Journal of

Gaur et al., J Stem Cell Res Ther 2017, 7:8
DOI: 10.4172/2157-7633.1000396

Stem Cell Research & Therapy

Research Article Open Access

Acute Genotoxic Stress-Induced Senescence in Human Mesenchymal Cells
Drives a Unique Composition of Senescence Messaging Secretome (SMS)

Meenakshi Gaur', Lu Wang? Alexandra Amaro-Ortiz', Marek Dobke?, I. King Jordan?* and Victoria V Lunyak™*

Aelan Cell Technologies, San Francisco, CA

2School of Biology, Georgia Institute of Technology, Atlanta, GA

3Division of Plastic Surgery, University of California, San Diego, La Jolla, California
“PanAmerican Bioinformatics Institute, Cali, Valle del Cauca, Colombia

Abstract

MSC mediate numerous therapeutic effects by promoting repair directly via differentiation into critical cell types

or indirectly through the secretion of a broad spectrum of soluble factors with diverse paracrine activities. However,
recent discoveries indicate that MSC are sensitive to endogenous and exogenous stressors and many disease-
related interventions can result in Therapy-Induced Senescence (TIS) in MSC. Here, we provide a detailed analysis
of changes in secretory factors that occur under conditions of bleomycin treatment that triggers genotoxic stress-
induced senescence of Human Adipose-Derived Stem Cells (hADSCs). The bleomycin treatment considerably alters
the composition of hADSCs secretome. Our data reveal the novel unique composition of Senescence Messaging
Secretome (SMS) of hADSCs and suggest that this SMS might critically influence genotoxic drug-based or MSC
combinational therapies by imposing interference with tissue homeostasis, metabolism and regeneration in autocrine
and paracrine fashion. SMS can compromise MSC-mediated immunological responses and their regenerative
potential. Our findings underscore the importance of careful evaluation of stress-induced senescence of adult stem

cells in regenerative and combination therapies.
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Introduction

Mesenchymal Stem/ Stromal Cells (MSC) have been currently tested
in a significant number of clinical trials, where they exhibit regenerative
and repair properties directly through their differentiation into cells of
the mesenchymal origin or by modulation of the microenvironment; as
well as by interaction with immune cells. The current paradigm is that
MSC accomplish many of these therapeutically relevant functions via a
paracrine mechanism. A broad spectrum of secretory factors produced
by MSC, such as cytokines, chemotactic, ECM remodeling and growth
factors, has been reported (as reviewed in [1] and demonstrated in [2-4]).

However, throughout life similar to other adult stem cells, changes
in the quantity and quality of MSC might influence tissue homeostasis
and metabolism, slow down regeneration rate and promote tissue
deterioration. Not surprisingly, age-related deficiencies have also been
shown to compromise MSC-mediated immunological responses [5,6].
In general, the robust adult stem cell exhaustion is thought to occur due
to the process called cellular senescence. Senescence can be inflicted by
many intrinsic stimuli, oncogenes, as well as prolonged stress such as
drug-induced DNA damage, irradiation, hypoxia, or reactive oxygen
species (ROS) [7]. In addition, natural and pathological changes in
stem cell microenvironment may trigger senescence [5,8-10]. Despite
the exit from the cell cycle, the senescent cells are not simple passive
bystanders but rather very active metabolic players. Numerous
studies have provided evidence that the senescence-triggered cellular
communication circuitry (senescence messaging secretome (SMS) or
senescence-associated secretory phenotype (SASP)) is necessary for
tissue or organ remodeling and regeneration ([11-14] and reviewed
in [7]). Although initially described in fibroblasts [12,15] as a tumor
preventive mechanism, SMS is not restricted to the fibroblasts.
Importantly, different cell types, including MSC, upon senescence put
out different SMS outcomes, and these outcomes vary in accordance

to the different triggers that induce senescence and in response to the
micro-niche that hosts senescent cells. In a typical cell communication
context, a cell secretes a protein that diffuses through the extracellular
medium to the neighboring cells before binding to their cell surface
receptors. This type of cell-to-cell communication is called paracrine
[16]. In addition, a ligand can also bind to receptors on the same cell
that secreted it, in cell-autonomous (autocrine) fashion.

Unlike senescence during aging and in age-related diseases
(discussed elsewhere) [17,18], programmed senescence during
development and regenerative turnover may be restricted to one or
few tissues and organs where MSC are residing. Since MSC are more
resistant to programmed apoptosis [19] and prefer senescent growth
arrest to cell death, one can envision that these cells may be the key
drivers that potentiate transient, so-called “beneficial senescence”
that ensures successful developmental and regenerative outcomes
[20]. Contrary to this, many disease-related interventions can induce
Therapy-Induced Senescence (TIS) [21-24]. Senescent MSC can also
impose a context-dependent restraint and limitation for numerous
therapeutic approaches, one of which is treatments for cancer. While
most of the traditional anti-cancer therapies, either generic or targeted,
are aimed to induce tumor cell death causing various levels of DNA
damage, these therapies might also affect resident MSC. Such resident
senescent MSC might exert “bystander” effects inside the tumor
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microenvironment through their capacity to lock immunocompetent
cells in a quiescent, non-proliferative state [25,26] thus helping tumors
to evade immune surveillance. In addition, the “bystander” senescent MSC
can promote an environment that supports tumor neovascularization and
metastasis through the release of angiogenic, migratory and anti-apoptotic
factors [27].

Indeed, senescence by replicative exhaustion or genotoxic stress
during ex vivo culturing imposes cell-autonomous and non-cell-
autonomous restrictions on MSC. These limitations encompass
signaling, metabolic and cytoskeletal changes, which ultimately result
in the diminished ability of MSC to cope with DNA damage and other
stressors. Reportedly these changes result in an inability to maintain the
structure and function of chromatin- a process indispensable for the
controlled execution of gene transcription program [10,28,29].

