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ABSTRACT

Ionizing radiation, commonly used in the treatment of solid tumors, has unintended but deleterious
effects on overlying skin and is associated with chronic nonhealing wounds. Skin-derived mesenchymal
stromal cells (SMSCs) are a pluripotent population of cells that are critically involved in skin homeosta-
sis and wound healing. The aim of this study was to isolate and functionally characterize SMSCs from
human skin that was previously irradiated as part of neoadjuvant or adjuvant cancer therapy. To this
end, SMSCs were isolated from paired irradiated and nonirradiated human skin samples. Irradiated
SMSCs expressed characteristic SMSC markers at lower levels, had disorganized cytoskeletal structure,
and had disordered morphology. Functionally, these cells had diminished proliferative capacity and sub-
stantial defects in colony-forming capacity and differentiation in vitro. These changes were associated
with significant differential expression of genes known to be involved in skin physiology and wound
healing. Conditioned media obtained from irradiated SMSCs affected fibroblast but not endothelial cell
proliferation and migration. These results suggest that in situ damage to SMSCs during neoadjuvant or
adjuvant radiation may play a critical role in the pathogenesis of slow or nonhealing radiation wounds.
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SIGNIFICANCE STATEMENT

To the authors’ knowledge, the present study is the first to identify key changes in the function of
human mesenchymal stem cells (MSCs) as a direct result of in vivo radiotherapy, including dimin-
ished capacity for proliferation, differentiation, and alterations in paracrine secretion. MSCs are
known to be critically involved in skin homeostasis and wound healing. The findings of the study
elucidate a mechanism by which ionizing radiation may contribute to chronic nonhealing wounds.
Furthermore, potential therapeutic targets for the prevention and/or treatment of these wounds
are identified.

INTRODUCTION

Although effective in the treatment of solid tumors,
ionizing radiation’s unintended but deleterious
effects on wound healing are well documented
[1, 2]. The underlying mechanism of pathogenesis,
however, is complex and incompletely understood.
Many studies have suggested microvascular tissue
damage with subsequent local tissue hypoxia as a
primary etiology [1–3]. Evaluation of the ultra-
structure of irradiated human skin, however, dem-
onstrates largely normal microvasculature, and
patients with history of extensive radiotherapy

have normal transcutaneous oxygen pressures
[4, 5]. Cellular depletion and/or alterations in cell
function, then, may account for chronic radiation-
induced skin injury.

Mesenchymal stromal cells (MSCs) are a het-
erogeneous population of multipotent cells with
the capacity for differentiation along multiple line-
ages [6]. These cells can be found in a variety of
tissues and home to sites of injury, including irra-
diated skin [7, 8]. Dermal stem cells in irradiated
wounds demonstrate persistent depletion and
altered function [9]. Application of skin-derived
MSCs (SMSCs) to wounds, conversely, improves
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healing, suggesting that these cells may be involved in
radiation-induced skin injury [10, 11]. In vitro studies evaluat-
ing the effect of irradiation on SMSCs are inconclusive and fail
to recapitulate the complex microenvironment of irradiated
human skin [12, 13]. Additionally, SMSCs are tissue specific,
with each population contributing to wound healing differently
[14, 15]. Unfortunately, to date, there has been no characteri-
zation of SMSCs that have been irradiated in vivo.

Given their potential involvement in maintenance of the
chronic radiation-induced skin injury phenotype, the aim of this
study was to evaluate the effect of ionizing radiation on SMSCs
isolated from human skin irradiated in situ, which incidentally
occurs as part of neoadjuvant or adjuvant treatment for solid
tumors. To that end, we isolated these cells from paired irradi-
ated and nonirradiated tissue samples from patients undergoing
postoncologic reconstruction and performed detailed cellular
and functional analyses. We found that SMSCs from irradiated
skin are defective in proliferation, differentiation, and colony
formation capacity. Conditioned media from MSCs from irradi-
ated skin is also associated with decreased paracrine stimulation
of fibroblast migration. Moreover, these defects are associated
with a distinct pattern of altered gene expression. The investiga-
tion of these differentially expressed genes may aid in the
future development of targeted therapies to mitigate damaged
pathways in nonhealing radiation wounds.

