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INTRODUCTION
Over half of all patients diagnosed with solid malig-

nancies require radiotherapy (RTx). Despite significantly 
enhancing survival, RTx damages healthy native tissues, 
inducing progressive soft-tissue injury that may intensify 
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Background: Cancer patients often require radiotherapy (RTx) to enhance their 
survival. Unfortunately, RTx also damages nearby healthy non-cancer tissues, lead-
ing to progressive fibrotic soft-tissue injury, consisting of pain, contracture, tissue-
breakdown, infection, and lymphoedema. Mechanisms underlying the clinically 
observed ability of fat grafting to ameliorate some of these effects, however, are 
poorly understood. It was hypothesized that RTx significantly alters fibroblast cell 
function and the paracrine secretome of adipose-derived stem cells (ADSC) may 
mitigate these changes.
Methods: To investigate cellular changes resulting in the fibrotic side-effects of RTx, 
cultured normal human dermal fibroblasts (NHDF) were irradiated (10Gy), then 
studied using functional assays that reflect key fibroblast functions, and compared with 
unirradiated controls. RNA-Seq and targeted microarrays (with specific examination 
of TGFβ) were performed to elucidate altered gene pathways. Finally, conditioned-
media from ADSC was used to treat irradiated fibroblasts and model fat graft surgery.
Results: RTx altered NHDF morphology, with cellular functional changes reflecting 
transition into a more invasive phenotype: increased migration, adhesion, contractil-
ity, and disordered invasion. Changes in genes regulating collagen and MMP homeo-
stasis and cell-cycle progression were also detected. However, TGFβ was not identified 
as a key intracellular regulator of the fibroblast response. Finally, treatment with 
ADSC-conditioned media reversed the RTx-induced hypermigratory state of NHDF.
Conclusions: Our findings regarding cellular and molecular changes in irradiated 
fibroblasts help explain clinical manifestations of debilitating RTx-induced fibro-
sis. ADSC-secretome-mediated reversal indicated that these constituents may be 
used to combat the devastating side-effects of excessive unwanted fibrosis in RTx 
and other human fibrotic diseases. (Plast Reconstr Surg Glob Open 2020;8:e2706; doi: 
10.1097/GOX.0000000000002706; Published online 24 March 2020.)
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years later, characterized by pain, contracture, tissue 
breakdown, recurrent infection, and lymphoedema.1

On a cellular/molecular level, RTx-injury has been char-
acterized as fibro-proliferative1—fibroblasts deposit collagen/
other ECM products, generating a scar “patch” within injured 
areas, rather than exactly regenerating original tissue.2 
This “abnormal” tissue may itself lead to clinical problems 
(Fig. 1A), ranging from scarring, contracture (eg, of breast 
prosthetic capsule or joint),3 restricted movement, and poor 
healing (chronic ulceration or spontaneous wound break-
down) that may expose important underlying structures 
(Fig.  1B).4 Such wounds require specialized dressing and 
antimicrobial regimes and, often, surgery. Due to the paucity 
of locoregional options, these wounds present difficult plas-
tic surgical challenges, frequently requiring more complex 
reconstructive measures, such as free flaps5,6 (Fig. 1C).

Therefore, methods to reduce RTx-induced fibrosis 
would improve the functional integrity of irradiated tis-
sues and ameliorate unwanted sequalae, thus improving 
clinical outcome. A set of in vitro assays was designed to 
characterize fibrotic and other effects of external-beam 
gamma radiation on normal human dermal fibroblast 
(NHDF) cellular functions.7 To identify novel therapeu-
tic candidates by which to reverse RTx-induced fibrosis, 
cellular behavior alterations were cross-referenced with 
molecular and genetic changes thus detected.

Clinically, fat grafting for cosmetic or traumatic con-
tour correction and to scarred, contracted tissue, is gain-
ing popularity in plastic surgery.8,9 The application of fat 
grafting for these indications in breast and head and neck 
cancer patients resulted in serendipitous observations that 
fat grafts improved RTx-induced capsular contracture, 
chronic ulceration, and vocal cord damage.10–19 It high-
lighted the regenerative potential of fat and the need for 
scientific evaluation of underlying mechanisms.