Here, we provide a detailed analysis of changes in secretory factors
that occur under conditions of genotoxic stress-induced senescence
of Human Adipose-derived Stem Cells (hADSCs). SMS composition
of hADSCs points to a subset of the factors exclusively secreted
by senescent cells that encompass key signaling pathways strongly
influencing immunomodulatory properties of MSC, tissue and organs
remodeling and paracrine ability to propagate senescent state.

Materials and Methods
Isolation, culture and characterization of hADSCs

hADSCs used in this research were obtained from a healthy adult
female donor (38 years old) undergoing routine liposuction procedures
at the University of California Medical Center, San Diego, CA. Isolation
protocol was approved by the local Ethics Committee and performed
as previously described [10]. hADSCs used in all experiments were
in accordance with the MSC minimal definition criteria set by the
International Society for Cellular Therapy [30]. Flow cytometric analysis
showed that the adipose tissue derived cells expressed CD29, CD73,
CD90 and CD105 but did not express CD11b, CD14, CD19, CD34,
CD45, CD80, CD86 and HLA-DR (antibodies from eBioscience, USA).
Morphological analysis showed that the cells presented a fibroblast-like
morphology, were plastic adherent and capable of differentiation under
in vitro conditions using commercially available differentiation medium
(Invitrogen, USA), differentiated into adipocytes and osteocytes.
The cells were grown in DMEM/F12 medium (Life Technologies).
Cumulative Population Doublings (PD) were calculated by summing
the population doublings (PD = log (N/NO) x 3.33, where NO is the
number of cells plated in the flask and N is the number of cells harvested
at this passage) across multiple passages as a function of the number of
days it was grown in culture as described in Ref. [10].

hADSCs culture and treatments

hADSCs populations between PD8-PD12 were used as Self-
Renewing (SR) cells for performing all experiments in StemPro MSC
SEM xeno-free medium containing 10% supplement (complete xeno-
free media) (Thermo Fisher Scientific). SEN hADSCs were obtained
by treating the hADSCs at PD9 with 50 pg/ml final concentration
of bleomycin diluted from 10mg/ml bleomycin stock in complete
xeno-free media for 2 hrs at 37°C as previously described (in [27,31]
and shown schematically in Figure 2A). Following the treatment, the
medium was aspirated, the cells were washed twice with PBS and fresh
complete xeno-free media was replaced. Cells were maintained in
culture for 5 days to achieve senescence and then analyzed.

Senescence-associated B-galactosidase assay (SA-p-Gal)

The pH-dependent senescence-associated P-galactosidase activity
(SA-B-Gal) assay was performed as described in the manufacturer’s kit
(BioVision) and previously published [10,27,29]. Briefly, the cultured
hADSCs were fixed in fixative solution for 15 min at room temperature,
washed twice with PBS and stained with X-Gal containing supplement
overnight at 37°C. Subsequently, the cells were washed twice with PBS,
mounted with 70% glycerol and the images were captured using a
microscope (Leica MC170HD Digital Camera, Germany).

Immunofluorescence staining

Immunostaining of the indicators of senescence p21WAFVCiP!,
pl6 and p53BP1, was performed as described previously [10,29].
Additionally, YH2AX staining was performed to assess DNA damage
and BrdU staining was used to quantitate the proliferating cells [10,29].
The antibodies used were p21"WAF/C?1(12D1), a rabbit monoclonal Alexa
Fluor 647 conjugated antibody and BrdU (Bu20a), a mouse monoclonal
antibody (Cell Signaling Technology, Danvers, MA), anti-phospho
histone YH2AX (Ser139) mouse monoclonal (Millipore) and 53BP1, a
rabbit polyclonal antibody (Bethyl Laboratories, Inc. Montgomery, TX).
Anti-CDKN2A/p16INK4a, IL-6, IL-8 and MMP13, rabbit polyclonal
antibodies and MMP1 (EP1247Y) and MMP3 (EP1186Y), the rabbit
monoclonal antibodies, were purchased from Abcam (Cambridge,
MA). Secondary antibodies used were Alexa Fluor 555 donkey anti-
mouse, Alexa Fluor 555 donkey anti-rabbit, and Alexa Fluor 488
donkey anti-rabbit (Thermo Fisher Scientific). 20,000 cells plated on
4-chamber slides in xeno-free medium overnight, were either treated
with bleomycin to generate senescent (SEN) hADSCs as described
above or left untreated (SR). Nuclear staining was performed with DAPI
and the slides were mounted using ProLong anti-fade mounting media
(Thermo Fisher Scientific). All imaging was done on Zeiss Axiolmager
M1 (Zeiss, Germany). Percent positive cell count for BrdU, p21WAF/Ciet
and yYH2AX was performed by counting DAPI-stained nuclei (n=200) in
3 randomly selected areas and positively stained cells for each antibody
were recorded within the selected areas and plotted as the percentage of
total DAPI-positive cells.

hADSCs culture in 3-D extracellular matrix (ECM) for
collection of trophic factors

SR or SEN hADSCs were cultured on sterile ECM-like 3D scaffolds
in 2-chamber slides following the manufacturer’s recommendations.
Briefly, ECM containing slides were rinsed twice with PBS and then pre-
incubated with PBS for 15 min at 37°C. PBS was aspirated and 10,000
cells were plated in each chamber (2500/cm?) in the xeno-free complete
medium. After 24 hrs in culture, 2.8 ml of the fresh xeno-free complete
medium was added to the cells. The conditioned medium was collected
at 48 hrs post-medium change. For medium only control, medium from
wells with no cells was collected at 24 hrs. Total Protein measurement
was performed in the collected media by Qubit protein assay using
Qubit 2.0 Fluorometer (Thermo Fisher Scientific).

