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Periurethral human mesenchymal stem cell (hMSC) injections are associated with functional improvement in
animal models of postpartum stress urinary incontinence (SUI). However, limited data exist on the role of
hMSCs in modulating gene expression in tissue repair after urethral injury. To this end, we quantified temporal
gene expression modulation in hMSCs, and in injured rat urethral tissue, using RNA-seq in an animal model of
SUI, over a 3-day period following urethral injury, and local hMSC injection.

We injected PKH fluorescent-labeled hMSC into the periurethral space of rats following a 4 h vaginal
distention (VD) (three rats per time point). Control rats underwent VD injury only, and all animals were
euthanized at 12, 24, 36, 72 h postinjury. Rat urethral and vaginal tissues were frozen and sectioned. Fluorescent
labeled hMSCs were distinguished from adjacent, unlabeled rat urethral tissue. RNA was prepared from hMSCs
and urethral tissue obtained by laser dissection of frozen tissue sections and sequenced on an Illumina HiSeq
2500. Differentially expressed genes (DEGs) over 72 h were evaluated using a two-group t-test ( p < 0.05).

Our transcriptional analyses identified candidate genes involved in tissue injury that were broadly sorted by
injury and exposure to hMSC throughout the first 72 h of acute phase of injury. DEGs in treated urethra,
compared with untreated urethra, were functionally associated with tissue repair, angiogenesis, neurogenesis,
and oxidative stress suppression. DEGs included a variety of cytokines, extracellular matrix stabilization and
regeneration genes, cytokine signaling modification, cell cycle regulation, muscle differentiation, and stabili-
zation. Moreover, our results revealed DEG changes in hMSCs (PKH-labeled) harvested from injured urethra.
The expressions are related to DNA damage repair, transcription activation, stem cell regulation, cell survival,
apoptosis, self-renewal, cell proliferation, migration, and injury response.

Keywords: RNA sequencing, host tissue healing, urinary incontinence, mesenchymal stem cell therapy, vaginal
birth trauma, acute phase of injury

Impact Statement

Stress urinary incontinence (SUI) affects nearly half of women over 40, resulting in reduced quality of life and increased
health care cost. Development of SUI is multifactorial and strongly associated with vaginal delivery. While stem cell
therapy in animal models of SUI and limited preliminary clinical trials demonstrate functional improvement of SUI, the role
of stem cell therapy in modulating tissue repair is unclear impeding advanced clinical trials. Our work provides a new
understanding of the transcriptional mechanisms with which human mesenchymal stem cells improve acute injury repair
thus guiding the development of cell-based therapies for women with nonacute established SUI.
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Introduction

Urinary incontinence (UI) is a highly prevalent, so-
cially debilitating crosscultural and costly public health

problem mostly affecting females. Stress urinary inconti-
nence (SUI) is the most common type of UI in pregnant and
postpartum women.1 In North America, the prevalence of
stress UI during pregnancy, and after delivery ranges from
18% to 75%.2,3

Vaginal birth trauma in early adulthood is a sentinel event
in a woman’s urinary continence trajectory inducing me-
chanical and ischemic damage to female pelvic organs, in-
cluding the distal urinary and gastrointestinal tract, pelvic
floor muscles, connective tissue, nerves, and vasculature
leading to pelvic floor dysfunction and morbidity, notably
UI. Vaginal birth-induced pelvic floor muscle and nerve
avulsion, connective tissue rupture, and nerve compression
are strongly implicated in the pathogenesis, development,
and progression of UI.4–7 Failure to resolve pelvic floor in-
jury following vaginal birth trauma/injury leads to persistent
postpartum SUI often worsening with advancing age.3

The most commonly performed surgical repair techniques
for SUI are implantation of synthetic mesh midurethral
slings in women. However, surgery is incapable of biologic
restoration of the pelvic floor.8 Numerous recent, serious
surgical complications associated with synthetic mesh im-
plants in women undergoing pelvic floor repair have gar-
nered national attention prompting the Food and Drug
Administration (FDA) to ban transvaginal synthetic mesh.8,9

Mesenchymal stem cells (MSCs)10 are promising as an
effective, minimally invasive restorative treatment for SUI
in animal models11 and early clinical trials.12 We previously
demonstrated periurethral injection of human mesenchymal
stem cells (hMSCs) following vaginal injury, in a rat model
of postpartum SUI, is therapeutically beneficial as mea-
sured by increased urinary leak-point pressure compared
with untreated control animals.13

The mechanisms underlying improved continence after
hMSC treatment remains elusive. Mounting evidence sug-
gests that hMSCs applied to injuries improve tissue regen-
eration through paracrine factor secretion involving
cytoprotection, neovascularization, anti-inflammation, anti-
fibrosis, proliferation, differentiation, migration, and metab-
olism.14 Proposed cytoprotection mechanisms include
antiapoptotic, antinecrosis effects through the secretion of
insulin-like growth factor (IGF-1),15 epidermal growth factor
(EGF),15 and vascular endothelial growth factor (VEGF).15

Promoting neovasculogenesis has also been suggested to occur
through VEGF secretion,16 HGF,16 TGF-b,17 and IGF-1.16

Suppressing inflammation and improving healing postischemic/
reperfusion injury is known to occur through interferon-g,
TNF-a,18,19 and CCL2.20 hMSCs suppress fibrosis through
extracellular matrix (ECM) remodeling and increased col-
lagen expression.21 hMSCs stimulate proliferation, differ-
entiation, and migration of injured host tissue cells, resulting
in increased endogenous regeneration through factors, in-
cluding HGF,22 FGF2, and PDGF.23

To explore temporal transcriptional changes of injured
urethral tissue post-MSC treatment, and hMSCs applied to
the injured urethra, we injected hMSCs into urethral tissue
of a rat SUI injury model of vaginal distention (VD). We
then determined the transcriptome and differentially ex-

pressed genes (DEGs) by RNA-seq of laser-dissected in-
jured rat urethral tissue and PKH-labeled hMSCs at 12, 24,
36, and 72 h posttrauma/intervention. These samples were
then compared with expression profiles of tissue obtained
from untreated injured urethral tissue. We report the most
significant DEGs longitudinally, between hMSC treated and
untreated urethral tissue, and within injury injected hMSC.

