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Abstract

The role of Ras-Mitogen-activated protein kinase (MAPK) signaling in cellular aging is not precisely understood. Recently, we identified
Sproutyl (SPRY1) as a weight-loss target gene in human adipose stem/progenitor cells (ASCs) and showed that Sprouty1 is important for
proper regulation of adipogenesis. In the present study, we show that loss-of-function of Sprouty1 by CRISPR/Cas9-mediated genome editing
in human ASCs leads to hyper-activation of MAPK signaling and a senescence phenotype. Sprouty1l knockout ASCs undergo an irreversible
cell cycle arrest, become enlarged and stain positive for senescence-associated B-galactosidase. Sprouty1 down-regulation leads to DNA double
strand breaks, a considerably increased number of senescence-associated heterochromatin foci and induction of p53 and p21*'. In addition,
we detect an increase of hypo-phosphorylated Retinoblastoma (Rb) protein in SPRY1 knockout ASCs. p16"™4* is not induced. Moreover,
we show that Sproutyl knockout leads to induction of a senescence-associated secretory phenotype as indicated by the activation of the
transcription factors NFkB and C/EBPB and a significant increase in mRNA expression and secretion of interleukin-8 (IL-8) and CXCL1/
GROou. Finally, we demonstrate that adipogenesis is abrogated in senescent SPRY1 knockout ASCs. In conclusion, this study reveals a novel
mechanism showing the importance of Sprouty1 for the prevention of senescence and the maintenance of the proliferation and differentiation
capacity of human ASCs.
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Obesity is a world-wide public health issue (1) that increases the
risk of illness and shortens life span (2,3). This metabolic disorder
is characterized by an excessive increase in white fat mass re-
sulting in dysfunctional adipose tissue. The gain of adipose tissue
mass is achieved due to an increased size of adipocytes (hyper-
trophy) and to proliferation and differentiation of adipose stem/

© The Author(s) 2020. Published by Oxford University Press on behalf of The Gerontological Society of America.

progenitor cells (ASCs) generating new adipocytes (hyperplasia)
(4,5). While the detrimental effects of obesity are not completely
understood, increasing evidence suggests that it may accelerate the
aging process (6-8). Obesity is linked to cellular aging (7) and
age-related diseases (6-8). Moreover, it has been shown that adi-
pose tissue dysfunctions correlate with aging and are associated
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with increasing numbers of senescent ASCs and aged adipocytes
(7,9-13).

According to the current model, cellular senescence is defined
as a permanent cell cycle arrest that is induced when cells are
exposed to various stress signals (premature senescence) or are
reaching the end of their replicative life span (replicative senes-
cence) (14). This cell state plays an important role in organismal
aging, tumor suppression, tissue homeostasis, and development
(14-16). Cellular senescence is a multistep process established
by the activation of the pl6"“ and/or the p53/p21¢*! path-
ways and the Retinoblastoma (Rb) family proteins, whereas
other mechanisms might exist. Senescent cells are characterized
by features such as a flat morphology in culture, senescence-
associated B-Galactosidase (SA B-Gal) positivity, the appearance
of senescence-associated heterochromatic foci (SAHF), and the se-
cretion of a distinct pattern of factors, known as the senescence-
associated secretory phenotype (SASP) (14,17). Depending on the
exact composition, SASP factors can exert deleterious effects in
an autocrine, paracrine, and systemic manner and contribute to
the aging process (17).

Interventions to treat obesity reduce fat mass, promote lon-
gevity in animal models (18,19) and elicit health benefits in humans
(2,3,20,21). Mechanisms on how weight-loss (WL) interventions
improve health span are a current focus of obesity and aging re-
search. Especially their impact on ASCs is little understood. We have
shown that WL reduces the adipogenic activity, protects against
DNA-damage, and extends the replicative life span of human ASCs
(22) and identified WL-target genes in these cells (9,23,24). One
of these genes, which is upregulated in ASCs of formerly obese
people, is SPRY1 encoding for Sprouty1, a negative regulator of the
Ras-Mitogen-activated protein kinase (MAPK) pathway (23,25).
The activity of this pathway is triggered by binding of mitogens
or growth factors to appropriate receptor tyrosine kinases (RTKs)
followed by receptor autophosphorylation and recruitment of
adaptor proteins that facilitate phosphorylation events leading to
activation of the MAPK extracellular signal-regulated kinase 1/2
(ERK1/2) (26,27). Nuclear translocation of phosphorylated ERK
enables the activation of certain transcription factors and induc-
tion of genes required for cell proliferation, differentiation and
other processes (26,27). The transient nature of the signal relayed
is maintained by negative feedback-loops (26). The induction of
the repressors of the Sprouty family allows a time delay and modu-
lation of ERK1/2 dynamics (26). They are expressed in response
to MAPK signaling and intercept this pathway at various nodes
(28). Sproutyl (SPRY1) has been demonstrated to play a role in
adipose tissue (29). Moreover, it was demonstrated that Sprouty1
is important for switching between proliferation and quiescence in
muscle stem cells in order to maintain the self-renewal capacity of
this cell type throughout life (30-33).