MATERIALS AND METHODS

Procurement of Human Skin Samples

All tissue samples were obtained from patients with informed
consent under an approved protocol with the University of
Southern California Institutional Review Board and in accor-
dance with all national and international guidelines for clinical
research. Criteria for inclusion in the study were previous onco-
logic resection, history of neoadjuvant or adjuvant radiotherapy,
and admission to the hospital for reconstruction. Irradiated skin
was obtained directly from the irradiated field. Nonirradiated
(normal) skin was obtained from the same patient from a dis-
tant location on the body (i.e., from the donor harvest site in
the case of microvascular free flap tissue transfer). Paired sam-
ples were retrieved from the operating room and processed for
SMSC extraction immediately after harvest.

MSC Isolation and Culture

Fresh tissue was processed for SMSC extraction according to
standard protocol (Fig. 2) [16, 17]. Briefly, all subcutaneous tis-
sue was removed from the skin using sharp dissection, resulting
in isolated dermis and epidermis. The skin samples were then
minced to 1 mm2 and placed in a digestive solution composed
of dispase and collagenase overnight. The solution was filtered
through a 40 μm cell strainer, spun down in a centrifuge, and
resuspended in media. All SMSCs were maintained in culture
using minimum essential media with 15% fetal bovine serum at
37�C with 5% CO2.

MSC Marker Characterization

In order to confirm the identity of cells isolated and cultured by the
aforementionedmethod, immunofluorescence using a panel of cell
markers for SMSCs was performed. Positive and negative markers
were selected based on a literature review [18]. Cells were plated

in four-chamber slides and allowed to achieve 60% confluence. The
cells were then fixed, permeabilized, and blocked with 4% parafor-
maldehyde (VWR, Radnor, PA), 0.1% Triton X-100 (Sigma-Aldrich,
St. Louis, MO), and 1% bovine serum albumin (Sigma-Aldrich). Cells
were incubated overnight with primary antibodies against CD31
(Abcam, Cambridge, UK), CD44, CD45, CD90, CD105, CD106, and
STRO-1 (R&D Systems, Minneapolis, MN), followed by incubation
with a secondary antibody (Alexa Fluor 488, ThermoFisher Scien-
tific,Waltham, MA). In order to more specifically confirm the iden-
tity of these cells, costaining was performed using a similar
protocol with antibodies against CD90 (R&D Systems) and CD44
(Abcam). Secondary antibodies for costaining were Alexa Fluor
488 and 594, respectively (ThermoFisher Scientific). All images
were obtained using a Keyence BZ-X700 (Keyence, Osaka, Japan).

Histological Assessment of Whole Tissue and Isolated
SMSCs

Subcutaneous tissue was removed from the paired skin samples
using sharp dissection and then prepared for paraffin embed-
ding and sectioning according to standard protocol. Pairs of
whole skin samples were stained with H&E and picrosirius red.
Isolated SMSCs were stained with phalloidin and 40,6-diamidino-
2-phenylindole. Quantification of nuclear and total cell area was
completed with ImageJ (U.S. NIH, Bethesda, MD). Brightfield
imaging of isolated SMSCs was also completed. All images were
obtained using a Keyence BZ-X700 (Keyence).

Cellular Proliferation and Colony-Forming
Unit-Fibroblast Assays

MSCs were cultured to 80% confluence prior to passaging for all
assays. WST-1 (Roche Life Science, Basel, Switzerland) was used
to assess and compare cellular proliferation of pairs of isolated
SMSCs according to manufacturer protocol. A colony-forming
unit-fibroblast (CFU-F) assay was used to evaluate SMSCs func-
tion after extraction. Cells were plated at a concentration of
150 cells per milliliter and allowed to proliferate in culture for
14 days, after which they were stained with 1% crystal violet in
methanol. Visible colonies were counted.