Materials and Methods

Human mesenchymal stem cell preparation

Human hMSCs were isolated from bone marrow aspirated
from the iliac crest of a49-year-old, healthy female human
donor, after informed consent was obtained, under a protocol
approved by the Institutional Review Board (IRB) at University
Hospitals of Cleveland (IRB 09-90-195, approved December 3,
2012), according to previously published methods.24 We cul-
tured the hMSCs in low-glucose Dulbecco’s Modified Eagle
Medium +10% fetal bovine serum (MSC screened lot) and
harvested the fourth passage for cell administration. hMSCs
were labeled using the PKH Red Fluorescent Cell Linker Kit
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). PKH
incorporates the reporter molecules into the cell membrane, and
labeled cells retain both biological and proliferative activity.25

Animal model, cell administration, tissue preparation,
and laser capturing

VD injury was carried out as previously described.13

Sprague-Dawley Rats (n = 24, weight: 240–260 g) under-
went standardized 4 h VD. The rat vagina was accommo-
dated with metal dilators, followed by placement of a
modified #10F Foley’s catheter, inflated with *3 cc water.
Immediately after VD, 12 rats were treated with 1 · 106

PKH-labeled hMSCs through the anterior wall of the vagina
and into the periurethral space. The remaining 12 rats
were treated with saline injection (untreated control). Rats
(n = 3/group) in the treated and untreated groups were
euthanized at 12-, 24-, 36-, and 72-h time points. Rats were
anesthetized by intraperitoneal urethane, for tissue harvest
then euthanized. The urethral/periurethral tissue, adjacent
anterior vaginal wall, and injected hMSCs were harvested
and embedded in O.C.T. Compound (Tissue Plus, Scigen,
CA), for immediate freezing. This maintained an intact
tissue plane between urethra and vagina during sectioning.
The tissues were placed in O.C.T. embedding medium,
immediately solidified on liquid nitrogen, and then stored at
-80�C. Cryoembedded urethral tissues were sectioned and
stained with DAPI (4¢,6-diamidino-2-phenylindole) fluo-
rescent DNA stain. Sections containing PKH-positive cells
were identified, and stained cells were captured using a
Leica LMD6 laser microdissection microscope; Figure 1.
Urethral tissue adjacent to the captured hMSC area and
devoid of stained hMSC was also laser captured as a sepa-
rate sample. In untreated (VD only) group, urethral tissues
were captured starting from midurethral/vaginal plane. For
each animal urethral block, 40–45 tissue sections were cap-
tured, to obtain sufficient RNA.

RNA sequencing

Laser-capture microdissection samples were preserved in
RNAlater (Invitrogen) with RNA isolation performed using
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the Qiagen RNEasy Micro Kits. RNA quality evaluation and
quantification was performed on Advanced Analytical’s
Fragment Analyzer using the High Sense RNA Kits. The
amount of RNA extracted was greater than 100 pg/sample
and had a mean RQN quality score of 8.4 with a minimum
value of 4.4. Total RNA was normalized to 100 pg before
oligo-dT capture and cDNA synthesis with the TaKaRa’s
SMART-Seq v4 Low Input Kits. The resulting cDNA was
assessed on the Fragment Analyzer with the High Sense
Large Fragment Kit and quantified using a Life Technolo-
gies’ Qubit 3.0 fluorometer. Libraries were generated using
the Illumina’s Nextera XT DNA Library Prep Kit. mRNA
sequencing was performed with an Illumina HiSeq 2500
using a Rapid Run v2, 100 base pair, Paired-End design,
resulting in >15 million paired-end reads per sample.

RNA sequencing analysis

Raw demultiplexed fastq paired-end read files were
trimmed of adapters and filtered using the program skewer26

to discard reads with an average phred quality score of less
than 30, or a length shorter than 36. Trimmed reads were
then aligned using the HISAT2 aligner to the Rattus nor-
vegicus NCBI reference genome assembly version Rnor_6.0
and sorted using SAM tools.27,28 Aligned reads were
counted, and assigned, to gene metafeatures using the
program featureCounts, as part of the Subread package.29

These count files were imported into the R programming
language, and were assessed for quality control, normalized,
and analyzed using the edgeR Bioconductor library for dif-
ferential gene expression testing, and the GSVA library for
gene set variation analysis.30,31 The filtered count values
used in the analysis can be found in Supplementary
Tables S1 and S2 for the Rat Urethra and Human MSC
samples, respectively. To assess the overall relationship
between the rat urethra samples and treatment and/or time
points following VD, we performed principal component
analysis (PCA), an analytical method converting correlated
datasets into a set of values of linearly uncorrelated vari-
ables (principal components), the first of which contains the
largest possible variance (dimension1). A p-value of 0.05
was used as the defined criteria of significance/DEGs, as
well as the genes used to create the PCA. For the hMSC-
captured time-based PCA, the PCA method was run on the
log2 counts per million (CPM) transformed count matrix for
genes with a p-value <0.05 in any one of the comparisons
between two time points. For the rat urethra treated sample
PCA, the comparison was done with each group being com-

pared as a whole (time points were combined), such that any
gene with p £ 0.05 in the treated versus untreated compari-
sons were included. The first two principal components were
then graphed.