The clinical benefits of fat grafting are postulated to be due 
to regenerative properties of multi-potent adipose-derived 
stem cells (ADSCs) within fat and their unique paracrine 
secretome.13,20 Clinical effects occur through adipogenesis, 

angiogenesis, and lymphangiogenesis21; and/or induction 
or modulation of inflammatory, immune and reactive oxy-
gen species-mediated processes and cell recruitment.22,23 
However, despite established clinical application of fat graft-
ing and suggested theoretical regenerative mechanisms, accu-
rate molecular understanding of what drives ADSC-mediated 
RTx-injury reversal remains poor.9,24 Haubner’s study dem-
onstrated reduced upregulation of inflammatory cytokines 
IL-6, FGF, ICAM-1, and VCAM1 in irradiated blood endothe-
lial cells after coculture with ADSCs.25 Chang et al. showed 
improved intestinal re-epithelialization and survival after 
irradiation and intraperitoneal ADSC treatment.26 Sultan 
et al. and Huang et al. showed dermal improvement and 
changes to collagen-based scar indices and fibrosis markers 
(Smad-3) in fat-grafted irradiated animal skin models.27,28

Using in vitro models, we sought to establish baseline 
RTx effects on NHDF cellular function and identify asso-
ciated molecular changes underpinning them, which we 
hypothesized to be significantly altered in comparison to 
un-irradiated NHDF. We then examined the regenera-
tive effect of ADSCs, on the most markedly altered irradi-
ated NHDF function, in order elucidate mechanisms by 
which fat grafting may improve the aftereffects of cancer 
treatment.10–19 In particular, the molecular candidates 
identified will provide clues toward developing novel ther-
apeutic approaches in the setting of RTx-induced soft-tis-
sue injury, especially in ameliorating RTx-induced fibrosis.

METHODS

Cell Culture and Irradiation
Primary proliferating NHDF (PromoCell Germany) 

cultures were established and incubated (37ºC, 5% CO2) in 
flasks (CELLSTAR, Germany) in DMEM [4.5 g/L Glucose 
with Glutamine (Lonza, Switzerland)], 10% FCS (SAFC 
Biosciences; Sigma Aldrich, Missouri), and antibiotics 
and not used beyond passage 4. Briefly, NIH3T3-pCAGA12-
luc cells were generated using methods described by 
Dennler et al, 1998.29 NHDFs received 10Gy [Gammacell 

Fig. 1. Clinical manifestations of rtx-induced soft tissue injury. Clinical photographs demonstrating the spectrum of complications result-
ing from rtx-induced soft tissue injury to normal tissues. a, adjuvant rtx for control of lymph node involvement of cancers from the 
breast or chest wall resulting in severe scarring, telangiectasia skin change and fibrosis, which can significantly impair the mobility of 
soft tissue the upper limb due to axillary contractures. B, the integrity and compliance of irradiated tissues is compromised, resulting in 
wound break down and exposure of underlying structures such as bone or metal reconstruction plates. C, Demonstrates significant issues 
with wound healing, even in situations where healthy, un-irradiated tissue (flap) has been transferred from a distant site of the body to 
the irradiated field.
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40 Irradiator (Best Theratronics, Canada), Bio-resources 
Centre, St. Vincent’s Hospital, Victoria, Australia], or 0Gy 
sham treatment (see document, Supplemental Digital 
Content 1, which displays invitro irradiation dose design 
and optimization. http://links.lww.com/PRSGO/B333).

ADSC Isolation Generation of ADSC-Conditioned Media
ADSCs were isolated using established protocols30 from 

excess fresh adipose/lipoaspirate tissues of healthy patients 
undergoing surgery at St. Vincent’s Hospital (Victoria, 
Australia) (HREC 52/03). After digestion with collagenase, 
ADSC were cultured to 80%–90% confluence, then fresh 
DMEM was placed in each culture flask for conditioning. 
At 72 hours, ADSC-conditioned media (CM) was aspirated, 
centrifuged, and filtered [0.22 μm Millex-GV Syringe Filter 
Unit (EMD Millipore, Germany)] and used to determine 
the paracrine regenerative capacity of ADSC on irradiated 
NHDF. For media composition, see Supplemental Digital 
Content 2. (See table, Supplemental Digital Content 2, 
which displays media solution composition for in vitro 
assays, http://links.lww.com/PRSGO/B334.)