Evaluation of Multipotency with Lineage
Differentiation Assays

In order to determine that the extracted SMSCs were multipotent,
early-passage cells were subjected to osteogenic and adipogenic
differentiation using the StemPro Adipogenic and Osteogenic Dif-
ferentiation Kits (ThermoFisher Scientific). Cells were placed in a
six-well plate at a seeding density of 1 × 104 cells per centimeter
square and cultured in the appropriate differentiation media. For
adipogenic differentiation, cells were stained with Oil Red O
(Sigma-Aldrich) after 14 days in culture. For osteogenic differentia-
tion, cells were stained with Alizarin Red S (Sigma-Aldrich) after
21 days in culture. Capacity for differentiation of both irradiated
and normal SMSCs was quantified using ImageJ.

Conditioned Media

Conditioned media was generated by culturing SMSCs in serum-
free media for 24 hours. WST-1 (Roche Life Science) was used
to evaluate the effect of this conditioned media on the prolifer-
ation of fibroblasts, lymphatic endothelial cells, and blood endo-
thelial cells (BECs). A gold salt migration assay was used to
evaluate the effect of the conditioned media on wound healing
in vitro [19]. Briefly, glass coverslips were coated with colloidal
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gold salt in an eight-well plate then coated with fibronectin.
Fibroblasts were plated at a density of 5 × 103 cells per well and
cultured in the conditioned media for 24 hours. The cells were
fixed and visualized using a Keyence BZ-X700 microscope
(Keyence). Migration was quantified by calculating the migration
index with ImageJ (U.S. NIH) [19].

Evaluation of Differential Gene Transcription in SMSC
Pairs Using RNA Sequencing

MSCs were cultured to 80% confluence, followed by RNA
extraction using the PureLink RNA Mini Kit (ThermoFisher Sci-
entific) according to manufacturer protocol. The standard

protocol for library construction began with 1 μg of total RNA.
As the protocol used was based on polyA capture, RNA was
visualized on a BioRad Experion (Hercules, CA) to ensure that
RNA Quality Index values were greater than 8. For library con-
struction, the Illumina TruSeq v2 mRNA kit (San Diego, CA)
was used. The protocol was followed according to manufac-
turer’s instructions except the final number of polymerase
chain reaction (PCR) cycles was 12 and not 15. Following con-
struction, libraries were visualized by Bioanalyzer (Agilent, Santa
Clara, CA) using the High Sensitivity Chip and quantified for
pooling and sequencing using the Kapa Biosystems quantita-
tive PCR quantitation kit (Wilmington, MA) according to manu-
facturer protocol. For sequencing, libraries were diluted to
16 pM then applied to a V3 flowcell using the Illumina cBot
according to manufacturer protocol. Sequencing was carried out

Table 1. Primers used for real-time polymerase chain reaction

Primer Forward Reverse

DACT1 CTTGTCAAGCTCTTGCAACTG TCTTGGAGGAGAACATCTTGC

FMN1 TCTTTGTCTCCACTTTCTTCTCTG ATGGTGTGGTATGAGTTCTGC

IL32 CAGCTTCTTCATGTCATCAGAGA TTGTGCCAGGAAGACTGC

Figure 1. (A): Photograph of a chronic radiation skin and a
chronic nonhealing wound. (B): H&E stain of normal skin. (C):
Picrosirius red stain of normal skin. (D): H&E stain of irradiated
human skin demonstrating classic histologic findings of radiation
skin injury. (E): Picrosirius red stain of irradiated human skin. Note
the disordered and abnormal dermal collagen. Scale bars repre-
sent 100 μm.

Figure 2. Flow diagram for isolation and culture of skin-derived
mesenchymal stromal cells used in this experiment. Abbreviation:
DMEM, Dulbecco’s modified Eagle’s medium.
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on the Hi-Seq 2000 using HSCS v 1.5.15.1. Image analysis and bas-
ecalling were carried out using RTA 1.13.48.0, and deconvolution
and fastq file production were performed with CASAVA 1.8.2
(Illumina). A literature search was completed on the 10 most dif-
ferentially upregulated and downregulated genes identified with
RNA sequencing (RNA-Seq), and disheveled-binding-antagonist of
beta-catenin 1 (DACT1), FMN1, and IL32 were selected for their
known involvement in skin homeostasis, skin pathology, and/or
wound healing. The directionality of the differential expression of

these genes was confirmed using real-time PCR (RT-PCR) according
to standard protocol. The primers used for these genes are pres-
ented in Table 1.