To demonstrate urethral tissue dynamic gene expression
modulation, we focused on the DEGs ranked highest by
p-value between hMSC treated injured urethra compared
with untreated injured urethra. We sought to determine how
gene expression in urethral tissue changed over time in
treated versus untreated urethra. Thus, we quantified the
number of DEGs between treated and untreated urethral
tissue at each time point. Hierarchical clustering was per-
formed using complete-linkage clustering and Euclidean
distance for either the rows (genes) or columns (samples)
shown in the heat maps. DEGs are color scaled using
z-scores of the log2 CPM of each gene so that different
clusters of samples and their gene expression can be inter-
preted relative to each other.

To characterize the differences between hMSCs captured
from hMSC treated urethral tissue at each time point (12 vs.
24 h, 24 vs. 36 h, 36 vs. 72 h), in addition to comparing first
and last time points (12 vs. 72 h) after injury, we ranked
DEGs by sum total fold change, across time, by magnitude
difference, and determined the top 50 most DEGs observed
between captured hMSCs from pairs of consecutive time
points (12 vs. 24 h, 24 vs. 36 h, 36 vs. 72 h) in addition to
comparing first and last time points (12 vs. 72 h) postinjury.

Results

Transcriptional analysis of captured hMSCs,
and hMSC treated versus untreated injured urethra,
during acute phase of injury

The number of DEGs, determined by low-input RNA-seq
(mRNA) in hMSC treated versus untreated injured rat ure-
thra at the four study time points (12, 24, 36, and 72 h) are
presented in Table 1. The number of DEGs was significantly
different ( p £ 0.05) across the 4 study time points at 12
(n = 626), 24 (n = 1260), 36 (n = 1260), and 72 (n = 975) h
after injury, and at 72 h compared with 12 h (n = 661)
postinjury. The number of statistically significant DEGs
were lowest at 12 h (n = 636), peaked at 24 h (n = 1260) and
36 h, then decreased to 975 at 72 h. When comparing hMSC
DEGs harvested from treated urethra between each study
time point (12, 24, 36, and 72 h), differences were signifi-
cant at 24 versus 12 h (n = 368), 36 versus 24 h (n = 169), 72
versus 24 h (n = 200), with the largest magnitude of differ-
ence at 72 versus 12 h (n = 382).

FIG. 1. (A) Overview of
the urethra and vaginal tissue
and location of the PKH-
labeled hMSCs, and urethral
tissue adjacent to hMSCs to
be captured. (B) PKH-labeled
hMSC (red) observed in a
cryopreserved urethral tissue
section overlain with sections
to be removed by laser dis-
section. hMSC, human mes-
enchymal stem cell.
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The results of the PCA of treated and untreated laser-
captured rat urethra that assessed the relationship between
rat urethra samples and treatment and/or time points fol-
lowing VD/injury and the dataset dimensions that most
explain the variance in significantly differential gene ex-
pression (time point contrasts between hMSC treated and
untreated injured rat urethra) are depicted in Figure 2A. For
the hMSC treated versus untreated injured rat urethra PCA,
dimension1 explained 60.56% of the variance and dimen-
sion2 explained 6.52% or generally by time point and
treatment group in each dimension, respectively (Fig. 2A).
PCA also showed the time point contrast between hMSCs
captured from injured urethra at different time points fol-
lowing injury. For the hMSC PCA, dimension1 explained
39.8% of the variance and dimension2 explained 11.53% or
generally by time point in each dimension (Fig. 2B). These
PCA results provide a relational overview of the longitudi-
nal impact of hMSC in injured rat urethra to set the stage for
further gene-level analyses in that DEG are more signifi-
cantly influenced over time in our model than at a particular
time point comparison.

MSC injection induces time-dependent transcriptional
changes in urethral tissue following injury

We quantified the number of DEGs between treated and
untreated urethral tissue at 12, 24, 36, and 72 h postinjury,
where 23% of the DEGs were significant ( p < 0.05)
(Fig. 3A). We also calculated the number of the DEGs
overlapping between pairs of time points; Figure 3B. This
analysis was performed to determine the extent of shared
DEGs between paired time points. These persistent DEGs
in between time points may indicate key modified genes
altered by hMSC in urethra during acute phase of injury
(Fig. 3B). CXCL1 and SLC39a14 were the only two genes
persistently differentially expressed between hMSC treat-
ment and untreated injured urethras at all times. Our
observations of CSCL1 suggest that expression of a key
neutrophil recruitment cytokine32 was delayed in treated
urethral tissue. Additionally, gene expression of SLC39a14
is associated with exposure to an inflammatory environ-

ment.33 Altogether, the muted expression of SLC39a14 and
delayed expression of CXCL1 in hMSC treated urethral
tissue is an indication of a milder microenvironmental
response.

To compare and contrast the gene expression differences
between treated and untreated urethral tissue, we ranked
DEGs by sum total fold change across time by magnitude
difference and determined the top 50 most DEGs observed
between these two groups. We hierarchically clustered these
DEGs and showed gene expression as a heat map (Fig. 4).
We observed time-dependent up- and downregulation of
gene expression at all times post VD.