In Vitro Functional Assays
Forty-eight hours later, luminescence-based assays were 

used to assess NHDF proliferation and apoptosis with 
CellTiter-Glo Cell Viability (Promega; Fitchburg, Wisc.) 
and Caspase-Glo 3/7 Assays (Promega), respectively, as per 
manufacturer’s instructions. 5,000–20,000 NHDF 3D spher-
oids were formed using 20% methylcellulose in 80% DMEM 
solution in U-bottom 96-well plates (BD Falcon, New Jersey).

Scratch migration assays were conducted using NHDFs in 
pre-coated [10 μg/mL Human Fibronectin (Sigma Aldrich, 
Australia)], subjected to 10Gy or 0Gy treatment. NHDFs 
were serum-starved before being scratched at 48 h posttreat-
ment then washed and replenished with control/experimen-
tal media and imaged at 0 and 48 h [Olympus IX71 Inverted 
Microscope; Olympus, Tokyo, Japan]. Scratch areas were 
quantified as % gap closure, calculated by creating a “wound 
mask” (ImageJ; NIH, Bethesda, Maryland) (Fig. 3).

RTx effects on NHDF outgrowth/invasion were assessed 
by seeding 5,000 NHDFs into 50 μl of Cultrex invasion 
matrix (Trevigen, Gaithersburg, Maryland) in a spheroid-
forming plate. Images of spheroid morphology and area 
of cellular outgrowth were captured on brightfield micros-
copy for 11 days by observers blinded to the irradiation sta-
tus, then quantified using ImageJ (LVAP plugin).31

Cell adhesion assays were conducted on 0–5 ng/ml 
concentration collagen I-coated 96-well plates (Sigma 
Aldrich, Australia). NHDFs were blocked (3% BSA), tryp-
sinized (48 h after RTx), and suspended in normal media 
(0.1% BSA). NHDFs were fixed (methanol), stained with 
crystal violet (C25N3H30Cl), and washed (dH2O) before 0.1 
M sodium citrate solution was added for dye extraction 
quantification (540 nm absorbance) by microplate spec-
trophotometry (Benchmark Plus; Biorad, Calif.).

0Gy and 10Gy NHDFs were seeded (500,000 cells/
well) into 200 μl of 70% collagen-1, 10% 10× PBS (Lonza; 
Basel, Switzerland), 20% NaHCO3 (11.76 mg/ml) (Sigma 
Aldrich, Australia) gel. Forty-eight hours later, gels were 
released and allowed to float in media (24 h). Fold change 

differences in collagen gel area were quantified in ImageJ 
to assess contracture.

Organotypic Culture Model
De-epidermized dermis (DED) was generated from 

excess patient skin discarded after elective surgery (Alfred 
Hospital, Victoria, Australia) (HREC 269/16). This involved 
sterilization, de-epidermization, and accellularization as 
described previously in Livesey et al.32 To create organo-
typic culture models, DED was cut into 1 × 1 cm2 pieces and 
used as a seeding matrix. NHDFs were seeded after irradia-
tion at 0.5 × 106 cell density in 50 μl of DMEM, using ring 
constructs within culture plates. Samples were fixed at 48 
hours (4% PFA then 10% formalin) and organotypic cul-
ture tissues embedded in paraffin blocks and H&E stained. 
The area covered by NHDF growth and invasion was quanti-
fied in ImageJ by an observer blinded to irradiation status.

