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Abstract

Aging drives progressive loss of the ability of tissues to recover from stress, partly
through loss of somatic stem cell function and increased senescent burden. We dem-
onstrate that bone marrow-derived mesenchymal stem cells (BM-MSCs) rapidly se-
nescence and become dysfunctional in culture. Injection of BM-MSCs from young
mice prolonged life span and health span, and conditioned media (CM) from young BM-
MSCs rescued the function of aged stem cells and senescent fibroblasts. Extracellular
vesicles (EVs) from young BM-MSC CM extended life span of Ercc1™™ mice similarly
to injection of young BM-MSCs. Finally, treatment with EVs from MSCs generated
from human ES cells reduced senescence in culture and in vivo, and improved health
span. Thus, MSC EVs represent an effective and safe approach for conferring the
therapeutic effects of adult stem cells, avoiding the risks of tumor development and
donor cell rejection. These results demonstrate that MSC-derived EVs are highly ef-
fective senotherapeutics, slowing the progression of aging, and diseases driven by

cellular senescence.
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1 | INTRODUCTION

With aging comes an inevitable and progressive loss of the ability
of tissues to recover from stress. Consequently, the incidence of
chronic degenerative diseases increases exponentially beginning at
age 65 and is accompanied by an elevated risk for neurodegenera-
tive diseases, cardiovascular disease, diabetes, osteoarthritis, can-
cers, and osteoporosis. More than 90% of people over 65 years of
age have at least one chronic disease while 75% have two or more
comorbidities. Thus, it is imperative to find a way to therapeutically
target the cellular processes underlying aging in order to compress
the period of functional decline in old age. Such a therapeutic ap-
proach would simultaneously prevent, delay, or alleviate multiple
diseases of old age.

Senescence is a cell fate that involves loss of proliferative
potential of normally replication-competent cells, with associ-
ated resistance to cell death through apoptosis, and generally
increased metabolic activity. Some senescent cells develop a
senescence-associated secretory phenotype (SASP) involving in-
creased secretion of pro-inflammatory cytokines and chemokines,
tissue-damaging proteases, and factors that can impact stem and
progenitor cell function and growth factors (Tchkonia et al., 2013).
Markers of senescence include elevated expression of the cyclin-
dependent kinase inhibitors p16'N*? and p21P!, of SASP factors
(e.g., IL-6, IL-1B, TNFa, and many others), increased senescence-
associated p-galactosidase (SA-p-gal) activity, and telomere-
associated DNA damage foci (TAFs). In support of an important
role for senescence in aging, selective ablation of p16'NK4a—positive
senescent cells extended health span in transgenic mouse models
of accelerated and natural aging (Baker et al., ,2011, 2016; Jeon
et al., 2017; Kirkland & Tchkonia, 2017; Kirkland et al., 2017).
Clearance of senescent cells in the INK-ATTAC and p16-3MR
mouse genetic models or treating mice with novel senolytics ex-
tended health span (Fuhrmann-Stroissnigg, Ling, et al., 2017; Zhu
et al., 2015) and ameliorated the symptoms of numerous pathol-
ogies (Childs et al., 2016; Jeon et al., 2017; Ogrodnik et al., 2017,
Roos et al., 2016; Schafer et al., 2017). Thus, the increase in cel-
lular senescence that occurs with aging plays a major role in driv-
ing life-limiting, age-related diseases (Kirkland & Tchkonia, 2015,
2017; Kirkland et al., 2017; LeBrasseur et al., 2015; Palmer et al.,
2015; Tchkonia et al., 2013).

A characteristic of aging is the loss of regenerative capacity,
which leads to an impaired ability to respond to stress and therefore
increased morbidity and mortality. This has led to the hypothesis that
aging is partly driven by the loss of functional adult stem cells nec-
essary for maintenance of tissue homeostasis. Indeed, mice greater
than two years of age have a significant reduction in the number and
proliferative capacity of various types of adult stem cells.