We additionally ranked DEGs between treated and un-
treated urethra persistently differentially expressed at all
study times by magnitude and summarized them in a heat
map. The 50 most DEGs between hMSC treated and un-
treated urethra are depicted in Figure 5. Interestingly, these
include genes involved in wound healing, including ECM
stabilization and regeneration, cytokine signaling, cell cycle
regulation, muscle differentiation and stabilization, angio-
genesis and vasoprotection, neurogenesis and neuroprotec-
tion, and oxidative stress modification.

Comparing between treated injured urethra, and untreated
injured urethra, we observed increased expression of Eln
and Afap1 (at 12 h); Csrp3, Pdgfc, and Ttn (at 24 h); Ecm1
(at 36 h); and Flt1, Slc39a14, and Cxcl1 (at 72 h). Bcat1
significantly decreased at 72 h in hMSC treated urethra. This
may suggest overall accelerated wound healing in first 72-h
postinjury in hMSC treated urethra (Table 2).

MSC treated injured urethra demonstrates significant
alteration in genes involved in angiogenesis and vasopro-
tection. This includes increased expression of Egfl7 and
Zeb1 (at 12 h); Pros1 (at 36 h); and Cxcl1 (at 72 h) and de-
creased expression of Traf6 (at 12 h) and Angptl2 (at 24 h)
in hMSC treated urethra. This suggests that hMSC treat-
ment induces enhanced angiogenesis and vasoprotection in
injured urethral tissue (Table 2).

Additionally, we detected genes involved in neuromus-
cular signaling, including Acsl1 (at 12 h), Atp2a1 (at 24 h),
and Agrn (at 36 h), with increased expression in hMSC
treated urethra. While other genes involved in neuroregen-
eration, including Cd83 and Gfra2 increased expression at
72 h. Whereas Nfil3, involved in neuroprotection against
inflammation, decreased at 36 h. Potentially this is evidence
for neurosignaling, neural degeneration, and regeneration
in injured urethral tissue alteration by hMSC therapy;
(Table 2).

Interestingly, our result demonstrates increased anti-
oxidative stress gene expression, including Atp2a1 (at 24 h),
Hmox1 (at 36 h), and Adcy5 and Nos3 (at 72 h) in hMSC
treated injured urethral tissue. These genes have been shown
to mitigate damage induced by reactive oxygen species.
hMSC treatment seems to induce a protective oxidative
stress response in injured adjacent urethral tissue (Table 2).

Locally injected hMSC captured from injured urethral
tissue demonstrate time-dependent transcriptional
changes

We first filtered DEGs in laser-captured hMSCs with a
nominal p-value of 0.05, in at least one comparison, and
then ranked genes by the absolute sum logFC across all

Table 1. Number of Significant DEGs ( p £ 0.05)

in Each Time Point

Comparison group
No. of DEGs
with p £ 0.05

MSC treated vs. untreated urethra 12 h 626
MSC treated vs. untreated urethra 24 h 1260
MSC treated vs. untreated urethra 36 h 1260
MSC treated vs. untreated urethra 72 h 975
MSC treated urethra 72 vs. 12 h 661
MSC harvested from 24 vs. 12 h

treated urethra
368

MSC harvested from 36 vs. 24 h
treated urethra

169

MSC harvested from 72 vs. 24 h
treated urethra

200

MSC harvested from 72 vs. 12 h
treated urethra

382

DEG, differentially expressed gene; MSC, mesenchymal stem
cell.
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comparisons (12 vs. 24 h, 24 vs. 36 h, 36 vs. 72 h, and 12 vs.
72 h) (Fig. 6). We then displayed these hMSC DEGs by
hierarchical clustering. The strongest cumulative differences
(negative or positive) across time are shown in Figure 7.
DEGs in tissue-captured hMSCs compared across sequen-
tial time points and between 12 versus 72 h demonstrate
dynamic changes in hMSC gene expression over time
(Table 3). Expression of genes involved in wound healing,
DNA damage repair, cell fate regulation, cell survival, and
apoptosis regulation increased between consecutive time
points. These genes include DDX3X, GPC3, MAP2K6,

MAPKAPK5m and ZNF423 (between 12 and 24 h);
PIK3C2B and TEX10 (between 24 and 36 h); DAPK2 and
NEO1 (between 36 and 72 h); and FZD4, MAP2K6,
MAP3K1, MYH1, P4HA1, and ZNF423 (between 12 and
72 h). A comparison of tissue-captured hMSC DEGs between
consecutive time points also identified genes necessary for
angiogenesis, vasoprotection, neurogenesis, and neuroprotec-
tion. Increase expression was observed in HIF1A and KCNJ9
(comparing 24 to 36 h); FGF9 and PAQR9 (comparing 36
with 72 h); MEF2C, P4HA1, RAB11FIP2, and PAQR9 (be-
tween 12 and 72 h). KCNA1, NEFM, and STMN2 (between

FIG. 2. PCA data: (A)
hMSC treated and untreated
laser-captured rat urethra
PCA, (B) Laser-captured
hMSC from the rat urethra
PCA. p £ 0.05. PCA, princi-
pal component analysis.
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24 to 36 h), and HOXB7m and KCNJ9 (comparing 36 and
72 h) decreased in expression (Fig. 7). These data indicate
that gene expression of therapeutically applied hMSCs is
altered by injured tissue microenvironment exposure. Taken
together, with the changes in urethral expression with and
without hMSC treatment our data suggest urethral tissue and
hMSC crosstalk.

Discussion

Although evidence demonstrates that hMSCs modulate
injured host tissue response and regeneration through a
variety of paracrine factors,34–38 to date no study exists that
has explored dynamic gene expression modulation within
xenograft hMSCs, and urethral tissue following injury in
models of SUI.