We recently showed that Sproutyl is necessary for proper
regulation of adipogenic differentiation in ASCs (23). Since WL
postpones replicative senescence in human ASCs (22) and the
MAPK-pathway plays an important role in the regulation of cell
proliferation and senescence (34,35), the objective of this study
was to analyze whether Sproutyl is linked to cellular senescence
in human ASCs. By employing a CRISPR/Cas9-mediated loss-of-
function approach, we demonstrate that Sprouty1 depletion leads
to augmented MAPK activation, cessation of cell cycle progres-
sion, the induction of a cellular senescence phenotype, and inhib-
ition of adipogenesis.

Materials and Methods

Ethics Declaration and Donor Characteristics
Subcutaneous white adipose tissue (sSWAT) samples were obtained
from patients undergoing routine elective plastic abdominal sur-
gery at the Institute for Plastic and Reconstructive Surgery (Medical
University of Innsbruck, Austria). All patients gave their informed
written consent. The study protocol was approved by the Ethics
Committee of the Medical University of Innsbruck (Austria) ac-
cording to the Declaration of Helsinki. For this study, sWAT
samples of 7 = 13 healthy donors of Caucasian origin were used
(Supplementary Table 1).

Isolation of Human Adipogenic Stromal/Progenitor
Cells (ASCs) and Cell Culture

ASC isolation and cultivation was done as described in our previous
study (23).

Cloning Procedures

CRISPR/Cas9-encoding vectors targeting SPRY1 were generated in
accordance with the Genome-Scale CRISPR Knock-Out (GeCKO)
protocol (36,37). Sequences of DNA oligos required for cloning into
the linearized lentiCRISPR.v2 vector (Addgene plasmid # 52961;
http://n2t.net/addgene:52961; described in Ref. (36)) are given in
Supplementary Table 2. As a negative control, a CRISPR/Cas9 target
sequence against the Green Fluorescent Protein (GFP), which has no ef-
fects on the human genome (38,39), was cloned into the lentiCRISPR.
v2 vector (Supplementary Table 2). All plasmids were amplified in
Escherichia coli Stbl3 bacteria. Endotoxin-free plasmid preparations
for transfection were gained using the EndoFree Plasmid MaxiKit
(Qiagen) or the GeneJET Endo-free Plasmid Maxiprep Kit (Thermo
Scientific) according to the manufacturer’s protocol. For RNA
interference-mediated gene silencing, a set of five pLKO.1 plasmids
encoding different shRNAs targeting the human SPRYT gene were pur-
chased from a commercial supplier (Dharmacon, TRCN00000 5693-3
to -7; in this study: TRCN00000 5693-35 is referred to as shARNA#1, -6
is referred to as shRNA#2) and tested previously (23). For comparison,
an appropriate nontargeting control was used (24).

Generation of Lentiviral Particles

Lentiviral particles for gene transduction were produced and titrated
as previously described (24,40). Lentiviruses were stored at -80°C
until use.

Infection of ASCs

ASCs were infected with the given lentiCRISPRv2 viruses and selected
by antibiotic resistance as previously described (23). Lentivirus-
transduced ASCs were Puromycin-selected (2 pg/mL) for at least 3 days.
Subsequently, the entire cell population was used for the analysis.
Transduction efficiency of lentiviruses expressing the CRISPR/Cas9
knock out system was routinely confirmed by transducing a U20S cell
line stably expressing GFP — LC3 with the lentiCRISPRv2 expressing
gRNACtr targeting green fluorescent protein (GFP). After cell transduc-
tion followed by Puromycin selection, gRNA targeting GFP abolished
GFP fluorescence in > 90% of the U20S — GFP — LC3 cells.

Differentiation of ASCs
ASCs were seeded in six-well plates at a density of 2 x 104 cells/cm?
followed by adipogenic differentiation as described in Ref. (9).
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Quantification of Intracellular Lipids

Intracellular lipids were stained with Oil Red O (ORO) as de-
scribed in Ref. (9). For quantification, ORO was redissolved with
1 mL Isopropanol for 30 minutes and absorbance was measured at
570 nm.

Western Blot Analysis

Western blotting was performed as described previously (23).
Primary antibodies are listed in Supplementary Table 3. To ensure
equal loading of samples, PVDF membranes were incubated with a
[-Actin antibody (1:100,000; Sigma—-Aldrich, AC-15, #A5441) for 1
hour at room temperature. Appropriate secondary HRP-conjugated
antibodies (Anti-Mouse IgG, #W402B, Promega; Polyclonal Swine
Anti-Rabbit IgG, #P0399, DAKO) were diluted 1:5,000 and ap-
plied for 1 hour at room temperature. Densitometric quantification
of X-ray films was performed using Image] software (version 1.47,
National Institutes of Health, USA).