Statistical Analysis

Data were analyzed using IBM SPSS (North Castle, NY). Pairwise
comparisons for all assays were made using paired t-tests
with α < 0.05.

Figure 3. (A): Immunofluorescence characterization of skin-derived mesenchymal stromal cells (SMSCs) isolated from NML and XRT
human skin pairs. As expected, no positive (green) signal is observed for mouse immunoglobulin (control), CD31, and CD45 in either pop-
ulation. Both normal and irradiated human SMSCs are positive for CD90, CD105, CD44, STRO-1, and CD106. Irradiated SMSCs exhibit qual-
itatively less intense staining for CD105, STRO-1, and CD106 but, this is not statistically significant. (B): Costaining of SMSC pairs for CD90
(green) and CD44 (red). Note: DAPI is blue in all frames. Scale bars represent 100 μm. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole;
NML, normal; XRT, irradiated.
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RESULTS

SMSC Isolation and Culture from Radiation-Damaged
Human Skin

Although many reports have previously described the isolation
of MSCs from normal skin, it was unclear to us if MSCs could be
isolated from radiated skin [16, 17]. Thus, in order to assess the
effects of in vivo irradiation on SMSCs, we harvested paired irra-
diated and normal skin samples from patients who had a history
of radiation for cancer treatment that were undergoing post-
oncologic reconstructive surgery. To definitively localize prior
sites of external beam radiation, we used tattoo landmarks that
are typically placed by radiation oncologists. In all cases, the
radiated skin used in this study had hallmark features of radia-
tion damage, including hyperpigmentation and skin contrac-
tion/fibrosis (Fig. 1A). Paired whole skin samples were stained
with H&E and Sirius Red and demonstrated classic findings of
chronic radiation injury, including fibrosis, polymorphic fibro-
blasts, and epidermal atrophy (Fig. 1B–1E).

SMSCs were isolated from these paired skin samples according
to established techniques (Fig. 2) [16, 17]. Both cell populations were
adherent to tissue culture plastic and expressed appropriate cell
markers including CD40, CD90, CD105, STRO-1, and CD106 but not
CD31 or CD45 (Fig. 3A). Costaining was performed to further
confirm SMSC identity, which demonstrated that these cells
could be characterized as CD90+/CD44+/CD31−/CD45− (Fig. 3A,
3B). SMSCs derived from radiated skin (referred to from now on
as rSMSCs) proved to be substantially more difficult to subcul-
ture and expressed markers at weaker levels than their non-
irradiated counterparts.

SMSCs from Irradiated Skin Have Abnormal
Morphology

Brightfield imaging revealed substantial morphological heteroge-
neity in rSMSCs (Fig. 4A). Phalloidin staining demonstrated that
rSMSCs were polygonal in shape, had poorly developed actin
cytoskeletons that tended to be oriented linearly, and often
overlapped in culture even at low plate density. In contrast,

Figure 4. (A): Brightfield and phalloidin stains of paired irradiated and nonirradiated skin-derived mesenchymal stromal cells (SMSCs),
demonstrating dissimilar morphology and cytoskeletal arrangement. Brightfield scale bars represent 50 μm. Phalloidin stain scale bars
represent 100 μm. Comparisons of cell area (B) and nuclear area (C) across SMSC pairs. (D): WST1 proliferation assay demonstrating sig-
nificant reduction in irradiated SMSC proliferation in vitro. All asterisks denote significance at p < .05. Abbreviations: NML, normal; XRT,
irradiated.
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SMSCs from normal skin had characteristic spindle morphology,
randomly oriented actin cytoskeletons, and never overlapped.
Quantification of these images demonstrated that, although the
mean cell area between pairs was comparable, rSMSCs had
greater heterogeneity in cell size and had significantly large
nuclei (p < .05; Fig. 4B, 4C). In addition to differences in mor-
phology, a WST1 assay revealed that rSMSCs proliferated more
poorly than normal SMSCs in culture (p < .05; Fig. 4D).