To fill this critical gap in knowledge, the aim of this study
was to assess gene expression modulation in xenograft
hMSCs, and recipient urethral tissue over the first 72 h of
urethral injury. Our study of DEGs in hMSC treated, versus
hMSC untreated injured urethral tissue, identified signifi-
cant transcriptome profile differences between treated and
untreated urethra, temporally, and in the hMSCs themselves.
DEGs in hMSC treated injured urethral tissue, and in the
hMSCs applied to injured urethra, are associated with sev-
eral important tissue regeneration and repair pathways and
mechanisms, including: (1) wound healing, (2) angiogenesis
and vasoprotection, (3) neurogenesis/neuroprotection, and
(4) oxidative stress suppression; Tables 2, 3.

Wound healing

Comparing between hMSC treated injured urethra and
untreated injured urethra, the DEG’s pattern is indicative of
increased expression of genes associated with accelerated
wound healing in hMSC treated urethra.

Extracellular matrix stabilization and repair. Of the top
50 DEGs observed in our study, several are involved in
wound healing through ECM and connective tissue sta-
bilization and regeneration.

Genes increasing regeneration of ECM turnover, cell mi-
gration, and protein, including elastin, collagen, and glypi-
cans, show increased expression in hMSC treated urethra
12 h after injury. Increased Eln expression by hMSC therapy
indicates improved tissue elasticity. This observation is
consistent with observations of hMSC interventions in the rat
dual muscle and nerve injury UI model with increased
elastogenesis,39 as well as increase in collagen and elastin
post hMSC therapy of cutaneous wounds.40 Increased ex-
pression of Afap1, a connective tissue growth factor, at 12 h
in hMSC treated urethra indicates enhanced tissue repair
following hMSC treatment. Our data show increased Ecm1
36 h postinjury in hMSC treated urethra. Ecm1 is involved in
ECM homeostasis, blood vessel integrity, epidermal adhe-
sion, and keratinocyte differentiation.41,42 Interactions with
perlican, EGF, as well as other growth factors mediate these
functions.43 Also at 72 h, Flt1 increased, which is known to
induce connective tissue turnover following injury and may
be a mechanism to organize growing ECM rather than fi-
brotic scar tissue formation. We also observed increased
Chrdl2 expression at 72 h. Chrdl2 is potentially a BMP2
antagonist with a role in reducing fibrosis.44

MSC treated urethra demonstrated decreased ALMS1
expression at 72 h postinjury. ALMS1 is known to upregulate
collagen production. Fibroblasts from ALMS1-deficient
patients display cytoskeleton abnormalities, impaired mi-
gration, increases cell cycle length, and resistance to apo-
ptosis.45 Decreased ALMS1 expression suggests reduced
collagen formation and migration with increased apoptosis
in urethral tissue in opposition to the DEGs seen earlier.
This suggests that hMSCs provoke ECM repair during the
first 36 h postinjury, however, by 72 h this protection is lost.

FIG. 3. (A) Diagram showing the overall percentage of significant ( p £ 0.05) and nonsignificant DEGs between hMSC
treated urethra and untreated urethra considering all the DEGs at all the time points (12, 24, 36, and 72 h). (B) Venn diagram
of the significant DEGs in hMSC treated injured urethra compared with untreated injured urethra over time with the number
of overlapped DEGs between time points noted. DEG, differentially expressed gene.
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Cytokine signaling modification. Cxcl1 and SLC39a14
were significantly differentially expressed in hMSC treated
injured urethra at all time points. Expression of Cxcl1 in-
creases in hMSC treated injured urethra. Cxcl1 signal
transduction occurs through Cxcr2.46 Cxcl1 is a monocyte
chemoattractant and is known to enhance angiogenesis in a
rat model of perfusion recovery.47 Devalaraja et al., in a
study of knockout Cxcr2 (the Cxcl1 receptor) mice dem-
onstrated that Cxcr2 knockout mice were wound healing
impaired compared with wt mice. This was mediated through
reduced neutrophil and macrophage recruitment, and im-
paired angiogenesis.48 FLT1, also known as VEGFR-1,
functions as a receptor for VEGF-B. FLT1 signaling upre-

gulates urokinase-type plasminogen activator in endothelial
cells consistent with a key role in ECM turnover, cell adhe-
sion, and migration.49

Solute carrier (SLC) family proteins are integral mem-
brane proteins functioning as facilitative or secondary active
transporters regulating the extracellular and intracellu-
lar environment. We showed increased SLC27a3 (at 12 h);
SLC16a12, SLC34a2, and SLC26a10 (at 24 h); and
SLC26a10, SLC25a19, SLC34a2, and SLC39a14 (at 72 h)
expression in treated urethra. SLC39a14 was significantly
differentially expressed across all four time points. It is
known that exposure of macrophages induces SLC39a14/
ZIP4 expression. SLC39a14 knockdown results in reduced

FIG. 5. Top 50 DEGs by magnitude between hMSC treated versus untreated injured urethral tissue with persistent gene
expression signature across all four time points of the experiment (12, 24, 36, and 72 h post VD injury). Filtered by nominal
p value (leftmost column, all p £ 0.05) and ranked by FC (second column from the left). All rows are normalized (z-score) so
that red coloring is upregulated versus the other group and blue is downregulated. VD, vaginal distention.
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macrophage cytokine expression implicating hMSCs in the
activation of macrophage cytokine production.50

We observed increased Afap1 and Ltbp4 expression at
12 h in hMSC treated injured urethra. Afap1 binds to Src and
is required for Src activation by TGF-b1 and CCN2.
Knockdown of AFAP1 blocks Src promoter activity to

TGF-b1 and CCN2 exposure in osteoblast cultures.51 On
the other hand, Ltbp4 knockdown in fibroblasts caused
reduced cell surface expression of TGFb receptors.52

Based on this evidence, increased Afap1 and Ltbp4 ex-
pression likely increases TGF-b signaling, consistent with
hMSCs.