Immunocytochemistry

ASCs were seeded on sterile cover slips (diameter 15 mm) placed
in six-well plates at a density of 2,600 cells/cm? in ASC2 medium.
Next day, the supernatant was replaced by PM4 growth medium and
the cells were cultured for 3 days. Subsequently, cells were washed
twice with ice-cold PBS and fixed with 4% w/v Paraformaldehyde/
PBS for 20 minutes at room temperature. Permeabilization of cells
was achieved by treatment with Permeabilization buffer (0.5%
Triton-X100 and 0.1% Sodium citrate in PBS) for 5 minutes on
ice followed by blocking of unspecific binding sites with 1%BSA/
PBS for 10 minutes. Antibodies (anti- y -H2A.X, Abcam, #ab18311;
anti-Ki67, Thermo Scientific, #RM-9106-S0; anti-p65, Santa Cruz
Biotechnology, #sc-372) were diluted 1:100 and applied overnight.
Cover slips were washed three times with 1%BSA/PBS and incu-
bated with the secondary antibody (Goat Anti-Rabbit IgG Alexa
Fluor 488, Invitrogen) diluted 1:300 for 1 hour at room tempera-
ture. An appropriate control staining without primary antibody
was used as negative control to confirm specificity of the signal.
4’,6-Diamidin-2-phenylindol (DAPI) was used for counter-staining
to visualize cell nuclei. Finally, cover slips were washed twice in
1%BSA/PBS and PBS, respectively, and mounted. Images were taken
using a CellVoyager CV1000 Imaging System (Visitron Systems).

5-Bromo-2’-deoxy-uridine (BrdU) Incorporation Assay

To determine ASC proliferation, cells were seeded in 96-well plates
(ASC medium supplemented with 10% fetal calf serum [FCS]) at
a density of 5.3 x 103 cells/cm? and allowed to attach overnight.
BrdU labeling was performed in PM4 medium using the 5-Bromo-
2’-deoxy-uridine Labeling and Detection Kit III (Roche) in ac-
cordance with the manufacturer’s protocol. Optical density was
measured after 4 days of incubation using a plate reader (Infinite
M200, TECAN).

Growth Curves

ASCs were seeded in six-well plates at a density of 5 x 103 cells/cm?
(ASC medium supplemented with 10% FCS) and allowed to attach
overnight. Next day, the supernatant was replaced by fresh PM4 me-
dium. This time point was referred to as day 0. For counting, three
wells were harvested by trypsinization at each time point. Viable
cells of each well were counted twice using a Neubauer chamber in
conjunction with Trypan blue exclusion.

Senescence-Associated (SA) p-Galactosidase (p-

Gal.) Staining

ASCs were seed in six-well plates at a density of 5 x 103 cells/
cm? (ASC medium supplemented with 10% FCS) and incubated
overnight. On the next day, the supernatant was discarded and
replaced by PM4 medium. ASCs were cultured for one additional
day and subjected to SA B-Gal. staining as described previously
(9). Subsequently, microphotographs were taken and cells were
counted using Image] software (version 1.47, National Institutes
of Health).

Mutation Detection Assay

To determine the extent of CRISPR/Cas9-mediated mutation of
the SPRY1 gene, the Guide-it Mutation Detection Kit (Takara
Bio USA, Inc.) was used according to the manufacturer’s guide-
lines. The appropriate genomic locus was amplified by a three-step
PCR with the following primer pair (CRISPR/SPRY1_Detection_f:
ATCAAGGCCATAAGAGGCAGC;  CRISPR/SPRY1_Detection_r:
AGTTAGACCTTGGCAACAGGG) as  described by  the
manufacturer’s instructions. PCR- and cleavage products were dis-
solved onto a 2% Agarose/TAE gel containing Midori Green and
visualized by a transiluminator.

Gene Expression Analysis

Gene expression was analyzed as described previously (24). The
RNeasy Plus Micro Kit (Qiagen, #74034) was used to isolate total
RNA in accordance with the manufacturer’s protocol. cDNA syn-
thesis was performed using the First Strand ¢cDNA Synthesis Kit
(Thermo Scientific, #K1622) as described in the supplier’s guidelines.
Primer sequences for quantitative real-time polymerase chain reac-
tion (QPCR) are given in Supplementary Table 4. Gene expression
was measured with a LightCycler 480 (Roche) instrument using
SYBR green chemistry.

Cytokine Array

Transduced and Puromycin-selected ASCs were seeded in six-well
plates at a density of 5 x 103 cells/cm? and incubated overnight.
On the next day, the supernatant was aspirated and replaced by
1 mL/well PM4 medium for 72 hours. Conditioned media were
collected and cells were harvested to gain RNA and protein sam-
ples, respectively. Culture supernatants were stored immediately at
-80°C until analysis. Corresponding supernatants of three different
donors were equally mixed and analyzed by the Proteome Profiler
Human Cytokine Array (RnDSystems, #ARY005B) as described in
the manufacturer’s instructions. This array can detect 36 different
cytokines. Development of the signal was achieved with the Western
Lightning Plus ECL reagent (PerkinElmer) and membranes were ex-
posed to a medical X-ray film (Super RX-N, FUJI) for up to 60 min-
utes. Quantification was performed with Image] software (version
1.47, National Institutes of Health).