mRNA Extraction, Microarray, and Next Generation Gene 
Sequencing

mRNA was extracted from NHDFs 4 hours after RTx 
or control treatment using Qiazol (QIAGEN, Germany), 
and purified with DNase and RNEasy Plus Universal Kit 
(QIAGEN, Germany). mRNA extracts underwent Next gen-
eration gene sequencing (100 base pair single end) on an 
HiSeq machine (Illumina; Best Theratronics, ON, Canada). 
Reads from each sample were mapped to the hg19 genome 
and differential expression was assessed via linear models 
using the Rsubread, edgeR, and limma software.33–35 The 
voom method was applied to deal with observational-level 
heteroscedasticity and to summarize expression values 
per gene across replicate samples.36 Next, empirical Bayes’ 
shrinkage37 was applied to moderate the standard errors of 
the log-fold changes estimated between the 10Gy and 0Gy 
samples. A false discovery rate cutoff of <0.05 was used to 
determine differentially expressed genes.38

To interrogate post-RTx mRNA alterations in Human 
ECM-related genes, PCR mini-array analysis was conducted 
using a custom mini-array [384-well custom RT2 Profiler 
PCR Array—84 genes (QIAGEN, Germany)]. 10Gy RNA 
expression was normalized to 0Gy expression at 48 hours 
represented as a fold change based on the ΔΔCT method 
with normalization of the raw data to housekeeping genes.

Luciferase Assays: Quantifying Active TGF-β Concentrations 
in Conditioned Media

NIH3T3-pCAGA12-luc cells (5 × 104/well) were seeded 
in 96-well plates overnight and then treated with a range 
of TGF-β concentrations to obtain a standard curve. For 
total TGF-β levels, supernatant was heat-activated (90ºC, 
10 min),35 before addition to the NIH3T3-pCAGA12-luc cells. 
After 24 hours, NIH3T3-pCAGA12-luc cells were lysed and 
assessed for luciferase activity using the Luciferase Reporter 
Assay Kit (Promega) following the manufacturer’s instruc-
tions. Sample values were interpolated as per standard curves 
to quantify secreted TGFβ levels (active and latent forms39).

Statistical Analysis
Statistical analysis was conducted using a Student’s t 

test or 1-way ANOVA, with or without multiple group com-
parisons, where indicated. P value <0.05 was considered 
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significant. All experiments n ≥ 3. (GraphPad Prism 6.0; 
GraphPad, San Diego, Calif.).

RESULTS

RTx Alters Key In Vitro Cellular Functions of NHDFs
Cell Morphology. Morphological differences between 0Gy 
and 10Gy NHDFs were seen in culture. Irradiated cells 
displayed elongated, enlarged morphology. To quantify 
this observation in 3D, spheroids were formed in 5,000–
20,000 cells/spheroid variations. 10Gy spheroids displayed 
significantly increased area compared with 0Gy controls, 
across all variations (Fig. 2A). 10Gy groups demonstrated 
average area fold increases of 1.49 ± 0.21 (5,000 cells/
spheroid), 1.27 ± 0.19 (10,000 cells/spheroid), and 1.74 ± 

0.17 (20,000 cells/spheroid) (P < 0.01 for all).

Proliferation and Apoptosis
10Gy NHDF proliferation was reduced compared with 

0Gy controls, 48 hours after RTx (Fig. 2B), with a mean 
difference of 13.6 ± 3.7% (P < 0.05). Meanwhile, irradi-
ated NHDFs did not demonstrate significantly increased 
rates of apoptosis compared with 0Gy controls.

Adhesion and Contraction
Quantification of crystal violet staining of adher-

ent NHDFs demonstrated that 10Gy samples were more 
adherent than 0Gy counterparts across various collagen-I 
concentrations, with the greatest difference on 5 ng/ml col-
lagen-I [10Gy NHDFs were 49 ± 15% (P < 0.05) more adher-
ent than 0Gy NHDFs (Fig. 2C)]. In terms of gel contraction, 