FIG. 7. Top 50 DEGs by magnitude between laser-captured hMSCs from injured urethral tissue within which expression
changes greatly over the time course of 72 h filtered by nominal p value (leftmost column, all p £ 0.05) and ranked by FC
(second column from the left). All rows are normalized (z-score) so that red coloring is upregulated versus the other group
and blue is downregulated.

802 SADEGHI ET AL.
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MSC treated injured urethra expresses reduced GPC4 at
36 h. GPC4 is a glypican. These molecules bind growth
factors and ECM molecules and participate in signal trans-
duction cascades.53 Decreased Gpc4 expression in hMSC
treated injured urethra results in decreased signal transduc-
tion in injured urethral tissue. The signaling cascade re-
sponse postinjury might overwhelm injured tissue cells. We
speculate this unexpected result implicates that hMSC
treatment focuses host tissue cells on injury resolution rather
than enhancing an inflammatory signaling cascade released
immediately following injury.

Cell cycle regulation. Of the top DEGs, we observed
several cell cycle regulatory genes. Pdgfc expression in-
creased at 24 h in hMSC treated urethra and is a mesen-
chymal cell mitogen. In a diabetic mouse model of delayed
wound healing, exogenous PDGF-CC significantly en-
hanced repair of full-thickness skin excisions.54 Similarly,
Helz2 is a transcriptional coactivator and increases expres-
sion in hMSC treated injured urethra at 36 h. During 3T3-L1
preadipocyte differentiation, HELZ2 and THRAP3 interac-
tions lead to enhanced PPARg-mediated gene activation.55

Mcm5 is a cell cycle progression marker (G0 to G1/S phase
transition) of cardiomyocytes in a zebrafish model of
cryoinjury.56 Increased expression of Mcm5 expression is
also observed at 72 h in treated urethral tissue suggesting
enhanced cell proliferation in hMSC treated host urethra.
Unexpectedly, decreased expression of several genes asso-
ciated with proliferation and cell cycle control was observed
in treated urethral tissue; Arntl (at 24 h); and Bcat1 and
Cdk1 (at 72 h). Arntl shows decreased expression at 24 h
in hMSC treated urethra postinjury. Arntl, also known as
Hif-1b, activates hypertrophic related genes like MMP13,
COL10A1, and VEGFA when dimerized with Hif-2a; how-
ever, competitive binding by Hif-3a suppresses transcrip-
tional activation.57 Knockdown of BCAT1 expression
reduced proliferation, cell migration, and invasion of human
nasopharyngeal carcinoma cells.58 CDK1 is involved in cell
cycle regulation, specifically the G1 to S transition. Decrea-
sed expression of these genes was seen in treated urethra.
This is counterintuitive considering evidence of increased
expression of Pdgfc, Helz, and Mcm5. Ultimately, this may
be evidence that cell cycle regulation and proliferation
during wound resolution is cell type specific and modulated
by hMSC treatment. As the time point of significant increase
in cell cycle progression genes was observed, generally after
24 h, this could show hMSC treated host tissue initially con-
centrates on survival before switching to proliferation late.

Looking at the top differentially expressed hMSC genes
(at consecutive time points) obtained from hMSCs within
injured urethra (Table 3), we see increased expression of
cell cycle and transcriptional regulation, cell migration, and
signal transduction genes. In harvested hMSCs, a variety
of zinc finger (ZNF) proteins exhibit increased expression
throughout the study, such as increased expression of
ZNF423 (24 h); ZNF202 and ZNF292 (36 h); and ZNF423
and ZSWIM5 (72 h) in treated urethra. ZNF transcription
factors are involved in the regulation of several cellular
processes. ZNFs are implicated in transcriptional regulation,
ubiquitin-mediated protein degradation, signal transduction,
actin targeting, DNA repair, cell migration, and numerous
other processes.59 SMADs 1–4 interactions with ZNF423

are important in BMP2/4/7 signal transduction as well as
interacting with the Notch intracellular domain.60 Knock-
down of ZNF423 expression in neuroblastoma cells leads
to a proliferative advantage and decreased differentiation in
response to retinoic acid while overexpression resulted in
reduced proliferation and increased retinoic acid-mediated
differentiation.61

The wnt/b-catenin pathway is also important to injury
response.62 Disruption of wnt/b-catenin signaling through
Fzd4 mutation led to the persistence of epithelial injury in
mice lacking Fzd4 following ischemia reperfusion injury.63

FZD4 is differentially expressed in hMSCs between 72 and
36 h. On the other hand, increased GPC3 expression in
hMSCs between 24 to 12 h may interact with FZD receptor
in stem cell fate decisions during development and injury
resolution.64 As mentioned above, glypicans play a critical
role in cell growth during development.

Muscle differentiation and stabilization. Genes involved
in muscle differentiation and stabilization were observed in
the top DEGs. Increased gene expression of these genes was
observed in treated urethral tissue. Csrp3 is involved in
regulation of myogenic differentiation in striated muscles as
observed in a Drosophila homolog knockout model.65 TTN
is a stabilizing protein of striated muscle.66 Our results
identify several differentially expressed myosin peptides in
treated urethral tissue at 24 h postinjury. They include MYH1,
MYH2, MYH4, MYH7, MYH8, MYL1, MYL3, MYLPF, and
MYOG. Increased expression of myosin peptides indicate
enhanced muscular regeneration occurring in treated urethral
tissue.