Enzyme-Linked Immunosorbent Assay (ELISA)
Appropriate cytokines secreted in the cell culture supernatant
were measured using the following ELISA kits according to
the manufacturer’s protocol: CXCL1: Human GRO-o/MGSA
(CXCL1) ELISA development kit (Peprotech, #900-M38);
IL-6: Human IL-6 ELISA MAX Deluxe (BioLegend, #430905);
IL-8: Human IL-8 ELISA (Invitrogen by ThermoScientific,
#88-8086-88).
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Statistics

Statistical analysis was performed with GraphPad Prism 5 software
(GraphPad Software Inc., La Jolla, CA). Each experiment was con-
ducted with a minimum of 7 = 3 biological replicates (ie, donors). All
measurements were done in triplicates. All values are given as mean
= SEM. Statistical comparison was achieved using the unpaired two-
tailed #-test or analysis of variance depending on the type of the data
set and as indicated in the corresponding figure legend. p values <.05
were considered to be significant.

Results

CRISPR/Cas9-Mediated SPRY1 Knockout

Augments MAPK Signaling and Induces Premature
Senescence in Human ASCs

Recently, we demonstrated that Sproutyl is crucial for ASCs to
maintain the adipogenic differentiation capacity (23). However, the
underlying mechanism is not precisely understood. Since Sprouty1
negatively regulates Ras-MAPK signaling and hyper-activation of
this mitogenic pathway is associated with oncogene-induced senes-
cence (15), we hypothesize that Sprouty1 is necessary for maintaining
the balance between proliferation, senescence, and differentiation in
ASCs. To address this issue, we generated a SPRY1 loss-of-function
phenotype using a CRISPR/Cas9 all-in-one system and the guide
RNA (gRNA) CRISPR-construct #1 to target the SPRY1 gene in pri-
mary human ASCs. The CRISPR/Cas9 target sequence against Green
Fluorescent Protein (GFP) served as a negative control. The disrup-
tion/knockout (KO) of the human SPRY1 gene was confirmed using
a mutation detection assay (Figure 1A). Moreover, Western blot ana-
lysis revealed an inhibited Sprouty1 protein expression in CRISPR/
Cas9-mutated ASCs compared to control cells (Figure 1B).

To investigate whether SPRY1 KO ASCs are hyper-responsive
to MAPK signaling, cells were serum-starved, stimulated with PM4
growth medium, and analyzed by Western blotting. As expected, an
augmented ratio of phosphorylated ERK1/2 was detected in SPRY1
KO ASCs compared to the control (Figure 1C). Next, we determined
the effect of SPRY1 KO on cell proliferation by establishing growth
curves and performing BrdU incorporation assays. As presented in
Figure 1D and E, SPRY1 KO ASCs showed a proliferation arrest,
CRISPR-GFP expressing cells served as negative control. Moreover,
the antiproliferative effect observed in SPRY1 KO ASCs was associ-
ated with significantly increased numbers of senescence-associated
(SA) B-Galactosidase (B-Gal) positive ASCs (Figure 1F and G) and
decreased Ki67 abundancy (Figure 1H and I). Apoptosis was not ob-
served in CRISPR/Cas9 transduced ASCs as determined by Annexin
V/PI staining (Supplementary Figure S1). Taken together, these re-
sults demonstrate the importance of Sproutyl to maintain the pro-
liferative capacity of human ASCs and to prevent cellular senescence
due to augmented RAS-MAPK signaling.

Knockdown of Sprouty1 by RNA Interference
Phenocopies SPRY1 KO andTriggers Cellular
Senescence in Human ASCs

To confirm the effects observed in SPRY1 KO ASCs, a gene-silencing
approach using RNA interference was employed. Therefore, ASCs
were transduced with lentiviruses encoding two different shRNAs
(shRNA #1 and #2) targeting the Sproutyl mRNA or a nontargeting

control. As shown in Figure 2A, Sproutyl protein was depleted
by both shRNA #1 and shRNA #2 and silencing of Sproutyl ele-
vated the abundance of phosphorylated ERK1/2 in PM4-stimulated
ASCs compared to shCtrl indicating augmented MAPK activation
(Figure 2B). Growth curves revealed an antiproliferative effect of
Sproutyl knockdown (KD) in ASCs (Figure 2C), which was fur-
ther confirmed by a significantly reduced BrdU incorporation com-
pared to control cells (Figure 2D). In addition, the antiproliferative
phenotype of Sproutyl KD ASCs was accompanied by a flat cel-
lular morphology and increased SA (3-Gal positivity (Figure 2E). In
conclusion, shRNA-mediated knockdown of Sproutyl induced an
antiproliferative and senescent phenotype similarly as observed in
SPRY1 KO ASCs and confirms the key role of Sprouty1 in balancing
ASC proliferation and senescence.