Human cytokine array, densitometry data extraction and
analysis

The conditioned medium and composition of xeno-free medium
(baseline control) were analyzed by human cytokine array. Assays
for secreted human proteins were performed using human cytokine
antibody array C2000 (RayBiotech Inc. Norcross, GA) to detect
174 human proteins. All experiments were performed by following
manufacturer's instructions. Briefly, the array membranes were blocked
for 30 min at RT and incubated for 2 hrs at RT with 700 ul of conditioned
medium collected at 48 hrs containing 880 pg/ml (SR hADSCs), 1100
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pg/ml (SEN hADSCs) and 1150 pg/ml (no cell control) total protein.
After extensive washing to remove unbound proteins, membranes
were incubated with diluted biotin-conjugated antibodies overnight at
37°C, washed and incubated with HRP-conjugated streptavidin at RT
for 2 hrs. After repeated washes, each membrane was incubated with
chemiluminescence detection buffer for 2 min at RT. Signals were
visualized and digital images were captured for densitometry data
collection using Omega Lum C imaging system (Gel Company, San
Francisco, CA).

Spotsignal densitometry data and raw data extraction was performed
for no cell control, SR and SEN hADSCs from densitometry images using
LI-COR Image Studio Lite Software (LI-COR Biotechnology, Lincoln,
NE). Exposure time of 15 min was selected for imaging all samples, as it
provided a high signal/noise ratio. There were 2 experimental replicates
for each protein.

Protein expression quantification and statistical analysis

Raw expression values from blank (negative control), no cell
control (complete xeno-free medium only) and experimental groups
(SR and SEN) were first used to calculate the relative expression
levels. We used two approaches to calculate the relative protein
expression levels. The first approach involves a two-step - raw
relative expression calculation and z-score transformation. For

protein i from sample j, the raw relative expression d, were calculated
Sample, ; — Sample _blank, ’

" Yeno— freemedium, ; —xeno — freemedium _blank, ;

Z-score transformation was then applied to normalize the raw

d:._/ - AVgi,.
STDEV,

average and the standard deviation of ith protein. The second approach
calculates the relative expression of each protein based on the ratio
between the sample and complete xeno-free medium. For protein
i from sample j, the relative expression level r, were calculated as

relative expressionss, ; = , where Avg and STDEV, are the

Sample, | Sample _blank,

r,= - . . Z-score
7 xeno— freemedium, ; /xeno— freemedium _blank,

transformation was then applied to normalize the raw relative

. r,—Avg,
expressions: z,, =—,——"

, where Avg and STDEV. are the average
STDEV, i i

and the standard deviation of ith protein. A pseudo count of 0.5 has

been added to avoid dividing by zero for the relative expression level
calculation. We then assessed the statistical significance of changes
in protein expression levels between each experimental condition
against complete xeno-free medium control, using the two-sided, two-
sample t-tests. This test yields a P-value for comparing the protein
expression levels of each protein between each condition with a
complete xeno-free medium. The P-value was then log transformed

as: NLP=-log,, (P—value)_ For each of the experimental conditions,
we calculated average expression levels by taking the mean of the two
replicates: x = (xj"”’”"”"" + x[erticate )/2 . Similarly, we calculated the average
expression levels by taking the mean of the two medium-only replicates:
y=(yr e y)/2 The average log base 2 fold-change for each
condition versus the complete xeno-free medium was then calculated
as: FC = 10g2%. For the proteins that have statistically significant

changes between the experimental condition and the complete xeno-
free medium control, we also calculated the paired log2 fold-changes as:
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Figure 1: Bleomycin treatment triggers genotoxic stress-induced senescence of
hADSCs. A. The growth curve of hADSCs from a 38 years old female donor
is represented as cumulative population doubling (PD) over days in culture.
Self-renewing linear proliferation stage is shown in blue (SR) and stage when
hADSCs enter senescence post-bleomycin treatment is shown in red (SEN).
Senescence-associated -galactosidase (SA-B-Gal) staining for SR and SEN
population is presented. B,C,D Immunohistological comparison of self-renewing
(SR) and bleomycin-induced senescent hADSCs (SEN) following (B) 5’-bromo-
2'deoxyuridine (BrdU), (C) yH2AX and (D) p21WAF/Cr! staining in self-renewing
SR (left) and SEN populations (right) is shown. Nuclei were stained with DAPI
(blue) and the image examples at 10X and 20X magnification are presented
as indicated. The plots correspond to percent positive cells stained with BrdU,
YH2AX and p21WAFCet in 3 randomly selected fields (n=3) at 10x magnification
from 200 DAPI stained cells counted for each. Bars are the standard deviations
from the mean. Statistical significance (p-value, depicted as p) was determined
using a two-tailed unpaired Student’s t test.

replicate;

log, ‘MTW/ where y stands for the relative expression levels in xeno-
free medium, i stands for the experimental condition (i.e. i=1 &2) and j
stands for replicates (i.e. j=1,2).

Proteomic data for SMS factors

Proteomic data for upregulated SMS secretory factors and analysis
was obtained from Ref. [29].

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5460214/
bin/41514_2017_6_MOESM15_ESM.xlsx

Transcriptome analysis (RNA-seq)

Gene expression level of upregulated SMS factors was compared to
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the transcriptomic RNA levels for SR and SEN hADSCs following the
protocols described in Ref. [27]. 100 ng of total RNA of each sample
was used to construct libraries for sequencing on Ion Proton (Life
Technologies, USA) following the manufacturer’sinstructions. Sequence
reads were mapped to the reference human genome assembly hgl9
(GRCh37) using the Torrent Mapping Alignment Program (TMAP,
Life Technologies). The quality of the four condition-specific combined
RNA-seq runs was evaluated by comparing the expected counts of
ERCC spike-in RNA sequences, obtained from the manufacturer’s
website, against the observed counts of RNA-seq tags that map to the
same sequences as described in [27]. Initial gene expression levels were
taken as the sum of exon-mapped reads for individual NCBI RefSeq
gene models (c), and lowly expressed genes (read counts per million<1)
were removed from subsequent analyses. For each library, individual
gene expression levels were normalized using the beta-actin (ACTB)
expression levels (cACTB) and the total exon length 1 of each gene.
For library j, the beta-acting normalization factor sj was calculated as