We previously demonstrated that muscle-derived stem/pro-
genitor cells (MDSPC) are adversely affected upon aging (Lavasani
et al., 2012). MDSPCs isolated from old and Ercc1™® progeroid
mice have reduced proliferative capacity and impaired differen-
tiative potential, and this dysfunction directly contributes to age-
related degeneration given that transplantation of young MDSPCs
extended health span and life span in ERCC1-deficient progeroid
mouse models. Transplanted MDSPCs did not differentiate or mi-
grate from the site of injection, suggesting that the therapeutic
effect of MDSPCs was mediated by secreted factors acting sys-
temically (Lavasani et al., 2012). Concordantly, co-culture of young
MDSPCs with old MDSPCs resulted in renewal of old MDSPC pro-
liferative and differentiative potential, yet the identification of fac-
tors responsible for the rejuvenation of aged MDSPCs remained
elusive.

Here, we identified BM-MSCs from young animals, and lineage-
directed hESC-derived BM-MSC surrogates, as a novel source of EVs
with senotherapeutic activity. We demonstrate that transplantation
of BM-MSCs from young, but not old mice, prolonged life span and
health span in ERCC1-deficient mice. Further, conditioned media
(CM) from young BM-MSCs rescued the function of aged, senescent
stem cells and senescent murine embryonic fibroblasts (MEFs) in cul-
ture. Moreover, the senotherapeutic activity of CM co-purified with
extracellular vesicles (EVs) that were released by young, but not old
MSCs and MDSPCs. Importantly, IP injection of EVs from BM-MSCs
from young mice extended the life span of ERCC1-deficient mice.
Similarly, treatment with EVs isolated from human embryonic stem
cell-derived MSCs (hESC-MSC) was capable of significantly reduc-
ing the expression of markers of senescence in cultured senescent
fibroblasts as well as naturally aged wild-type and Ercc1™® mice, and
improving measures of healthspan in vivo. These novel results identi-
fied EVs as key factors released by young, functional stem cells that
can rescue cellular senescence and stem cell dysfunction in culture
and reduce senescent cell burden in vivo. Thus, functional stem cell-
derived EVs represent a novel therapeutic to reduce the senescent
cell burden and extend health span.

2 | RESULTS

2.1 | Aged murine bone marrow-derived
mesenchymal stem cells are dysfunctional

We previously demonstrated MDSPC functional decline with natu-
ral and accelerated aging in ERCC1-deficient mice in regard to pro-
liferation and differentiation. To determine if other types of adult
stem cells have similar dysfunction, we examined the effect of age
on murine bone marrow-derived MSCs. BM-MSC were isolated from
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young (3-20 weeks) and old (2 years) WT, and young Ercc1”~ mice
(Figure 1a), and phenotyped for markers of MSCs (Figure 1b). Non-
senescent, low-passage young WT, and Ercc1”~ MSCs (Figure 1a,
top and bottom panels) were smaller and shared more morphological
similarities than the enlarged old WT MSCs (middle). The low-passage
MSCs from old mice and Ercc1”™ mice have reduced adipogenic
(Figure 1c) and osteogenic potential (Figure 1d). Proliferation rates
of BM-MSCs from old and Ercc1™~ mice were reduced with each cell
passage (Figure 1e). Quantification of SA-B-gal positive cells at pas-
sage 5 showed that both old WT and ERCC1-deficient BM-MSCs
senesce more rapidly in culture, with more than 65% of cells stain-
ing positive for SA-R-gal compared to less than 10% with BM-MSC
derived from young WT mice (Figure 1f and 1g). RNA-seq analysis
of young and old MSCs identified several mRNAs and miRNAs that
were differentially expressed and Ingenuity Pathway Analysis (IPA)
of the differentially expressed mRNAs identified key pathways af-
fected by age (Figure S1a). The majority of these pathways also were
identified by IPA analysis of the differentially expressed miRNAs
(Figure S1b).
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2.2 | Treatment with young BM-MSCs extend:s life
span of Erccl™ mice