Fig. 2. rtx alters the cellular functions of nHDF. a, nHDF spheroids imaged using bright-field microscopy (×10 objective) in the follow-
ing variations: 0Gy 5,000 cells/spheroid, 10Gy 5,000 cells/spheroid, 0Gy 10,000 cells/spheroid, 10Gy 10,000 cells/spheroid, 0Gy 20,000 
cells/spheroid, 10Gy 20,000 cells/spheroid validating the morphological increase in 10Gy nHDF size with the demonstrable increase in 
10Gy spheroids size compared with the relevant 0Gy cells/spheroid control. B, Quantification of proliferation of nHDF demonstrates a 
significant reduction in proliferation after 10Gy irradiation compared with 0Gy controls at 48 h. C, Quantification of adherent 0Gy and 
10Gy nHDF by solubilization of crystal violet and spectrophotometric analysis at 540 nm demonstrates a global increase in the number 
of adherent 10Gy nHDF at all collagen-i concentrations (0–5 ng/ml) compared with 0Gy controls. Fixed collagen-i gels were released 
circumferentially from well edges 48 h after seeding with 0Gy nHDF and 10Gy nHDF, allowed to float in media and contract over 24 h. D, 
Quantification of gel areas demonstrated a reduction in 10Gy nHDF collagen-i gel area, (reflecting increased contractile ability) compared 
with 0Gy nHDF gels. Scale bars (a) 100μm. (**P value < 0.01). Error bars represent SEm, n ≥ 3 for all experiments.
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10Gy NHDF collagen-I gels demonstrated 16.9 ± 6.1%  
(P < 0.05) greater contractility compared with 0Gy NHDF 
counterparts (Fig.  2D). Increased contraction observed 
after RTx was further investigated by αSMA immunohisto-
chemical staining to detect potentially contractile cells.7,40 
Microscopic analysis demonstrated that in 0Gy NHDF sam-
ples, minimal αSMA was seen in the cytoplasm, and the major-
ity of the signal was located at the cell periphery. Conversely, 
10Gy NHDFs demonstrated increased αSMA expression, 
which was more uniformly distributed throughout the cell 
cytoplasm. (See figure, Supplemental Digital Content 3, 
which displays how radiotherapy alters the distribution of 

αSMA expression in NHDF in vitro and increases the peri-
vascular expression in irradiated tissue samples, http://
links.lww.com/PRSGO/B335.) Human skin tissue samples 
demonstrated increased dermal and perivascular staining in 
irradiated tissues in comparison to patient matched normal 
skin controls. (See figure, Supplemental Digital Content 3, 
http://links.lww.com/PRSGO/B335.)

Migration and Invasion
Scratch assays demonstrated increased migration in 

10Gy NHDFs, compared with 0Gy controls, from 0 hours 
(Fig. 3A) onwards. At 48 hours, 0Gy (Fig. 3B) and 10Gy 