Q"
72 et CacTB K
s, =—

; , and the final normalized expression value for gene i

Cucrs, )

ci.jxxj

in library j was calculated as ¢, ; =

. Differential gene expression
analysis between pairs of libraries was performed using the program
GFOLD v1.1.3 [32]. GFOLD was chosen based on its demonstrated
superior performance in characterizing differentially expressed genes in
the absence of replicate data sets. GFOLD analysis yields a score that
measures the extent of differential gene expression between conditions;
the recommended GFOLD score cut-off of + 0.01 was used to define
differentially expressed genes here. We employed a combination of two-
parametersin order to define differential expressionlevels between genes:
1) the difference in the number reads per kilobase per million mapped
reads (ARPKM) and 2) the expression fold-change (FC) level. This
approach controls for liabilities of each individual metric; in particular,
dRPKM is biased towards highly expressed genes, whereas FC is biased
towards lowly expressed genes. In this approach, dRPKM is defined as:
log, RPKM g, / RPKM s;,, , and FC is defined as: log, RPKM g, / RPKM ;. For

each locus, dRPKM and FC are plotted as a point in two-dimensional
Euclidean space, and the Euclidean Distance (D) between the origin and
the point is taken to represent the differential expression level. This
approach was used separately to evaluate the differential expression of
mRNAs [27].

Protein-protein network-based functional analysis

The proteins that were differentially secreted into the medium by SR
or SEN hADSCs at 48 hrs were characterized (Figure 6). The network
enrichment approach developed and applied here yields function-
specific sub-networks based on the functional interactions in the
STRING database, with edge confidence levels >0.4. For each set of
functionally annotated proteins, a Steiner tree was built. The Steiner tree
is the minimal spanning tree that connects all of the functionally annotated
seed proteins by introducing the fewest number of intermediate proteins
(i.e. Steiner nodes). The nodes are color coded to show the proteins secreted
at 48 hrs by SR (blue) or SEN (red) or both (blue and red) whereas the
Steiner nodes are represented in gray (for Ref. [29]).

Results

Bleomycin treatment triggers stress-induced

senescence of hADSCs

genotoxic

Initially we evaluated the induction of acute senescence in hADSCs

following the treatments with the genotoxic drug bleomycin as described
in Materials and Methods and in [10,29]. hADSCs are multipotent cells
of mesenchymal origin from the perivascular compartment. These cells
have finite self-renewing (SRhADSCs) properties when passaged ex vivo
[10] and undergo genotoxic stress-induced senescence upon treatment
with bleomycin which is characterized by the loss of proliferative
activity expressed as population doubling (PD) over time (Figure 1A)
and bromo-deoxyuridine incorporation (Figure 1B) as expected [27].
The number of BrdU positive cells drops to less than 2% suggesting the
lack of DNA synthesis (Figure 1B). Upon entering senescence, SEN
hADSCs enlarge, become more granular with increased lysosomal
content characterized by senescence-associated beta-galactosidase (SA-
B-Gal) (Figure 1A), and more than 93% of the cells contained unresolved
DNA damage marked by yH2AX foci (Figure 1C). Bleomycin treatment
triggers stress-induced senescence in hADSCs via p21WAFVCPl-p53 axis
acting upon cell cycle arrest (Figure 1D and Figure 4A and as described
in Ref. [7]).

These data demonstrate that exogenous stressor bleomycin triggers
a coordinated network of the effector pathways ultimately leading to the
senescence-associated cell cycle arrest.

Identification of unique composition of senescence messaging
system of hADSCs

Senescent cells are actively communicating with the neighboring
cells within tissues and organs by imposing senescence-specific
microenvironment. We then focused on the identification of proteins
exclusively present in hADSCs, the Senescence Messaging Secretome
(SMS) [33] (also known as Senescence-Associated Secretory Phenotype
(SASP) [12] and absent in the secretome of actively self-renewing SR
hADSCs (ex vivo). We collected the Conditioned Medium (CM) from
SR and SEN hADSCs grown in extracellular matrix (ECM)-like scaffold
as shown in cartoon Figure 2A. CM were analyzed by human cytokine
antibody array as described in Materials and Methods. Protein arrays
were designed to detect 174 proteins specifically selected for their role in
signal transduction pathways and intracellular signaling and included:
growth factors, cytokines, matrikines, chemokines, their receptors and
proteases [7]. The representative example is shown in Figure 2B. Spot
signal densitometry dataand raw data extraction was performed using LI-
COR Image Studio Lite Software (LI-COR Biotechnology, Lincoln, NE)
(shown in Supplementary Table 1). The protein secretion quantification
and statistical significance of the change in the protein secretion was
performed using two-sided, two-sample t-test as described in detail in
Materials and Methods. The analysis resulted in the identification of
proteins that are expressed above the background established as the
protein composition of the culturing media containing supplement
(no cell control), and we expressed each secreted protein level as the
log?2 fold-change relative to a baseline value which was derived from the
average signal for that protein across all samples (shown as heat map in
Figure 3A).

There are 49 proteins that are present in SR hADSCs CM and 79
proteins in SEN hADSCs CM that show statistically significant level of
the secretion above the background present in culturing media (no cell
control) (Figure 3B). Out of the 79 proteins present in SEN hADSCs,
only 39 proteins are uniquely present in the secretome of SEN hADSCs
and represent SMS of hADSCs under the condition of genotoxic stress
(Venn diagram in Figure 3B).

There are 40 proteins in common between the conditioned
media obtained from SR and SEN cells. Although these proteins are
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expressed at higher levels upon senescence of hADSCs, this set of
the proteins, in our opinion, is not qualified to represent senescence
messaging secretome (SMS) but could be included in senescence-
associated secretory phenotype or SASP. These include Activin A, DR6
(TNFRSF21), IL-8, MPC-1 (CCL2), MPIF, MMP1, MMP3, MMP9 as
well as IFN gamma, PECAM]1, IP-10 (CXCL10) that were previously
implicated to be exclusive properties of the SASP in normal endothelial,
epithelial and fibroblast cells and in Table 1 [11,12,14,34-37].