SPRY1 KO Induces a Distinct Senescence Phenotype

in Human ASCs

We further elucidated the molecular mechanism underlying SPRY1
KO-mediated senescence. SPRY1 KO ASCs showed a considerable
upregulation of p53 (Figure 3A) and its target p21“*' (Figure 3B)
associated with Rb activation (hypo-phosphorylation; Figure 3C).
In addition, immunostaining of the histone modification y-H2A.X
revealed the appearance of DNA double-strand breaks which were
associated with senescence-associated heterochromatin foci (SAHF)
in SPRY1 KO cells (Figure 3D and E). These results confirm the
senescent phenotype in SPRY1 KO ASCs and reveal a p53/p21©r!-
dependent mechanism.

Next, we analyzed whether the knockout of Sprouty1 induced a
senescence-associated secretory phenotype (SASP) in the ASCs. To
do this, we analyzed the supernatants of CRISPR-construct #1 and
CRISPR-GFP ASCs by a cytokine array (Supplementary Figure S2).
While both CRISPR-GFP transduced and SPRY1 KO ASCs secreted
CCL2/MCP-1, CXCL12/SDF-1, interleukin (IL)-6, MIF, and Serpin
E1/PAI-1 at a detectable concentration (Figure 4A), the SPRY1 KO
ASCs additionally released CCL1/1-309, CXCL1/GROa, and IL-8
(Figure 4A). To confirm the results obtained from the cytokine array,
we performed ELISA measurements of corresponding cell culture
supernatants. CCL1 was not detectable by ELISAs but as shown in
Figure 4B, IL-8 and CXCL1/GROaq, both are signature cytokines
of senescent cells (14,17), were significantly elevated in SPRY1 KO
ASCs compared to control cells. These effects were also mirrored
on mRNA level (Figure 4C). Since IL-6 is a frequent component of
SASPs and its levels were relatively high in both CRISPR-construct
#1 and CRISPR-GFP ASCs, IL-6 was also examined by qRT-PCR
analysis and ELISA. While we detected significantly increased IL-6
mRNA levels in Sproutyl KO ASCs derived from three different
donors, the IL-6 levels in the given supernatants were not signifi-
cantly increased. Taken together, we identified a unique SASP pat-
tern in SPRY1 KO ASCs which includes IL-8 and CXCL1/GROa.
Mechanistically, it has been shown that the transcription factors C/
EBPP and NF-kB activate the expression of genes coding for pro-
teins belonging to the SASP (17). Therefore, we tested whether C/
EBPp and NF-kB are activated in response to SPRY1 KO. As shown
in Figure 4D C/EBPf protein was significantly elevated in SPRY1
KO ASCs and nuclear translocation of the NF-xB subunit p65 was
significantly increased in these cells indicating an active NF-«kB
pathway (Figure 4E). These findings underscore that the knockout
of SPRY1 in human ASCs specifically induces an SASP.
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Figure 1. CRISPR/Cas9-mediated knockout of SPRY7 in human adipose stem/progenitor cells (ASCs) and its effects on proliferation. (A) Mutation-detection assay of
ASCs transduced either with CRISPR-construct #1 targeting an appropriate sequence within the SPRY7 gene or with CRISPR GFP targeting the Green Fluorescent
Protein gene (GFP; negative control). The intended CRISPR/Cas9 genomic target region within the SPRY7 locus was polymerase chain reaction (PCR) amplified and
the PCR product rehybridized, followed by Resolvase treatment to cleave mutated/mismatched DNA strands. Subsequently, cleavage products were visualized
on a 2% agarose gel. Fragment sizes are indicated in bp. No specific Resolvase-mediated cleavage of the PCR product was observed in CRISPR-GFP control cells,
whereas fragments of predicted length were detected in CRISPR-construct #1 transduced ASCs. A representative result of n = 3 different donors is shown. (B)
Western blot analysis of CRISPR/Cas9 transduced ASCs expressing CRISPR-construct #1 and CRISPR-GFP. Upper panel: A representative Western blot result in ASCs
of n=3 independent donors is shown. (3-Actin served as loading control. Molecular masses are given in kDa. Lower panel: Densitometry of the Western blot shown.
Values are presented as mean + SEM of three measurements. Statistical comparison was performed using the paired two-tailed t-test. (C) Proliferating CRISPR/Cas9
expressing ASCs were serum-starved for 2 days followed by short-term stimulation (15 minutes) with PM4 medium and Western blot analysis of MAPK signaling.
Upper panel: Representative Western blot result of n = 3 independent experiments (ie, donors). 3-Actin served as loading control. Molecular masses are given in
kDa. Lower panel: Densitometric quantification of the Western blot shown. Values are presented as mean + SEM of three measurements. Statistical comparison was
done using the paired two-tailed t-test. (D) Growth curves of CRISPR/Cas9-transduced ASCs. Cell counting was performed using a Neubauer chamber. Representative
result of n = 3 independent experiments (ie, donors). Statistical comparison was achieved using two-way ANOVA and Bonferroni post hoc test. (E) Measurement