Characterization of Functional Defects of rSMSCs In
Vitro

Given the stark difference in cell morphology and performance in
culture, we next sought to evaluate rSMSC function. MSCs are
multipotent and contribute to wound healing by differentiating
directly into terminal cells [11]. In order to confirmmultipotency, we
chose to differentiate our SMSCs along adipogenic and osteogenic
pathways. Both cell lines differentiated appropriately (Fig. 5A). Irradi-
ated SMSCs, however, possessed a significantly reduced capacity to
differentiate to these lineages (p < .05; Fig. 5B). A CFU-F assay,
anothermeasure of SMSC function, demonstrated that rSMSCs have
a 5.6-fold reduction in the ability to form colonies in vitro (p < .05;
Fig. 5C, 5D) [20].

Another way in which SMSCs exert their effect on wound
healing is via the production of growth factors [10, 11]. In order

to evaluate radiation-induced changes in paracrine signaling, we
generated serum-free conditioned media with rSMSC and SMSC
pairs. Measures of cellular migration are highly relevant in vitro

assays for wound healing, so we performed a gold salt migra-

tion assay with human fibroblasts using the conditioned media.

Fibroblasts cultured in standard Dulbecco’s modified Eagle’s
medium demonstrated equivalent migration to fibroblasts cul-

tured in conditioned media from normal SMSCs. Fibroblasts

cultured in media from rSMSCs, however, migrated significantly

less than the other two groups (p < .05; Fig. 6A, 6B). Interest-

ingly, conditioned media from rSMSCs also resulted in a signifi-

cant reduction in fibroblast proliferation (p < .05) but did not

substantially effect lymphatic or BEC proliferation (Fig. 6C).

Gene Expression Profiles Are Altered in rSMSCs

Finally, in order to investigate potential cellular mechanisms for
these morphological and functional changes, we performed RNA
sequencing to determine genome-wide radiation-induced changes
in SMSC gene transcription. Initial principal component analysis
(PCA) of the samples demonstrated that each sample clustered
with its pair (Fig. 7A). Using criteria of read per kilobase of transcript
per million mapped reads > 0.1, fold-change > 1.5, and p < 0.05,
we identified over 100 differentially expressed genes (Table 2). The
10 genes with greatest upregulation and downregulation are

Figure 5. (A): Adipogenic and osteogenic lineage differentiation of skin-derived mesenchymal stromal cell (SMSC) pairs. Images captured
at ×10 and ×4 magnification, respectively. (B): Quantitative comparison of differentiation potential across SMSC pairs. (C): Representative
colony-forming unit-fibroblast assay for an SMSC pair. (D): Quantitative analysis of colony-forming capacity across SMSC pairs. All asterisks
denote significance at p < .05. Abbreviations: NML, normal; XRT, irradiated.
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Figure 6. (A): Gold salt migration assay of human fibroblasts cultured in standard media and conditioned media obtained from irradi-
ated and nonirradiated skin-derived mesenchymal stromal cells (SMSCs). Images captured at ×20. (B): Quantitative analysis of fibroblast
migration cultured in these media. (C): Proliferation assay of fibroblasts, LEC, and BEC cultured in conditioned media obtained from irradi-
ated and nonirradiated SMSCs. All asterisks denote significance at p < .05. Abbreviations: BEC, blood endothelial cell; DMEM, Dulbecco’s
modified Eagle’s medium; LEC, lymphatic endothelial cell; NML, normal; XRT, irradiated.

Figure 7. (A): Unfiltered principal component analysis of RNA sequencing (RNA-Seq) data from paired irradiated and nonirradiated skin
samples. (B): Principal component analysis of RNA-Seq data from paired skin samples using selective criteria of read per kilobase of tran-
script per million mapped reads >0.1, fold-change >1.5, and p < .05. (C): Hierarchical clustering of this data using the same criteria. (D–F):
Quantitative real-time polymerase chain reaction of differentially regulated genes known to be involved in skin homeostasis or wound
healing. Abbreviations: NML, normal; XRT, irradiated.
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presented in Table 3. PCA and hierarchical clustering using these
criteria demonstrated clear clustering of samples on the basis of
exposure to radiation (Fig. 7B, 7C). Three candidate genes—DACT1,
FMN1, and IL32—were selected from Table 3 based on their
involvement in skin homeostasis, skin pathology, and/or wound
healing. In order to validate the RNA-Seq data, the direction of dif-
ferential expression of these genes was confirmed using RT-PCR
(Fig. 7D–7F).