Fig. 3. rtx increases the migratory capacity of nHDF, a change that is reversed with the addition of aDSCCm. ×10 objective bright field imag-
ing of nHDF was taken at 0 and 48 h post creation of the scratch wound on a confluent mono-layer of proliferating cells. a, representative 
image of nHDF scratch wound area at 0 h, (B) 0Gy nHDF in control media (complete DmEm) scratch wound area at 48 h, (C) 10Gy nHDF in 
control media (complete DmEm) scratch wound area at 48 h, (D) 10Gy nHDF in aDSCCm scratch wound area at 48 h. (E) Quantification and 
analyses of the % gap closure at 48 h compared with 0 h controls demonstrating differences resulting from rtx injury and treatment with 
aDSCCm in a model of fat grafting. % Gap closure between 0Gy (B) and 10Gy (C) nHDF scratch wound areas at the 48 h end-point graphically 
demonstrates the unexpected increase in migration of 10Gy nHDF, while addition of aDSCCm to 10Gy nHDF (D) mitigated this hypermigra-
tory state. F, 0Gy nHDF cell outgrowth captured at Day 11 demonstrating a symmetrical pattern of invasion migrating from a central core 
of cells. G, 10Gy nHDF cell outgrowth captured at Day 11 demonstrating asymmetrical and disordered sprouting from a denser central 
core of cells, captured at ×4 objective using bright field microscopy. H, 0Gy nHDF and (i) 10Gy nHDF on DED matrix (transverse section 
×20 objective), with (J) quantification of the nHDF cell layer area demonstrating a significantly thicker layer of cells with a broader front of 
invasion in the 10Gy irradiated group. in (a–D), scale bar 300μm, dotted white line represents periphery of scratch wound and gray shaded 
area represents scratch wound area. Scale bars in F–G 300 μm and H–i 50 μm (*P value <0.05; **P value <0.01). Error bars represent SEm, n 
≥ 3 for all experiments.
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(Fig. 3C)NHDFs exhibited 71 ± 2.8% and 79 ± 3.8% gap 
closure, respectively, representing a difference of 8 ± 2.9% 
[P < 0.05 (Fig. 3E)]. In 3D spheroid assays, 0Gy NHDFs 
demonstrated symmetrical outgrowth from spheroids 
(Fig. 3F). In contrast, 10Gy NHDFs exhibited highly disor-
dered outgrowth from more densely adherent cell masses 
that became increasingly asymmetrical and fragmented 
over the next 11 days (Fig. 3G). 3D organotypic culture 
invasion modeling comparing 0Gy NHDF (Fig. 3H) with 
10Gy NHDF (Fig.  3I) demonstrated that irradiated cells 
were “heaped-up” in a thicker layers with a broader front 
of dermal invasion. This thickening, quantified using 
ImageJ on ×20 objective images as area covered by NHDFs 
(Fig. 3H,I), demonstrated an average thickness of 36.2 ± 
1.3 pixels2 in 10Gy groups, compared with 25.5 ± 1.7 pix-
els2 in 0Gy samples (P < 0.01) (Fig. 3J).

RTx Significantly Alters the Molecular Expression Profile of 
NHDFs

RNA-Seq of NHDFs 4 hours after RTx demonstrated 
significant differential expression between 10Gy and 0Gy 
NHDFs, in 86 genes. (See figure, Supplemental Digital 
Content 4, which displays Next Generation Sequencing 
data demonstrating significantly altered RNA expression 
in irradiated NHDF compared with controls, http://links.
lww.com/PRSGO/B336.) Among the top 10 genes altered 
in irradiated NHDFs, important genes relating to the 

abnormal functional profile observed, above, included 
CDKN1A, GADD45A, TP53INP1, MDM2. These altered 
genes play key roles in cell cycle regulation/arrest or DNA 
damage response and repair, by exerting antioxidant, anti-
proliferative, and pro-apoptotic effects.41 Analysis demon-
strated significant gene enrichment in the p53 signaling 
pathway (Fig. 4A). Significant enrichment of the TGFβ1-
related signaling pathways, which have been thought to 
exert a pivotal influence on RTx-treated tissue, was not 
detected (data not shown).42

Forty-eight hours after 10Gy and 0Gy RTx, custom micro-
array analysis was performed to identify key genes altered at 
the time point at which the cell-function assays (above) were 
conducted. Six key ECM genes were found to be signifi-
cantly differentially upregulated in 10Gy samples (Fig. 4B). 
Specifically, MMP family subtypes 2 and 11 showed 2.07- 
and 2.31-fold increases, respectively; while collagens 4A2, 
7A1, and 8A1 demonstrated 1.41-, 1.51-, and 2.14-fold 
increases, respectively, in response to 10Gy RTx. Laminin 
C1 demonstrated a 1.64-fold increase (Fig. 4B).

To further investigate the TGFβ axis, specific analysis 
of both latent and active forms of TGFβ was performed. 
In contrast to traditional dogma regarding TGFβ, mRNA 
for TGFβ was unaltered in irradiated samples. (See table, 
Supplemental Digital Content 2, which displays media solu-
tion composition for in vitro assays, http://links.lww.com/
PRSGO/B334; Fig.  2.) To uncover whether this finding 