These data demonstrate significant differences in the composition

xeno-free medium

xeno-free medium exchange

SR-hADSCs

24 hrs 48 hrs

ECM-like scaffold

+bleo
xeno-free medium
SR-hADSCs

) 24 hrs
ECM-like scaffold 2hrs

xeno-free medium
exchange

i

k2
-
- -
k3 -

of SASP from the different models of cellular senescence.

Matrix metalloproteinases do not comprise unique

composition of SMS of hADSCs

hADSCs are associated with the vascular stroma where they
participate in the maintenance of the blood or lymphatic vessels
[38]. In addition, MSC from adipose tissue have shown to be
potent immunomodulators. During development angiogenesis and
adipogenesis are strongly related, and it comes as no surprise that
hADSCs secrete varieties of angiogenic factors [7]. Essential parts of

conditioned medium (CM) collection

and
microarray analysis
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exchange

SEN-hADSCs | mmml
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Figure 2: Experiment plan and human cytokine array data collection. A Schematic representation of the microarray experiment is shown. Self- renewing
(SR) (top) and bleomycin-induced senescent (SEN) hADSCs (bottom) were cultured on scaffold for collection of conditioned medium at 48 hrs for microarray
analysis as described in materials and methods. B A representative example of the cytokine array membrane is shown. The conditioned medium from
self- renewing (SR) or bleomycin-induced senescent (SEN) hADSCs collected at 48 hrs was subjected to human cytokine array. Example spots showing
upregulated proteins for SEN hADSCs are indicated by black boxes numbered from 1-8 and the corresponding names of the proteins are indicated on the right.
Spot signal densitometry data extraction was performed for each cytokine (2 replicates; black boxes), positive controls (6 replicates; green boxes), negative
controls (4 replicates; orange boxes) and blank controls (10 replicates; gray boxes) using LI-COR Image Studio Lite Software.

J Stem Cell Res Ther, an open access journal
ISSN: 2157-7633

Volume 7 » Issue 8 + 1000396



Citation: Gaur M, Wang L, Amaro-Ortiz A, Dobke M, King Jordan |, et al. (2017) Acute Genotoxic Stress-Induced Senescence in Human Mesenchymal
Cells Drives a Unique Composition of Senescence Messaging Secretome (SMS). J Stem Cell Res Ther 7: 396. doi: 10.4172/2157-

7633.1000396

Page 6 of 13

this angiogenic program secreted by ADSCs are metalloproteinases
(MMPs) [39,40], which degrade several ECM proteins, including
fibronectin, collagen and elastin. MMP3 can also participate in
activation of MMP1 and MMP9. Contrary to the observations of
mouse and human somatic cells SASPs, genotoxic stress-induced
senescence of hADSCs only partially upregulates the secretion of the
MMPI1, MMP3 and MMP9 and therefore cannot be referred as unique
signature ADSC SMS (Figure 4).

However, under the physiological conditions all MMPs are
initially produced in a latent form that require activation [41-43], and
consequently, all MMPs are inhibited by a group of catalytic inhibitors
TIMPs [42]. TIMP2 and TIMP4 are found to be secreted only by SR
hADSCs (Figure 3B) and might potentially participate in the inhibition

of MMPs function [43].

Our data corroborate the previous observations on detection of
the matrix metalloproteinases in conditioned medium of actively
self-renewing hADSCs [39,40] and further suggests a caution against
including MMP1, MMP3, MMP9 and MMP13 as unique components
of SMS or SASP.

Correlation of SMS components with transcription activity of
their genes and intracellular protein levels

Many reports draw a direct correlation between upregulated levels
of mRNA, abundance of intracellular proteins and SASP [12,34]. We
further deployed the analysis of the previously published transcriptomic
[27] and cellular-content proteomic [29] data to establish a correlation
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Figure 3: Comparison of secretory protein levels between self-renewing (SR) and senescent (SEN) hADSCs. A Heat map of secreted proteins at 48 hrs from
SR and SEN hADSCs is presented. In the heat map shown, the columns correspond to the two replicates and the rows correspond to each of the up-regulated
proteins with p-value < 0.05. The color in each cell represents the paired log, fold-change. Red color represents relatively higher expression levels for a given
protein while black color represents expression levels close to the average expression level for a given protein under the condition tested. Protein clusters were
sorted based on the hierarchical clustering on the z-score transformed relative expression values. B Venn Diagram showing the SMS factors present in the
conditioned media collected at 48 hrs from SR and SEN hADSCs. The factors that were exclusively secreted by SR (blue) and SEN (red) hADSCs are listed.
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with SMS production and transcriptional activity related genes as well
as their translation. Overall, three categories can be established for the
prominent human SMS factors. First, SMS factors which are upregulated
on the transcriptional level and secreted without intracellular protein
accumulation. A representative example of CCL5 (RANTES) is
shown in Figure 5A. Second, SMS factors which are characterized
by decreased transcription upon senescence but featuring robust,
statistically significant upregulation on the translational level as noted
but increased in intracellular protein accumulation. Examples include
IGF-1 and IL-6 (Figure 5B and 5C). The third group encompasses
the components of SMS that do not display the upregulation on the
transcriptional level and we did not observe any statistically significant
changes in the extracellular protein levels in this group. A representative
example, ICAM-1, is shown in Figure 5D.

Overall our data demonstrate no direct regulatory relationship
between transcription of the SMS gene and secretion of these proteins.
We did not observe a universal coordinated increase of expression in
SMS factors on the gene transcription level upon induction of genotoxic
stress-induced senescence in hADSCs, as previously described for
mouse and human somatic cells [34], suggesting that induction of the
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secretion of unique protein components of SMS in human adult stem
cells might be more complex than previously anticipated.