DISCUSSION

Although effective in the treatment of solid tumors, radiotherapy
produces a number of off target effects in the overlying skin.
Acutely, changes include erythema, tenderness, desquamation,
and mucositis, all of which are generally reversible. Chronic injury,
conversely, is permanent and includes tissue atrophy, vascular dam-
age, and chronic ulceration [21]. These changes result in skin that
responds poorly to wounding by trauma or surgery, predisposing
to the development of chronic wounds. Unfortunately, current
treatments focus on general wound care, with limited evidence for
their effectiveness [22, 23].

Microvascular damage and subsequent local tissue hypoxia
have beenwidely regarded as the primarymechanism bywhich ion-
izing radiation causes tissue damage. In response to irradiation, BECs
undergo apoptosis without subsequent proliferation to restore vas-
cular integrity [24]. This results in increased vessel permeability,
producing local edema that diminishes gas and metabolite
exchange [25]. Although some studies report intimal proliferation
that results in obliterative endarteritis and permanent hypoxia,
there is evidence to suggest that microvascular damage and hyp-
oxia are transient [4, 5, 26]. This suggests that ionizing radiation
may produce its chronic effects in skin via alternativemechanisms.

Cellular depletion and alterations in cellular function are
also implicated in the pathogenesis of radiation skin injury.
Numerous studies have shown that ionizing radiation results in

upregulation of mediators of apoptosis and cell death, most
prominent in tissue undergoing high cell turnover like skin and
coinciding with the formation of granulation tissue in wound
beds [27–30]. Irradiation also has a substantial impact on skin
cell function, mediating altered collagen expression in fibro-
blasts, decreased contractility of myofibroblasts, and the induc-
tion of proinflammatory cytokines [31–33]. Importantly, some
of these changes can be reversed by implanting nonirradiated
cells [34–36]. In short, radiation-mediated cell death and alter-
ations in cell function are considerable mediators of the irradi-
ated skin phenotype and related poor wound healing.

MSCs are a heterogeneous population of multipotent cells
found in a wide variety of tissues, including bone marrow, adipose,
and the dermis. These cells are increasingly popular in regenerative
medicine given their ease of isolation, multipotency, and paracrine
secretion of numerous growth factors [37]. MSCs have been shown
to promote healing in wounds and radiation injury [7, 38, 39].
Although there is some evidence to suggest that irradiation causes
a persistent reduction in number and function of dermal stem cells,
little is known about the effect of irradiation on SMSCs in situ [9].

To that end, we sought to isolate and characterize SMSCs
after they were exposed to ionizing radiation in vivo and com-
pare these rSMSCs to SMSCs from normal skin. A primary diffi-
culty in isolating and culturing SMSCs in vitro is confirming cell
identity. Three criteria are frequently used for identification:
(a) adherence to tissue culture plastic, (b) the expression of spe-
cific cell markers, and (c) multipotency as demonstrated by differ-
entiation in vitro [6, 15, 18, 40]. Additionally, we sought to
evaluate early-passage SMSCs given the substantial alterations in
cell function and gene expression that occurs with long-term cul-
ture, making assays requiring substantial cell number unfeasible.
As a result, we chose to confirm the identity of our SMSCs with
the use of a well-established and validated protocol for isolation,
adherence to plastic, and differentiation into both osteocytes
and adipocytes [16]. Cells isolated from our paired skin samples
met all three criteria (Figs. 3A, 5A, 5B). Immunohistochemistry
demonstrated that these cells could be characterized as CD90+/
CD44+/CD31−/CD45−. Interestingly, rSMSCs expressed character-
istic cell markers at much lower levels, suggesting that ionizing
radiation may alter an SMSC’s stemness (Fig. 3A).

By selecting patients with severe radiation wounds (Fig. 1A),
we wished to maximize detectable differences between isolated
SMSCs. Histological evaluation of the paired skin samples obtained
from these patients confirmed substantial and chronic skin injury
(Fig. 1B–1D). Significant differences in cell morphology, nuclear size,
cytoskeletal arrangement, and proliferation in culture suggested
the presence of a distinct irradiated SMSC phenotype (Fig. 4A–4D).
Large nuclei, in particular, are associated with abnormal cellular
behavior and used as prognostic indicators of disease severity in a
number of cancers [41]. This phenotype was consistent across all
isolated pairs, demonstrating a clear and consistent effect of ioniz-
ing radiation on rSMSCmorphology.