Fig. 4. rtx alters the molecular expression of extracellular matrix and p53 pathway genes without sig-
nificant change in active tGFβ. a, Heat map of genes activated in the p53 pathway post irradiation of 
nHDF. B, a graph depicting the statistically significant ECm genes upregulated by rtx injury of nHDF 
at the 48 h time point compared with 0Gy controls. C, a graph demonstrating the effects of rtx on 
secretion of tGFβ in both active and latent states. activated levels of tGFβ did not differ significantly 
between 0Gy and 10Gy groups, while latent levels only demonstrated a small significant increase in 
10Gy compared with 0Gy nHDF controls. *P < 0.05, **P value < 0.01, nS = not significant). Error bars 
represent SEm, n ≥ 3 for all experiments.
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was due to differential changes in either the latent or 
active form, processing to allow activation of latent TGFβ 
was also conducted. As was the case in mRNA analysis, no 
significant difference was seen between active TGFβ levels 
secreted by NHDFs following either 10Gy or 0Gy treat-
ment at the protein level. While, 0Gy samples were found 
to secrete 147 ± 0.61 ng/ml of latent TGFβ, 10Gy samples 
secreted only mildly increased levels of latent TGFβ 162 ± 
0.35ng/ml (P < 0.05) (Fig. 4C).

ADSCCM Reverses NHDF Hyper-migration in RTx-injury
To validate observations regarding fat grafting made 

in clinical practice, ADSCCM was added to populations 
of both irradiated and control NHDFs. While ADSCCM 
did not significantly alter gap closure at 48 hours in 0Gy 
NHDFs, ADSCCM-treated 10Gy NHDFs exhibited sig-
nificantly diminished gap closure 61.4 ± 8.1% (Fig. 3D), 
compared with untreated 10Gy NHDF counterparts (79 
± 6.6%) (Fig.  3C). This represented a 17.5% (P < 0.01) 
reduction in overall migration of 10Gy NHDFs after 
ADSCCM treatment (Fig. 3E).

DISCUSSION
To elucidate the fibrotic influences of RTx on soft-tissues 

and potential avenues for reversal, RTx effects on NHDF 
(the cell-type associated with tissues fibrosis) were studied. 
RNA-seq of RTx-treated NHDFs was performed, before 
ADSC-mediated treatment was modeled. Taking our cell 
function and molecular assays together, our data revealed 
novel findings that challenge traditionally held concepts of 
RTx exerting suppressive influences on NHDFs.

We found that reduced NHDF cell-survival was chiefly 
due to impaired proliferative capacity, rather than 
increased apoptosis. This balance was mediated by RTx-
induced cellular senescence, as cells remained halted in 
post-mitotic phase or terminally differentiated (unable 
to functionally contribute to regenerative wound-heal-
ing43,44). Defining features supporting the concept of 
RTx promoting cell senescence—such as cell flattening, 
increased size/swelling, and reduced proliferative poten-
tial—were observed in irradiated NHDFs.45,46 Senescence 
leads to telomere shortening and p53-dependent DNA 
damage response pathway activation, which facilitate cell 
cycle arrest.47 We showed significant RTx-induced tran-
scriptional alteration, with mRNA upregulation of several 
anti-proliferation genes (CDKN1A, GADD45A, TP53INP1, 
MDM2), in keeping with cell cycle arrest.41

Counter-intuitively, we observed increased, disordered 
NHDF migration following RTx-injury in 2D (scratch-
wound) and 3D (spheroid and organotypic invasion) 
assays. While increased migration may seem beneficial for 
healing,48 dysregulated, random, hypermigration in suble-
thally injured cells actually represents functional impair-
ment and contributes to increased contractility despite a 
reduction in proliferation. This hypermigratory behavior 
helps explain propagation of RTx-damage beyond tar-
geted RTx fields, as seen in “Radiation-Induced Bystander 
Effect.”49 Normally, migrating cell fronts necessitate coor-
dinated sequential cell assembly, ECM breakdown, and 