Network-based functional enrichment analysis of secreted
proteins

Since several secreted proteins are co-expressed at different levels
upon SR and SEN in hADSCs (Figures 3 and 4), one might expect that
they jointly regulate distinct molecular pathways not only during SR
and SEN stages but also co-regulating the same pathways. With this in
mind, we developed a network-based functional enrichment analysis
method to visually elucidate the potential roles of, and interactions
among, integrated molecular networks of potentially functionally
related genes secreted in SR and SEN hADSCs (see Materials and
Methods for details on the network analysis).

The proteins secreted in SR and SEN were interrogated based on
their functional annotations and used to seed the network analysis
[44]. To identify functional interactions among the corresponding
secreted protein, we then linked these genes in a network by edges that
represent known relationships between the genes based on a variety of
functional interactions, such as physical protein-protein interactions,

IL-8 53BP1

Merge

Figure 4: Self-renewing (SR) and senescent (SEN) hADSCs express matrix metalloproteinases. A Immunofluorescence staining of senescent (SEN) hADSCs
showing expression of p16, p21, IL-8 and 53BP1 (top) and co-localization with angiogenic factors IL-6, MMP3, MMP1 and MMP13 (middle) respectively. The
bottom row represents the merged images. B Heat map showing a comparison of the secretory matrix metalloproteinases levels between self-renewing (SR)
and senescent (SEN) hADSCs at 48 hrs. The columns are corresponding to the two experimental replicates and the rows represent the up-regulated proteins
with p-value < 0.05. The color in each cell represents the paired log, fold-change. Red color represents relatively higher expression levels for a given protein
while black color represents expression levels close to the average expression level for a given protein under the condition tested. Protein clusters were sorted
based on the hierarchical clustering on the z-score transformed relative expression values.
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gene co-expression and text mining co-relationships. Genes that do not
have any direct known relationships of this kind are transitively linked
via the minimum number of possible intermediate gene nodes, some of
which are not a component of the secretome. The intermediate nodes,
so-called Steiner nodes are shown in gray in Figure 6 and described in
Materials and Methods.
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Figure 5: Correlation of SMS components at transcriptomic and proteomic levels.
A,B,C,D The plots are representative examples of SMS factors analyzed from
SR (blue) or SEN (red) hADSCs. The SMS proteins comprised of 3 categories.
A Proteins upregulated at transcriptomic level but low intracellular protein level
was detected (CCL5). B,C Decreased transcription but increased accumulation
of protein was detected under senescence (IGF-1 and IL-6). D No significant
changes in transcriptomic or proteomic levels (ICAM-1). Statistical significance
(p-values, depicted as p) was determined using a two-tailed unpaired Student’s
t test (significance < 0.05).

The network functional enrichment analysis resulted in clearly
defined function-specific sub-networks, along with the inter-
relationships between these two conditions SR and SEN (Figure 6). The
coalescence of proteins into discrete sub-networks supports their close
functional relationships and tight interactions. Our analysis indicates
several central nodules of these sub-networks that are regulated
exclusively by components of the SMS, such as IGF-1, EGFR, VEGFR,
IL-2, IL-4,IL-10 and ICAM-1.

Considering that we started with a very small number of the
secreted proteins, the large network of functionally related clustered
genes identified by this method is surprising but immediately apparent.
These data indicate that SMS components act upon already established
by self-replicating hADSCs secretory molecular pathways, and
represent distinct central nodules that can be subjected to precision
targeting in the therapeutic interventions.

SMS composition conservation in the different models

It was previously reported that mouse and human SASPs (SMS)
showed substantial qualitative and quantitative conservation for
the cell cultures under the physiological conditions [34]. To better
understand the SMS and its conservation among different models of
stress—induced senescence we compared previously reported SASP
[11,12,14,35,36] and SIR [37] compositions to the composition of
unique SMS of hADSCs (Table 1). Out of 70 proteins representing
SASP composition in normal endothelial, epithelial and fibroblast
cells [18] only 13 proteins BMP6, CCL1, CCLS8, Eotaxin 3, FAS, HGF,
ICAM-1,IGF-1,1L-6,1IL-13,IL-15, NAP-2 and TGF-[31 are in common
with hADSCs SMS. There are only two proteins ICAM-1 and IGFBP-4
out of 59 reported SIR components [18] in common with SMS of
hADSCs.

Our data indicate that there is no large scale overlap in the
components of the SMS (SASP/SIR) derived from different models of
senescence and suggests that these differences might, indeed, impact
the consequences of the paracrine or systemic influence of senescent
cells within organ and tissues.