of ASC proliferation by BrdU incorporation in ASCs from n = 3 different donors. OD values were normalized to corresponding CRISPR-GFP control cells. Statistical
analysis among donors was performed using the paired two-tailed t-test. (F) Senescence-associated (SA) -Galactosidase (3-Gal) staining of CRISPR/Cas9-expressing
and control (GFP) ASCs. Representative images of ASCs from n = 3 different donors are shown. Magnification 50x. Scale bar: 200 pm. (G) Quantification of SA p-Gal-
positive ASCs performed with cells from n = 3 different donors. Statistical analysis among donors was conducted using the one-tailed paired t-test. (H) Expression
of the proliferation marker Ki67 in CRISPR/Cas9-transduced ASCs. Representative microphotographs of immunocytochemically stained ASCs from one out of three
different donors are shown. Scale bar: 50 pm. (I) Quantitation of Ki67-positive cells among n = 3 different donors. At least 500 cells were counted per condition/donor.
Values are presented as mean + SEM. Statistical comparison was done using the Two-tailed Paired ttest. Full color version is available within the online issue.
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Figure 2. Effects of Sprouty1 knockdown (KD) in proliferating ASCs. (A) Western blot analysis of shRNA-transduced adipose stem/progenitor cells adipose stem/
progenitor cells (ASCs). A nontargeting control shRNA (shCtrl) and two distinct shRNAs targeting Sprouty1 (SPRY7) mRNA (shRNA#1, shRNA#2) were used.
A representative Western blot result using anti Sprouty1 antibodies from ASCs of n = 3 independent donors is shown. $-Actin was assayed as loading control.
Molecular masses are given in kDa. (B) shRNA-transduced ASCs were serum-starved for 2 days followed by short-term stimulation with PM4 growth medium
for defined time points as indicated and analyzed by Western blotting using antibodies against pERK and ERK. Left panel: A representative result of n = 3
independent experiments (ie, donors) is shown. 3-Actin served as loading control. Molecular masses are given in kDa. Right panel: Densitometric quantification
corresponding to the Western blot shown. Statistical comparison was achieved using the Unpaired two-tailed t-test. Values are presented as mean + SEM of
three measurements. (C) Growth curves of Sprouty KD ASCs. Cells were counted at indicated time points using a Neubauer chamber. Representative result of
n =3 different experiments (ie, donors). Statistical comparison was achieved using two-way ANOVA and Bonferroni post hoc test. (D) DNA synthesis determined
by BrdU incorporation is shown. Data from ASCs of n = 3 different donors measured in triplicates are shown. Values are presented as mean + SEM. Statistical
comparison was done using one-way ANOVA with Dunnett’'s Multiple Comparison test. (E) Senescence-associated (SA) p-Galactosidase (3-Gal) staining of
Sprouty1 KD and control ASCs. Left panel: Representative images of ASCs from n = 3 different donors are shown. Magnification 50x and 100x as indicated.
Scale bar: 200 pm. Right panel: Quantification of SA (3-Gal-positive cells corresponding to the microphotographs shown. Statistical comparison was achieved
using the two-tailed Unpaired t-test. Full color version is available within the online issue.
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of n = 3 independent experiments (ie, donors) is shown. Lower panel: Densitometric quantification and calculation of (P)-Rb/Rb ratio. Values are normalized to
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At least 500 cells per donor were counted. Values are presented as mean + SEM of n = 3 different donors. Statistical comparison between group was done using the
unpaired two-tailed t-test. Full color version is available within the online issue.
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Figure 4. Analysis of CRISPR/Cas9-mediated SPRY7 KO induced senescence-associated secretory phenotype (SASP) in human ASCs. (A) Human Cytokine Array
(Proteome Profiler, RnD Systems, #ARY005B). Left panel: adipose stem/progenitor cells (ASCs) were seeded in six-well plates at a density of 5 x 104 cells/well
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Subcellular localization of the NF-xB subunit p65 in human ASCs. Cells were processed for indirect immunofluorescence microscopy and viewed using a
confocal scanning system. Cells were stained with anti-p65 antibodies (left panel) as indicated. DAPI (middle panel) served as nuclear stain. A representative
result of n = 3 different experiments (ie, donors) is shown. Arrow heads indicate nuclear staining of p65. Scale bar: 150 pm. Selected image sections are
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Full color version is available within the online issue.