cytoskeletal re-organization.50 Instead, post-RTx migratory 
patterns showed spatially disordered, haphazard propa-
gation, and outgrowth from denser cores of adherent 
NHDFs in 3D spheroid constructs, with tendencies toward 
greater contractility (Fig. 2C). Meanwhile, in 3D organo-
typic culture, irradiated NHDFs demonstrated thickened, 
more confluent cellular layers on DED matrix (Fig.  3I). 
We found that irradiated NHDF-mediated ECM altera-
tions lead to upregulation of collagen subtypes 4A2, 7A1, 
8A1, and of Laminin1C, enhancing our understanding of 
classically reported collagens I and III upregulation.51–54 
Impaired ECM remodeling is characteristic of many 
fibrotic pathologies—ECM provides structural support 
but is also dynamic and can itself regulate cell behavior 
via signaling modulation.55 For example, Laminin and 
Collagen IV are integral components of the basement-
membrane zone (BMZ), a key cell behavioral regulator.56 
Upregulation of collagen IV and laminin gene expres-
sion have 2 key effects: first, BMZ hypertrophy in skin 
and vascular structures may impair tissue compliance 
and reduce angiogenic and lymphangiogenic (integral 
processes in healing) capacity. Second, BMZ thickening 
may bolster antitumor benefits of RTx, thickening sub-
strate barriers through which residual/recurrent cancer 
cells must invade to spread—thus “confining” metastatic 
cells. Collagen VII is a network-forming collagen,57 inter-
acting with laminin, collagen IV, and dermal collagen I 
to provide connections between epidermal and dermal 
compartments.54 The effects of excess collagen VII are 
not well described, while collagen VII deficiency under-
pins skin desquamation/fibrosis in epidermolysis bul-
losa.57 Col VIIA2 upregulation could, therefore, account 
for increased NHDF anchoring or adhesion on collagen 
I matrices. Our study also demonstrated significant RTx-
induced upregulation of expression of proteolytic genes, 
MMP-2, and -11 in NHDFs. MMP-2-mediated fibronectin 
degradation may facilitate NHDF hypermigratory/sprout-
ing behavior after RTx; however, it may also destabilize 
dermal structural integrity, especially when challenged by 
trauma or re-operation in irradiated fields.58

Our analysis of RTx-effects on TGFβ expression/secre-
tion by NHDFs also contradicted long-standing dogma 
implicating TGFβ-signaling in RTx-induced soft-tissue 
fibrosis.42,59 While RTx caused mildly increased latent TGFβ 
expression in NHDFs, active TGFβ levels were unchanged. 
This suggests that canonical TGFβ/Smad3-mediated sig-
naling and downstream transcription60,61 may not play a 
role in RTx-induced NHDF alterations in vitro or, there-
fore, be useful in combating fibroblast-driven fibrosis.

To investigate the role of fat grafting and explore ther-
apeutic avenues by which to reduce RTx-induced fibrosis, 
putative ADSC regenerative properties were modeled. 
ADSCCM added to irradiated/control NHDFs reversed 
hypermigration in 10Gy groups, suggesting that factors 
in the ADSC secretome can salvage RTX-injured NHDFs. 
Introducing fat grafts into a pre-irradiated tissue bed may, 
therefore, restrict the spread of RTX-injury and fibrosis. 
These novel results explain clinical observations of soften-
ing and reduced fibrosis after fat grafting.13
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CONCLUSIONS
Collectively, these data reveal key mechanisms by which 

irradiating normal tissues leads to poor wound healing and 
unwanted progressive, maladaptive fibrosis. RTx causes 
abnormal morphology, behavioral, and synthetic functional 
changes in NHDFs, dysregulating important signaling path-
ways and homeostatic functions. Sublethally, RTx-injured 
NHDFs were characterized by a hypoproliferative but more 
exuberant hypermigratory, invasive, adherent, and contrac-
tile phenotype. Interestingly, NHDF “senescence” repre-
sented transition to a less apoptotic state.

ADSCCM-mediated reversal of the hypermigratory 
behavior enhances our understanding of cellular/molec-
ular mechanisms underlying RTx-induced fibrosis, thera-
peutic reversal of NHDF dysfunction and the regenerative 
capacity of fat grafts, ADSCs, or their secretome/constitu-
ents. By repairing damaged pathways, we hope to reduce 
the debilitating disease burden and chronic consequences 
of excessive, unwanted fibrosis in cancer survivors.
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