Discussion

hADSCs have shown great potential in numerous pre-clinical
and clinical studies for a wide variety of pathological conditions and
diseases [7], leaving physicians and stem cell researchers interested
in understanding the mechanistic underpinnings responsible for
successful outcomes of cell therapies. These mechanisms are not
yet fully understood along with the lack of a comprehensive picture
related to the physiological role of the native MSC in the processes
of regeneration, and tissue and organ homeostasis. In light of their
physiological functions and high therapeutic potential in treatments
of numerous diseases such as cancer, tissue injury, and autoimmunity;
the understanding of MSC’s response to genotoxic insults as well as
natural and/or exogenous stressors that can induce senescence is of
great interest [7,21-23]. The drawbacks of MSC senescence in tissue
and organ homeostasis could be twofold: 1) a loss of tissue repair
capacity due to diminishing self-renewal (pool preservation impact)
and differentiation (tissue imbalance) caused by the cell cycle arrest; 2)
a microenvironment modulation by senescent MSC due to secretion of
pro-inflammatory and matrix-degrading molecules, which, if escalated,
might have a significant local or systemic impact on overall organism
homeostasis. The open question is whether the genotoxic stressors such
as bleomycin can influence hADSCs senescence-associated secretory
broadcast. Our study was aimed to investigate the changes in the
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Table continued:
SMS SIR SMS SMS SIR SMsS
Replicative, Genotoxic and OIS Genotoxic Genotoxic Replicative, Genotoxic and OIS Genotoxic Genotoxic
[18] [18] [18] [18]
BMP6 BMP6 GMCSF IL-1RN
CccL1 CCLA1 Gmfg ISG15
CCL8 CCL8 Heregulin ltga2
Eotaxin 3 Eotaxin 3 ICAM-3 Lass3
FAS FAS IGFBP-1 Lpo
HGF HGF IGFBP-2 Mapk11
ICAM-1 ICAM-1 ICAM-1 IGFBP-6 Mif
IGF-1 IGF-1 IGFF-2R Msx2
IGFBP-4 IGFBP-4 IL-1a MX1
IL-6 IL-6 IL-1b MX2
IL-13 IL-13 IL-7 NXN
IL-15 IL-15 Inhibin A OAS2
NAP-2 NAP-2 IQGAP2 OAS3
TGFb1 TGFb1 ltga2 OLR1
Activin A Atf5 CCL5 Itpka Phida1
Amphiregulin Ccdc33 CCL17 Jun Pla2g2a
Angiogenin CD9 CCL27 Mif Pla2g2f
Axl CD14 CSF1 MMP1 Prss22
bFGF CD276 CXCLM11 MMP2 PTGES
BMP2 CD40 Eotaxin 2 MMP3 Rel
CCL2 Cpa2 FGF-6 MMP10 Runx1
CCL3 CXCLA1 FLT4 Osteoprotegerin SLC7a11
CCL7 CXCL3 GDNF PAI1 Sox17
CCL13 CXCL5 ICAM-2 Pecam1 Sox4
CCL16 CXCL9 IL-2 PIGF Tirap
CD9 CXCL10 IL-3 PTGES TLR1
CD55 ETV5 IL-5 RPS6ka5 TLR2
CSF2 Faim2 IL-10 Timp2 TNFRSF19
CSF2RB Fam129a IL-16 uPAR TNFRSF8
CXCLA1 Hamp KITLG VEGFa Tnip2
CXCL5 Hif3a L-Selectin VEGFc USP18
EGFR IFIT1 LAP Wnt2 Xaf1
ENA78 IFIT2 Leptin
Epiregulin IFIT3 Leptin R
Ets2 IFITM3 PDGF AB
FGF7 IGF2BP1 PDGF BB
GCP2 IGFBP1 PRL
GDF 15 IL-1a TGFb2
GEM IL-1f9 TNFSF14

Table 1: SMS composition in different models of senescence. Comparison of previously reported SMS [18] to SMS of adipose-derived mesenchymal stem cells induced
to acute senescence by genotoxic stress. Column one lists SMS of normal endothelial, epithelial and fibroblast cells reported in [11,12,14,35,36]. Column two shows the
Senescence-associated Inflammatory Responses (SIR) from the intestinal cells [37]. The third column from the left-SMS from the adipose-derived mesenchymal stem cells

induced to senescence by bleomycin. Common proteins are highlighted in bold red.

secretory properties of hADSCs induced by this treatment.

In this manuscript we describe the composition of soluble
factors that are uniquely produced by hADSCs under conditions
of genotoxic stress-induced senescence, referred in this manuscript
as Senescence Messaging Secretome (SMS). We not only disclose a
unique composition of SMS broadcast from hADSCs and remarkable
interconnectivity of its paracrine circuit (functional network) but
also suggest multifaceted consequences of such broadcast altered by
chemotherapeutic drug secretory output of hADSCs on the tissue and
organs microenvironment. The results of our investigations imply that
this SMS output can interfere with therapeutic interventions on several
levels, and can act not only locally, but also systemically.

First, is an ability of reported senescent secretome component to

influence ECM remodeling. The increase in secretion of MMP1, MMP3
and MMP9 and absence of their inhibitors TIMPs might directly
trigger ECM degradation [41-43,45]. In hADSCs SMS, the presence of
mitogenic growth factors such as transforming growth factors (TGF p1
and [2), basic Fibroblast Growth Factor (FGF-6), Hepatocyte Growth
Factor (HGF), Vascular Endothelial Growth Factor (VEGF), Insulin-
like Growth Factor -1 (IGF-1), and Platelet-derived Growth Factors
(PDGF) as well as number of cytokines (shown in Figure 3) suggests
that the senescence-triggered cellular communication could result in
an increase in fibroblasts, keratinocytes, epithelial and endothelial cell
division, migration or differentiation, thus triggering ECM remodeling
[46-50].

Second, several factors of hADSCs SMS can have a substantial
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Figure 6: Protein-protein interaction network analyzed by STRING software. Functional relationships of SMS proteins analyzed from SR and SEN hADSCs at 48 hrs
is shown. The association of proteins into discrete sub-networks supports their close functional relationships and tight interactions in the Steiner tree. Nodes are color
coded to show secreted proteins by SR (blue) or SEN (red) or both (blue and red) at 48 hrs whereas the Steiner nodes are represented in gray.

impact on immune regulations and provide immunomodulation for the
components of innate or adaptive (or both) immune system. There is
overwhelming evidence that MSC in their natural environment secrete
both pro-and anti-inflammatory cytokines as well as their antagonists
[51]. Such secretions triggered cellular communication circuitry and
have been shown to provide sophisticated signaling guidance to many
immune cells, including T cells, natural killer cells, B cells, monocytes,
macrophages and dendritic cells [25,47,52-54]. hADSCs senescence
considerably alters the composition of SMS and this alteration might
result in an impairment or enhancement of the immunomodulatory
properties. For instance, leptin functions as a modulator of both innate
and adaptive immunity [55,56]. This protein affects innate immunity by
regulating the function and immune activity of mast cells by increasing