Table 2. Summary of differentially expressed genes in RNA sequencing analysis between paired irradiated and nonirradiated mesenchy-
mal stromal cells

Cut-off criteria AceView NCBI Ensembl

Fold change p Up Down Total Up Down Total Up Down Total

>1.2 <.05 158 211 369 116 138 254 62 78 140

Table 3. Fold change (FC) values for the Top differentially
expressed genes in RNA sequencing analysis between paired irra-
diated and nonirradiated mesenchymal stromal cells

Gene symbol FC p

DACT1 2.2 <.05

LIMCH1 1.7 <.05

FMN1 1.6 <.05

NPTXR 1.6 <.05

TRPV2 −1.7 <.05

IL32 −1.7 <.05

BAALC −1.9 <.05

LSAMP −2.0 <.05

All values are based on a read per kilobase of transcript per million
mapped reads >0.1.
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One mechanism by which SMSCs contribute to wound
healing is via terminal differentiation into skin stromal cells [11].
rSMSCs demonstrated significant impairments in differentiation into
both adipogenic and osteogenic lineages (Fig. 5A, 5B). Similarly,
CFU-F assays demonstrated a significant 5.6-fold reduction in colony-
forming capacity in rSMSCs, further underscoring diminished
function in response to radiation (Fig. 5C, 5D). This suggests that
defective cellular machinery for differentiation and self-renewal
may underlie some of the findings in chronic radiation skin injury
and associated poor wound healing.

MSCs also exert potent effects on their microenvironment
via paracrine signaling. Many studies have characterized the
expression of a number of progrowth and immunomodulatory
factors by SMSCs, in some instances having a profound impact
on wound healing [10, 11, 42]. To assess changes in the expres-
sion of these signaling molecules, we generated conditioned
media. An in vitro assay for wound healing demonstrated that
fibroblasts exposed to cultured media from rSMSCs migrated
poorly, paralleling radiation-induced poor wound healing in vivo
(Fig. 6A, 6B). Proliferation assays revealed that the same condi-
tioned media resulted in a cell type-specific reduction in fibro-
blast proliferation without an equivalent effect in lymphatic or
BECs (Fig. 6C). This specificity may be due to alterations of
lineage-specific signaling molecules, and although it is beyond
the scope of this work, it is a research question that warrants
further investigation.

As previously mentioned, there are few effective treat-
ments for chronic radiation skin injury in clinical practice.
There are also no true preventive therapies. This is due, in
large part, to the paucity of available molecular targets that
might account for the previously described derangements in
SMSC function after radiation injury. To that end, we used
RNA-Seq and quantitative RT-PCR to evaluate genome-wide
differential expression between rSMSCs and SMSCs from non-
irradiated skin, resulting in the identification of over 100 differ-
entially expressed genes (Fig. 7; Tables 2–3). Many of these
genes were implicated in skin homeostasis, skin pathology,
and wound healing. DACT1, upregulated 2.2-fold in irradiated
SMSCs, was of particular interest given its role as an inhibitor of
the Wnt signaling pathway. Wnt signaling is triggered by injury
to the skin and promotes activation of stem cells and wound

healing [43–45]. Upregulation of DACT1 and subsequent inhibi-
tion of Wnt in irradiated SMSCs and the microenvironment,
then, may be one mechanism by which these cells contribute to
radiation skin injury and poor wound healing.

CONCLUSION

Overall, despite patient and sample heterogeneity, SMSCs iso-
lated from irradiated human skin exhibit a characteristic pheno-
type that is associated with substantial derangements of cellular
function. Importantly, these rSMSCs exhibit both a significant
impairment in capacity for differentiation and altered paracrine
signaling, affecting cells known to be critically involved in wound
healing. These changes are associated with a distinct pattern of
differential gene expression. Modulation of these differentially
expressed genes may aid in the identification of targeted thera-
pies aimed at preventing or correcting radiation skin injury.
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