Adipogenesis Is Impaired in Senescent Human

SPRY1 KO ASCs

Recently, we showed that Sproutyl depletion by RNA interfer-
ence inhibited adipogenic differentiation of ASCs (23). Since sen-
escence prevents differentiation in ASCs (10) and other cell types
(14), we hypothesized that Sproutyl KO induced senescence leads
to impaired adipogenesis in ASCs. To test this, CRISPR-construct
#1 ASCs and control cells were subjected to adipogenic differen-
tiation. Afterwards, intracellular lipid accumulation was assayed
by Oil Red O staining on Day 14 postinduction of differentiation.
SPRY1 KO cells accumulated considerably less lipids compared to
CRISPR-GFP control ASCs (Figure 5A and B). Moreover, the ex-
pression of adipogenic marker genes was significantly inhibited in
SPRY1 KO cells (Figure 5C). These results demonstrate that SPRY1
KO in ASCs leads to senescence, and hence, impaired adipogenesis.
Thus, the expression of SPRY1 needs to be tightly controlled in
ASCs to maintain proliferation and adipogenic differentiation
potential.

Discussion

ASCs contribute to adipose tissue homeostasis, regeneration, and
expansion (41). However, the capacity of ASCs to divide and differ-
entiate declines during adulthood and is very low in the older adults
(7,9-13,22,42,43). Similarly, the contribution of ASC hyperplasia
to expansion of adipose tissue in adulthood obesity is rather low
(41,44,45). In accordance with these findings, evidence from several
studies indicates that the accumulation of senescent cells in adipose
tissues is a hallmark of aging and obesity causing functional decline
(7,9-12,22). WL interventions prevent obesity and extend healthy
life span of formerly obese people (2,3). The impact of WL on ASCs
is little understood. We have shown that this intervention holds
adipogenesis at a low rate, protects against DNA damage, improves

survival, and postpones replicative senescence of ASCs derived from
formerly obese people (22). This suggests that WL protects ASCs
and improves their functionality for a longer period. Analyzing the
underlying mechanisms, we found that WL induces DIRAS3 leading
to reduced PI3K/Akt/mTOR signaling and prevention of premature
senescence in ASCs of formerly obese people (9,24). Recently, we
demonstrated that WL induces the expression of Sprouty1 a nega-
tive regulator of Ras-MAPK signaling. Silencing of Sproutyl in
ASCs hyper-activated MAPK signaling and impaired adipogenesis
(23). However, reducing ERK phosphorylation by a MEK in-
hibitor could not rescue adipogenic differentiation in Sproutyl
KD ASCs (23). Thus, the mechanism by which Sprouty1 regulates
adipogenesis in ASCs remained incompletely understood. In our
present study, we show that the inhibition of Sproutyl expression
in ASCs induces a senescence-like phenotype blocking prolifer-
ation and adipogenesis. This suggests that Sprouty1, by preventing
over-activation of mitogenic signaling, avoids senescence in human
ASCs and thereby maintains the proliferative and adipogenic differ-
entiation capacity of this adult stem/progenitor cell type. Together
with previous studies from our group on the protective effect of WL
against ASC senescence (10,22) and on the role of DIRAS3 (9,24)
and Sprouty1 (23) in this scenario, our present study indicates that
WL-induced deceleration of signaling through the two main down-
stream signaling cascades of the Insulin/IGF-1 pathway protects
ASCs against premature senescence and is important for adipose
tissue homeostasis and expansion.

Senescent cells are defined by several hallmarks, such as a per-
manent growth arrest and expression of senescence marker (14,46);
however, there is still a lack of a single specific marker for cellular sen-
escence and even p16"™<*A is expressed in certain nonsenescent cells and
is not expressed by all senescent cells (46). Moreover, different senes-
cence programs exist and the cellular senescence phenotype is highly
variable (46). As shown in our present study, Sprouty1 depletion in
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ASCs caused an antiproliferative effect accompanied with cell en-
largement and SA B-Gal positivity, which represent common features
of senescent cells (14). Cellular senescence requires activation of Rb
either by activation of pl16™KA, the p53/p21¢*! pathway, or both
(14). We show that the depletion of Sprouty1 in ASCs strongly acti-
vates the p53/p21©»! pathway. These data are in accordance with the
seminal study by Minamino and colleagues (7), which demonstrated
a crucial role of the p53/p21“?! pathway for the induction of stress-
induced senescence in adipose tissues of obese and diabetic mice and
humans. A p16™K4A response was barely detectable neither on mRNA
nor protein level in the senescent Sproutyl KO ASCs in our study
(data not shown). Thus, according to the current models (47), the
loss of the function of Sproutyl might induce an early senescence
phenotype in human ASCs in which the p16™&** protein is absent
and/or not yet expressed. It is well known that p21*! blocks cyclin-
dependent kinases (ie, CDK2 and CDK4/6), which phosphorylate Rb,
p107, and p130 to facilitate cell-cycle progression (48,49). The par-
ticular contribution of these pocket proteins to cellular senescence
is not completely understood and among others cell-type dependent
(49,50). In our present study, we observed a consistent activation
(hypo-phosphorylation) of Rb in SPRY1 KO ASCs. In addition, Rb
protein levels were reduced in SPRY1 KO ASCs compared to control
cells. These findings are in agreement with the previous observations
and the concept that Rb is dispensable at later stages of senescence
(51). We also analyzed the two other members of the Rb family pro-
teins p107 and p130 showed no clear pattern up to 20 days after the
SPRY1 KO (data not shown).

By applying the CRISPR/Cas9 approach, we recognized a con-
siderable induction of y-H2A.X-positive SAHFs in SPRY1 KO ASCs
relative to CRISPR-GFP control ASCs, which is indicative for an
activated DNA-damage response (DDR) in the Sproutyl-depleted
cells. Given the fact that not all senescence programs are a conse-
quence of a DDR (14), this finding suggests that Sprouty1 loss-of-
function induced senescence in ASCs is likely linked to DDR-induced
senescence, which also comprises oncogene-induced senescence, for
example, following overexpression of oncogenic Ras (52) or con-
stitutive activation of MAPK (35). In contrast to the Sproutyl KO
overexpression of oncogenic Ras in human fibroblasts has been
shown to induce both a strong p21“*! and p16"** response, sug-
gesting that the pro-senescence signal elicited by loss of function
of Sprouty1 (one out of several specific negative regulators of Ras-
MAPK signaling) is milder.