To determine whether transplantation of BM-MSCs is able to pro-

7~ mice, ~10° BM-MSCs from young mice

long the life span of Erccl
were injected IP into Ercc1™™ mice, and their body weight and life span
monitored. Treatment with MSCs cultured at 3% O, had only a mar-
ginal effect on overall life span of the Ercc1™”™ mice (data not shown;
see Figure 2a). Preliminary analysis of the cells following injection
suggested that the cells were not surviving post-transplantation (data
not shown), therefore, young and old MSCs were subjected briefly to
oxidative stress (20% O, for 48 hrs) to improve their survival follow-
ing transplantation. Gene ontology analysis of the transcriptomes of
young oxidatively stressed MSCs confirmed a significant enrichment
of pathways regulating cell survival (Figure 2b). Injection of oxidatively
stressed BM-MSCs from young mice significantly extended life span
(Figure 2a), while IP injection of their aged counterparts had a mini-
mal effect. To document cellular survival and localization following

transplantation, MSCs modified to express a highly sensitive reporter

€ & () 100
<0.0001
° —_

5 kS <0.0001
) < 80 .
[=2) o
£ o
54 <
é @ 60

(]

5 g
® o 40

22 2
e 3 2

1 B3
0

Young OIld WT  Erccl” Young Old WT  Erccl”

Msc

Young Old WT  Erccl”

WTMSC  MSC Msc WTMSC  MSC WTMSC  MSC MsC

Old WT MSC Young WT MSC
Ercc17/- MSC

B

v

JLJLJ

FIGURE 1 Murine bone marrow-derived mesenchymal stem cells from naturally aged and mouse models of accelerated aging are

dysfunctional. (a) Bone marrow-derived MSCs (BM-MSCs) from Ercc1™™ mice are morphologically similar to BM-MSCs from young mice and

(b) share similar phenotypic membrane markers. (c) BM-MSCs from naturally aged and Ercc1™ mice show impaired adipogenic potential. MSCs
from different mouse models were differentiated to adipocytes using adipogenic media for 21 days. The lipid content was quantified using Nile
Red stain and the values normalized to young WT mouse values. Bar graph shows mean +SD from 3 independent experiments. Significance
was determined by one-way ANOVA (p = 0.0024, F(2,11) = 11.01) with Tukey's multiple comparisons test; p value for specific comparisons
shown in figure. (d) BM-MSCs from naturally aged and Ercc1™™ mice have impaired osteogenic potential. MSC from the different mouse
models was differentiated to osteocytes using osteogenic media for 21 days. Calcium matrix was stained using Alizarin Red S. Photographs
show a differentiation representative of 3 independent experiments. (e) Proliferative potential of old WT and Ercc1™” BM-MSCs is reduced
compared to WT BM-MSC controls. Significance was determined by one-way ANOVA (p = 0.0038, F(2,8) = 12.11) with Tukey's multiple
comparisons test; p values for specific comparisons shown in figure. (f) Quantitation of SA-$-gal staining, and representative brightfield (X-gal)
microscopy (g) of BM-MSCs from naturally aged and Ercc1™™ mice, which undergo senescence earlier than BM-MSCs from young mice. The
percentage of senescent cells was manually determined by counting the percent of cells positive for senescence-associated f-galactosidase

