal reporter activity is represented as
relative luciferase units (RLU) and is representative of at least 3 independent experiments, *
p<0.05.
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Figure 2.
Radiation-activated MAPK and TGF-β signaling pathways. Primary dermal fibroblasts derived
from Smad3 WT and KO mice in monolayer semiconfluent cultures were irradiated with 60Co
with a total dose 5 Gy and lysed. Immunoblot analysis was performed for (A) total and phospho-
ERK and JNK MAPK and (B) phospho-Smad3. Blots are representative of 3 independent
experiments.
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Figure 3.
(A) Increased p53 phosphorylation in S3 KOs following radiation. Smad3WT and KO primary
dermal fibroblasts were irradiated and cells lysed at specific time points for immunoblot
analyses and probed for phospho p53 at serine 15. Blots are representative of 3 independent
experiments. (B) Direct comparison of induction of phospho-p53 at 1 h post-irradiation in
S3WT and KO dermal fibroblasts. (C) Pathway specific inhibitors used to dissect the role of
MAPK in p53 phosphorylation. Smad3WT and KO primary dermal fibroblasts were pretreated
with inhibitors followed by irradiation and 1 h later were assayed for phospho-p53 status by
immunoblotting. Blots are representative of 3 independent experiments. (D) Levels of total
p53 in S3 WT and KO dermal fibroblasts at later times post-irradiation.
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Figure 4.
Phospho-H2A.X analyses for DNA damage sensing-repair. Primary dermal fibroblasts were
plated in culture dishes, irradiated, and allowed to recover for various times. (A) Cells were
lysed and immunoblotted for phsopho-H2A.X. (B) At the 2 h time point cells were cultured in
the absence or presence of the ERK inhibitor. Blots are representative of 2 experiments.
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