Angiogenesis and vasoprotection

Stimulation of angiogenesis and suppression of fibrosis in
injured tissue has been reported in several animal models
of hMSC therapy, including cardiac repair after experi-
mental myocardial infarction,67 cutaneous wound healing
through increase of VEGF and HGF,68 IGF-1m PDGF-B,
and Ang-1,69 and lung fibrosis/injury models.70 Our result
demonstrates that hMSC treated urethra increased expres-
sion of several proangiogenic factors, including Egfl7 and
Zev1 (at 12 h); Pros1 (at 36 h); and Cxcl1 (at 72 h). While
other genes known to be involved in angiogenesis are
downregulated, including Cdkn2b and Traf6 (at 12 h);
Angptl2 (at 24 h); and Ednra (at 36 h) (Table 2).

On the other hand, hMSCs captured from injured urethra
show significant decrease of HOXB7 expression at 72 h
compared with 36 h postinjury. HBOX7 promotes a switch
to active angiogenesis through FGF, VEGFA, IL-8, and
CXCL171 as reviewed in Kachgal et al.72 Timing of de-
crease in expression of HOXB1 (72 h compared with 36 h)
and increase in expression of CXCL1 (at 72 h) suggests that
HOXB1 may primarily increase CXCL1 expression by 72 h
postinjury, but this increase in CXCL1 expression would
also act as a negative autoregulatory feedback to decrease
HOXB1 expression at 72 h and hence may result in con-
trolled angiogenesis.

Endothelial cells express EGFL7 during vascular re-
modeling and acts as a chemoattractant to endothelial cells.73

Endothelial cells upregulate expression of EGFL7 following
arterial injury.73 Conditioned media from the metastatic
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breast cancer cell line, MDA-MB-231, induced capillary tube
formation in HUVECs; however both ZEB1 knockdown and
VEGFA neutralizing antibody suppressed tube formation.74

PROS1 participates in anticoagulation, inflammation, and
angiogenesis during wound resolution as reviewed in Sulei-
man et al.75 Increase in expression of EGFL7 (at 12 h) and
PROS1 (at 36 h) treated urethra could promote increased
angiogenesis in urethral tissue.

Our finding of decreased Angptl2 expression is inconsis-
tent with the results of Chen et al.,69 in which increased
ANG-1 was observed following hMSC therapy of cutaneous
wounds resulting in enhanced proliferation of endothelial
cells and neovascularization. Moreover, Angptl2 has been
suggested to have a role in inducing proliferation and mi-
gration of vascular smooth muscle cells of the vascular in-
tima,76 also in inducing inflammatory fibrosis,77 and serum
ANGPTL2 levels positively correlate with aortic stiffness
and mortality in human kidney transplant patients.78 Our
finding of decrease in Angptl2 expression in hMSC treated
urethra suggests hMSC treatment might be evidence for
decreased urethral tissue fibrosis and increased vascular wall
flexibility during healing.

In a vascular injury model of mice in which aortic an-
eurysms were generated with porcine pancreatic elastase,
Cdkn2b knockout mice developed larger aortic aneurysms
yet smooth muscle proliferation was unexpectedly normal.
The authors determined this was due to increased apoptosis
in smooth muscle cells.79 We observed decreased Cdkn2b
expression in treated urethral tissue. This could result in
decreased stiffness of vascular wall with decreased smooth
muscle cell proliferation in the neovasculature of recovering
urethra.

Reduced Ednra expression is seen at 36 h postinjury in
treated urethra. Endothelin 1, a ligand of EDNRA, is a po-
tent vasoconstrictor and is used in animal models to stim-
ulate ischemic strokes in brain and induce peripheral
neuropathy of the sciatic nerve.80,81 Decreased Ednra
expression may diminish the vasoconstriction in injured
urethra, which might result in enhanced blood flow within
the injured tissue.

HIF1a, depletion in myeloid cells, accelerates renal fi-
brosis in a mouse model of obstructive nephropathy.82

Peripheral neuronal expression of HIF1a, in response to
hypoxic stress, leads to upregulation of VEGFA, stimulated
motor neuron regeneration, and accelerated neuromuscu-
lar junction reinnervation.83 We found increased HIF1a
expression in captured hMSC at 36 h compared with 24 h
postinjury.

Our result shows hMSC increased FGF9 expression at
72 h compared with 36 h. Microvessel formation in the
presence of FGF9-seeded hydrogels enhances flow, vasor-
eactivity, and smooth muscle covering.84 P4HA1 expression
increases in hMSCs captured from injured urethra at 72 h
compared with 12 h. This finding is consistent with previous
studies showing hypoxia upregulates P4HA1, which in turn
enhances neovascularization, type 2 collagen synthesis, and
ECM remodeling.85–87