at passage 5. Bar graph shows mean +SD from 3 replicate representing 3 independent experiments. Significance was determined by one-way
ANOVA (p < 0.0001, F(2,9) = 394.3) with Tukey's multiple comparisons test; p values for specific comparisons shown in figure
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FIGURE 2 Intraperitoneal injection of young BM-MSCs extends life span of Ercc1™™ mice. (a) Survival curves of Ercc1”™ mice treated with
young and old, stressed and unstressed BM-MSCs. Approximately 10° BM-MSCs from young and old mice were injected into Ercc1™ mice
by intraperitoneal injection at postnatal day 10. The BM-MSCs from young mice were maintained at 3% O, or shifted to 20% O, for 48 hours
prior to injection. A minimum of 4 mice per group were monitored and compared against PBS-injected controls. Survival was compared using
the log-rank Mantel-Cox test; p value for specific comparison shown in figure. (b) Gene ontology (GO; molecular function) analysis of the
transcriptome of BM-MSCs from young mice cultured for 48 h at 20% O, compared to BM-MSCs maintained at 3% O,. Bars are all significant
post-FDR correction (p < 0.05) log, fold-enrichment values for molecular function categories related to cell survival. (c) BM-MSCs from young
mice transduced with pRETOX-TIGHT-GpNLuc were briefly stimulated with oxidative stress, injected IP and tracked using IVIS Xenogen
imager system 4 days (left panel) and 7 days (right) post-injection. Results shown are representative of mice from 3 independent experiments

(PRETOX-TIGHT-GpNLuc) were utilized. At 4 days post-injection, there
was no evidence of migration and engraftment of MSCs outside the site
of injection in the peritoneal cavity (Figure 2c, left), suggesting that a
paracrine mechanism is responsible for the observed life-extending ef-
fect. Furthermore, after one week post-transplantation, only the oxida-
tively stressed BM-MSCs from young mice perdured in the peritoneal
cavity, suggesting that brief exposure to oxidative stress improved cell
survival (Figure 2c, right). Interestingly, the mRNAs important for cel-
lular survival differentially regulated between unstressed and stressed
(20% O,) MSCs (Figure S2a) were distinct from those identified as dif-
ferentially regulated between young and old MSCs (Figure S2b).

2.3 | Extracellular vesicles in CM from young MSCs
can reduce cellular senescence and improve stem
cell function

Numerous studies have documented that the accumulation of senes-
cent cells with age drives age-related pathologies. Compounds that

specifically ablate senescent cells (senolytics) or suppress the senes-
cent phenotype (senomorphics) can extend health span in mouse
models of accelerated and natural aging (Niedernhofer & Robbins,
2018). To identify senotherapeutic agents, we previously developed
a screen for compounds able to suppress senescence in BM-MSCs
and murine embryonic fibroblasts (MEFs) specifically (Fuhrmann-
2017;
Stroissnigg et al., 2019). To determine if factors released by young

Stroissnigg, Fuhrmann-Stroissnigg, et al, Fuhrmann-
MSCs have senotherapeutic activity, conditioned media (CM) from
young and old MSCs were tested for activity on oxidative stress-
induced senescent Ercc1”” murine embryonic fibroblasts (MEFs) and
BM-MSCs from aged mice.

The addition of CM from young BM-MSCs, but not from old or
Ercc1”~ MSCs, decreased the percentage of SA-B-gal positive senes-
cent BM-MSCs (Figure 3a) and MEFs (Figure 3c), and reduced the
expression of p16'NK4", a marker of senescence (Figure 3b). However,
there was no difference in the extent of reduction of senescence
between CM from young MSCs grown at 3% O, versus MSCs sub-

jected briefly to oxidative stress (data not shown; see Figure 4b).
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These results are consistent with young stem cells secreting factor(s)
able to suppress the senescent phenotype and thus functioning as
a senomorphic(s).