their survival rate and migration. In adaptive immunity, leptin has been
shown to promote generation and survival of T cells by reducing their
apoptosis. Leptin also promotes increased expression and secretion
of interferon-y (IFN-y), thus stimulating the Th17 development and
responses. However, leptin acts as a negative effector of the expansion
human regulatory T cells (Treg) [57]. These observations, together
with the ability of leptin to activate secretion of TNF-a, IL-6 and IL-
10 in B cells suggests that this prominent component of ADSC SMS
functions as a potent proinflammatory mediator relevant to numerous
immunological outcomesin developmentand disease. Another example
is the intracellular adhesion molecule-1 (ICAM-1), which is among the
unique secretory output of SEN ADSCs. ICAM-1 is a member of the
immunoglobulin superfamily [58] and its membrane-bound isoform is
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widely known for its functions in adhesion and trafficking of immune
cells across the blood vessels during all inflammatory responses [58-
60]. ICAM-1 is expressed on a wide range of immune cells such as
monocyte-macrophage lineage cells, B-lymphocytes, plasma cells
and on activated and memory T cells where it functions to mediate
immune synapses thereby initiating the signaling pathways for the
major histocompatibility complex (MHC-I and MHC-II) molecules.
However, it also exists in the soluble form, SICAM-1. Soluble ICAM-
1 is capable of binding to Lymphocyte Function associated Antigen-1
(LFA-1) molecules, and production of SiCAM-1 is therefore thought to
have immunomodulatory consequences. The experiments in SICAM
transgenic animal models indicate that soluble ICAM interferes
with ICAM-1 mediated cell-cell interactions and produces immune-
suppressant effects [61] suggesting its potential role in the SMS-
mediated regulation of immunity.

Third, is the ability of senescent cells to activate self-amplifying SMS
network in which SMS secreted factors can reinforce and propagate
senescence in an autocrine and paracrine manner [7,13,36] setting
a stage for cross-talk between senescent cells and their environment
and depicted in Figure 7. For example, it has been demonstrated that
prominent SMS component observed in our studies NAP-2 (PPBP)
and leptin can act synergistically and promote/reinforce senescence in
MSC through the enhancement of the Pi3K/AKT signaling pathway
and are involved in the pathogenesis of systemic lupus erythematosus
(SLE) (Figure 7, left side) [62]. In addition, several soluble factors such
as IGFBP-7 [63], PAI-1 [64], IL-6 and CXCR2-binding chemokines
(such as IL-8 or GRO«) [11] can reinforce senescence. It was also
demonstrated that senescence could extend the “footprint” of growth
arrest to normal or pre-malignant neighboring cells (Figure 7, right
side). The paracrine senescence can be transmitted by a number of
the factors including ligands of TGFy and BMP branches that mediate
changes in the transcriptional program through the SMAD family
members SMAD2/3 and SMAD1/5 [36]. These ligands include TGFf1,
BMP6, BMP2, Inhibin A, VEGF, MCP-1 (CCL2), CCL20 and GDF15
[36] and are abundantly present in the secretory output of the hADSCs.
Similarly, then another prominent component of hADSCs SMS,
insulin-like growth factor binding protein 4 (IGFBP-4), a key regulator
of the IGF signaling pathway, has shown to promote senescence in
the early passages of self-renewing MSC [65]. However, the levels of
soluble factors, gradients of their concentration, as well as an ability
of different cell types to read such transmitted SMS would influence
whether or not cells undergo paracrine senescence in vivo, reviewed
in detail [7].

Remarkably, detailed analysis of the different SMS revealed that
broadcast from senescent cells is not “one-size-fits-all”. Important to
the subject of this discussion is a notion that one of the key issues in
autocrine and paracrine cell communication is related to the time and
quantitates of secreted signals, as well as a length of the exposure to
the signal [66]. The SMS as any communication system is not a static
but rather a well-controlled and dynamic process. It is highly probable
that SMS signals vary with time and include not only an autocrine
feedback loop but also an ability of senescence cells to “listen” to the
environment and respond to it by adjusting or spatially restricting SMS
secretory output (schematically shown in Figure 7 and discussed in
details [33].

Taken together these observations suggest that SMS could exert
more complex physiological roles in the context of tissue homeostasis
than are currently understood. The complexity of hADSCs SMS may
provide a biochemical framework for understanding several intriguing
questions related to the previously reported quite contradictory
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Figure 7: Active communication of the senescent cells with their
microenvironment through the SMS. Senescent cells secrete a plethora of
factors as a part of senescence messaging secretome (SMS). This factors to can
reinforce the establishment of the senescence in the cell-of-origin in autocrine
manner (left panel). The senescent cells can also trigger the microenvironment
modulation by acting upon extracellular matrix and on the neighboring cells
via secretion of wide array of the growth factors, cytokines, chemokines and
receptor decoys (center). SMS also could lead to establishment of senescence
in neighboring cells in a paracrine manner (right panel). Increasing “senescence
footprint” in tissue and organs can lead to further amplification of the SMS and
might enhance the transformation of tumor-predisposed cells.

effects of MSC on tumor progression, where both tumor-promoting
and tumor-suppressive responses were reported [67]. Our data might
provide a plausible explanation and suggest a testable hypothesis
for careful investigation of the interconnected relationship between
senescent MSC (naive or therapeutically-delivered) and tumor
cells to resolve this controversy. The impact of other chemotherapy
treatments on the secretory behavior of MSC and their function should
be carefully considered with respect to the risk of interference with
therapeutic endpoints and developing the adverse reactions. Moreover,
the predisposition of MSC to stress-related senescence should be
carefully evaluated in regenerative approaches that involve ex vivo cell
expansion, prolonged stem cell storage (cryopreservation) and genetic
and/or chemical manipulation.

Our data also highlight the plausible therapeutic potential of
the ex vivo bleomycin-treated hADSCs and it’s SMS. While it might
represent an undesirable effect in some strategies, for instance upon
bleomycin-containing chemotherapies, the described hADSCs SMS
may be used as therapeutics and be beneficial for the removal of
excessive depositions of collagen desired to counteract connective
tissues disorders and fibrosis.
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