Neurogenesis and neuroprotection

Our data show evidence of DEGs from treated urethra
compared with untreated urethra involved in neurogenesis

and neuroprotection. These genes include Acsl1, Atp2a1,
Agrn, Hpse2, Nfil3, Cd83, and Gfra2 and were increased in
treated urethral tissue. Overexpression of Acsl1 is protective
of Schwann cells from oxidative stress and mitochondrial
dysfunction.88 Atp2a1 is an intracellular Ca+ pump involved
in muscular excitation and contraction.89 Also, Atp2a1
overexpression reduced hydroxyl radical injury in murine
myocardium directly exposed to hydroxyl radicals.90 Agrn is
a component of the synaptic basal lamina and induces
acetylcholine receptor clustering in muscle fiber.91 Loss of
function mutations in Hpse2 leads to urofacial syndrome
and are characterized by grimacing and incomplete bladder
emptying. Hpse2 is observed in pelvic ganglia neural cell
bodies and potentially plays a necessary role in complete
bladder voiding.92 Neuronal expression of Nfil3 in a mouse
model of ALS reduced excitotoxic neuronal damage and
protects neurons against neurodegeneration; this suggests a
protective role for Nfil3 against immune-mediated inflam-
mation.93 CD83 is a cell surface marker of dendritic cells,94

and increased CD83 expression in hMSC treated injured
urethra suggests increased neuroregeneration. Following a
surgical model of spinal cord injury, GFRA2 expression is
reduced suggesting a failure of these cells to recruit local
stem cells capable of resolving neural tissue damage.95

Thus, increased GFRA2 expression in treated urethral tissue
is evidence of enhanced neurogenesis.

Similarly, laser-captured hMSCs showed increased ex-
pression of genes known to enhance neurogenesis and
neuroprotection, including HIF1A, KCNA1, KCNJ9, NEFM,
STMN2, PAQR9, and ACSL4 when gene expression is
compared over consecutive time points. HIF1A depletion in
macrophages accelerates renal fibrosis in a mouse model
of obstructive nephropathy.82 Peripheral neuronal expres-
sion of HIF1A, in response to hypoxic stress, leads to
upregulation of VEGFA, stimulated motor neuron regener-
ation, and accelerates neuromuscular junction reinnerva-
tion.83 KCNA1 and KCNJ9 are potassium voltage-gated
channel subfamily A members. The voltage-gated potassium
channel mediates transmembrane potassium transport in
excitable membranes, primarily in the brain and the central
nervous system, but also in the kidney.96 Voltage-gated
potassium channels contribute regulation of membrane po-
tential, nerve signaling, and prevent neuronal hyperexcit-
ability.97 KCNJ9 was significantly differentially expressed
comparing between 24 versus 36 h, and 36 versus 72 h.
PAQR9 is a mediator of nonclassical antiapoptotic actions of
neurosteroids in the central nervous system.98 Increased
PAQR9 expression is persistently observed in captured
hMSCs from treated urethral tissue (differentially expressed
comparing 12 vs. 24 h, 24 vs. 36 h, and 36 vs. 72 h) sug-
gesting neuroprotection by hMSC treatment.

Oxidative stress modification

MSC treated injured urethral tissue also show increased
expression of some genes involved in decreased oxidative
stress, and inflammatory factors. In our top 50 DEGs, these
include Atp2a1, Hmox1, Adcy5, and Nos3. ATP2A1 is an
intracellular Ca+ pump involved in muscular excitation and
contraction.89 Also, Atp2a1 overexpression reduced hy-
droxyl radical injury in murine myocardium directly ex-
posed to hydroxyl radicals.90 Enhanced Hmox1 expression
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attenuates oxidant injury in human hepatocytes.99 Inhibition
of Adcy5 enhances longevity and prevents oxidative stress in
KO mice; overexpression led to exacerbated age-related
cardiomyopathy.100 In an inducible Nos3 deficiency model
of mouse hepatic ischemia/reperfusion injury, depletion of
Nos3 suppressed MMP-9 expression in macrophages and
neutrophils suggesting a role in suppressing inflammation
following ischemia/reperfusion injury.101 The response to
doxorubicin-induced cardiac injury in NOS3-deficient mice
was compared with that of mice with cardiomyocyte-
specific overexpression of NOS3; NOS3 overexpressing
mice showed more cell death and reduced cardiac function
than NOS3-deficient mice.102

Our study was limited by a small sample size and an animal
model with uncertain generalizability to birth trauma in hu-
mans. Also, we have mainly focused on the top 50 DEGs in
each time point or group comparison in overview of the larger
dataset. Our results, however, are the first comprehensive
transcriptomic analysis of hMSC treatment of postpartum
SUI to our knowledge. Our data, therefore, represent an im-
portant resource for the field in highlighting the many sig-
naling molecules that dynamically change expression during
acute injury both with the injury alone as well as following
hMSC treatment. We contend that these gene expression
differences represent candidate host tissue biomarkers im-
plicated in the control of injured tissue repair, particularly in
the regulation of coagulation, stabilization of ECM pH and
solute concentration, blood flow, and neuronal signaling,
suppression of oxidative stress, and regulating apoptosis. Our
gene expression profile data also suggest in the first 72 h
postinjury, the pace and direction of healing processes are
altered significantly across different time points.

Conclusions

In conclusion, our study supports the overwhelming
historical evidence showing hMSC treatment alters tissue
response to acute injury and improves long-term tissue
function. Comparing DEGs in hMSCs between consecutive
time points (12 vs. 24 h, 24 vs. 36 h, 36 vs. 72 h, and 12 vs.
72 h) we identified candidate genes involved in tissue in-
jury that clustered by injury and hMSC treatment. This
highlights the dynamic gene expression changes in hMSCs
related to DNA damage repair, stem cell fate/regulation,
cell survival/apoptosis, self-renewal, cell proliferation,
transcription activation, migration, and injury response. Our
study shows how exposure to the injured urethral environ-
ment altered gene expression within hMSCs. While further
research is needed to confirm the target genes we have
identified, our study represents important transcriptomic
evidence for hMSC/injured tissue crosstalk and is a novel
resource that identifies new therapeutic targets for postpar-
tum SUI therapy and prevention.
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