To determine whether EVs were among the factor(s) secreted by
young, but not old MSCs that confer rescue of senescence in MEFs and
BM-MSCs, we purified the EV-enriched high molecular weight (HMW)
fraction of the conditioned media by ultracentrifugation at 100,000x
g. This HMW fraction is comprised of an enriched population of EVs
with a size of approximately 100 nm as demonstrated by electron
microscopy (EM) (Figure 3d) and nanoparticle tracking analysis (NTA,
Nanosight) (Figure 3e). The purified EVs were enriched in small RNA
species, ranging from 4 to 100 bases in length and, in particular, spe-
cies of approximately 20 nucleotides in length (Figure 3f). In addition,
the purified EVs contained the EV markers Hsp70 and CD63, which are
also markers of exosomes (Figure 3g). The addition of the EV-enriched
fraction to unconditioned media was able to reduce senescence of
MSCs as efficiently as the CM (Figure 3h and 3i). Conversely, CM from
young BM-MSCs depleted of extracellular vesicles was unable to re-
duce the percentage of senescent aged BM-MSCs (Figure 3i). In addi-
tion, the ability of extracellular vesicles to reduce senescence was dose
dependent, with 1.25 x 10'° EV particles from young MSCs having a
greater suppressive effect than 2 x 10’ EV particles (Figure 3j) in com-
parison with old MSC EVs. Further, EVs purified from BM-MSC CM
were able to affect life span similarly to the MSCs, as 3 x 10 vesicles

injected IP into Ercc1™”

—/-

mice at 7 and 10 days were able to extend the
life span of Ercc1”™ mice by more than twofold (Figure 3k), suggesting
that the ability of young MSCs to extend life span and health span is
partly through the release of extracellular vesicles.

To further characterize the nucleic acid cargo of the MSC EVs,
EVs from young and old, oxidatively stressed and unstressed MSCs
were subjected to RNA-seq analysis. This analysis identified clus-
ters of co-regulated miRNAs that were enriched in either young or
old MSC EVs, and at either high or low oxygen conditions. This cor-
relation analysis identified groups of microRNAs (miRNAs) whose
expression was positively or negatively correlated (Figure 3I). A
comparative gene ontology analysis of the targetomes of young
and old MSC EV miRNA (blue and orange, respectively) profiles re-
vealed distinct target sets (Figure 3m). Closer inspection of the top
fold-enriched GO molecular function categories reveals that young
MSC EV miRNAs strongly converge upon targets participating in
the PDGF-PI3 K-IIGF (platelet-derived growth factor; phosphoinos-
itide 3-kinase; insulin and insulin-like growth factors) signaling axis
(Figure S3a).

To confirm a role for EVs in conferring the effect on senescence,
the effect of disrupting the intact EV particles was examined. As
shown (Figure 4a), sonication of 1.25 x 10 EVs from young MSCs
reduced their senomorphic activity in comparison with the same
number of unsonicated EVs, suggesting that intact vesicles are
important for conferring at least part of the effect on stem cells.
Further, EVs from young MSCs grown at 3% O, or briefly exposed to
oxidative stress (20% O,) had similar senomorphic activity when ap-
plied to aged MSC cultures (Figure 4b). We previously demonstrated
that CM from young, but not old MDSPCs can rescue the ability of

Aging

Ercc1”~ MDSPCs to proliferate and to differentiate into myoblasts.
EVs isolated from the conditioned media of young MDSPCs were
able to reduce senescence and improve differentiation of MDSPCs
isolated from the Zmpste24’/’ mouse model of Hutchinson-Gilford
progeria syndrome (HGPS), which also rapidly undergo senescence
in culture (Figure 4c).

24 | EVsfrom hESC-MSCs have senomorphic
activity in vitro and regulate expression of genes
implicated in aging

Expansion of murine BM-MSC in culture results in higher-passage
cells that secrete EVs with diminishing senomorphic potency, limit-
ing the quantity of functional EVs that can be purified for multiple
mouse treatments for analysis of effects on senescence and health
span. Thus, CM and EVs from multiple sources of mouse and human
stem cells were screened in the MEF senescence assay (data not
shown). Interestingly, EVs derived from human MSCs generated by
differentiation of ES cells (hnESC-MSC EVs, batch identifier “AC83”)
were consistently effective at reducing the percentage of SA-B3-
gal+senescent MEFs (Figure 5a) and IMR-90 fibroblasts (Figure S4)
in culture. To further document the suppression of senescence by
AC83 EVs, the effects on expression of the senescence markers
p16'NK4 and p21°P! and the SASP factors, IL-6, and IL-1B were ex-
amined by RT-PCR. As shown (Figure 5b), treatment with AC83 EVs
reduced the expression of p16'NK4a, p21Cip1, and SASP factors, with
almost complete suppression of IL-1f expression.