Senescent cells are known to secrete a specific pattern of
proinflammatory factors including cytokines and growth factors
and extra cellular matrix modulating proteins, known as the SASP,
which attributes autocrine, paracrine, and endocrine activities to
senescent cells with beneficial and deleterious effects (17). The SASP
is, for example, beneficial in wound healing processes and promote
the clearing of senescent cells by the immune system. However,
the accumulation of senescent cells in obesity (7) and aging (12)
is predominantly associated with detrimental effects. Among the
proinflammatory factors, IL-6,1L-8, CXCL1/GROaq, and some others
are specific signature cytokines of the SASP (53). It has been found
that the SASP can be highly variable. In fact, it can differ between
given cellular senescence phenotypes (17). By employing a cytokine
array that can detect 36 different cytokines, we identified a specific
secretory phenotype of SPRY1 KO ASCs. Associated with the activa-
tion of the two major SASP-inducing transcription factors, C/EBP f3
and NF-kB, these cells induced the secretion of CXCL1/GROa and
IL-8 compared to CRISPR-GFP control ASCs. We have previously
shown that the secretion of IL-8 is also specifically upregulated in

DIRAS3 KD-induced cellular senescence of human ASCs (9). Roldan
and colleagues (2011) (54) demonstrated upregulation of IL-8 in
senescent ASCs isolated from omental adipose biopsies of obese hu-
mans. These studies underscore a role of IL-8 in obesity-related sen-
escence. The secretion of CXCL1/GROa was previously associated
with the SASP of senescent fibroblasts (53) and demonstrated to act
in an autocrine and paracrine manner probably to modulate pro-
liferation and differentiation (14). Moreover, Zhang and colleagues
(55) showed that CXCL1/GROa functions as a chemoattractant in
obesity-associated ASC trafficking. This effect was further confirmed
in a murine model and shown to be dependent on CXCR1 receptor
signaling (55). Thus, increasing evidence suggests that CXCL1/
GROu« plays an important role in the obesity-associated SASP.

The role of Sproutyl in adipose tissue in vivo was extensively
studied by Urs and colleagues (29,56). Employing a murine model
with ap2 promotor-dependent expression or deletion of spry1 in adi-
pose tissue, the authors demonstrated that Sprouty1 over-expression
confers a protective effect against high-fat diet-induced fat accu-
mulation (56). Sprouty1 loss-of-function was associated with high
body fat (29). These studies underscore the importance of Sprouty1
in adipose tissue. In our studies, which specifically address Sprouty1
depletion in ASCs, we demonstrate that Sproutyl depletion pre-
vents adipogenic differentiation by a cellular senescence-dependent
mechanism resembling the obesity and diabetes-related p53/p21©e!
senescence phenotype in adipose tissues shown by Minamino and
colleagues (7). Overexpression of Sprouty1 has no significant effects
on adipogenesis and/or proliferation in these human adipose stem/
progenitor cells.

In conclusion, our study suggests a novel mechanism by which
Sprouty1 affects the fate of human ASCs after WL. Upregulation
of Sprouty1 by WL protects ASCs against senescence and supports
proper self-renewal and adipogenesis capacity. Lower levels of
Sprouty1 in ASCs of adipose tissues of obese people might increase
the likelihood of acquiring a senescence phenotype concomitant
with impaired proliferation and adipogenic differentiation and the
development of senescence-associated inflammation.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.

Supplementary Table 1. Clinical data. Human sWAT samples
were obtained from the lower abdomen of healthy donors under-
going routine abdominoplasty at the Institute for Plastic and
Reconstructive Surgery at the Medical University of Innsbruck,
Austria. WL interventions prior surgery are indicated. BMI: Body
mass index; NWD: Normal weight donor; WLD: weight loss
donor, which was formerly obese, f = female, m = male, n. a. = not
available.

Supplementary Table 2. Sequences of DNA oligos required for
CRISPR/Cas9-vector cloning. CRISPR/Cas9 target sequences corres-
ponding to the human SPRY1 gene or the non-human gfp gene are
highlighted.

Supplementary Table 3. Antibodies for Western blotting.

Supplementary Table 4. Primer sequences for RT-qPCR analysis
in human cells

Supplementary Figure S1: Determination of apoptosis in
CRISPR/Cas9 expressing ASCs by AnnexinV/PI staining and FACS
analysis. Values are presented as mean +/- SEM of n = 3 different
donors. Statistical analysis was achieved using Two-way ANOVA
with Bonferroni post-tests.
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Supplementary Figure S2: Cytokine Array as shown in Figure 5
with the appropriate grid-overlay. Coordinates and cytokines are
indicated.
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