Analysis of the top miRNAs enriched in AC83 EVs (Chen et al.,
2010) identified a convergence of miRNA targets including p21“P™%,
PTEN, MYC, p53, IGF-1R, IL-6, IL-6R, REL, IL-1, IL-1p, and REL-A
(Figure 5c). Furthermore, AC83 miRNAs (Figure S3b) and MSC EV
miRNAs share an overrepresentation of targets in the PDGF/PI3 K/
IIGF signaling axis. RT-PCR analysis of senescent MEFs treated with
AC83 EVs showed a dose-dependent reduction in the expression
of p53, PTEN, MYC, and IGF-1R (Figure 5d). These results demon-
strate that hESC-MSC-derived EVs were able to suppress not only
biomarkers of senescence, but also other factors such as MYC and

IGF-1R that have been implicated in aging.

2.5 | EVsfrom human embryonic stem cell-derived
MSCs suppress senescence in vivo and extend
health span

To evaluate the penetrance of the senotherapeutic activity of AC83
EVs in vivo, 2-year-old wild-type C57/Blé6 mice (108 weeks) were
treated with two IP injections of 5 x 10% AC83 EVs, at days O and
7, and then sacrificed at day 10 (Figure S5a). RT-PCR revealed sig-
nificant decreases in expression of the senescence markers p16INK4a
and p21C“’1, and the SASP factors, IL-6, and IL-1p in multiple tissues
of treated mice (Figure 6a). Interestingly, and in concordance with in

vitro data, AC83 EVs were also capable of suppressing expression
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of p53, PTEN, MYC, and IGF-1R in brain, kidney, and lung of treated
naturally aged wild-type mice (Figure S5b), suggesting a similar ther-

apeutic mechanism of action in vitro and in different tissues in vivo.

To further document the suppression of senescence in vivo,

6INK4a

AC83 EVs were tested in Ercc1™2 mice carrying a pl -luciferase

reporter (p16"<*; Ercc1™®) (Robinson et al., 2018). Previous experi-

ments have established that p16™*2-|uciferase expression increases
with accelerated aging in the same tissues as naturally aged mice
(Burd et al., 2013). Two IP injections of 10° AC83 EVs into Ercc1™®

INK:
6 a

mice carrying a pl -luciferase senescence reporter resulted in

a significant reduction of p16'NK?

(Figure 6b), consistent with the observation of reduced p16™*49 tran-

-mediated luciferase expression

scription in naturally aged wild-type mice.

Progeroid Ercc1™® mice, which rapidly accrue a large senescent
cell burden in multiple tissues similar to old WT mice and develop
accelerated age-related pathologies, are an excellent model for
evaluating health span. To document the effects of AC83 EVs on

health span, two IP injections of 10? AC83 EVs were administered
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(Figure S6a) and animals monitored for changes in multiple parame-
ters of health. Progeroid Ercc1™® mice treated with AC83 EVs scored
consistent with a significant improvement in aggregate (percent)
symptoms compared to control mice (Figure 6c) and demonstrated
a significant reduction in age-related weight loss (Figure S6). Taken
together, these in vivo results suggest that adult stem cell EVs can
suppress markers of senescence and extend health span, similarly to

the results observed with senotherapeutic compounds.

3 | DISCUSSION

Numerous studies suggest that the number and function of diverse
somatic stem cell populations decline with age. However, there is
limited evidence for loss of stem cell function as a primary driver of
age-related pathology and lifespan abbreviation, contrasted with it
being merely a secondary consequence of aging. Our previous obser-
vations suggested that young MDSPCs were capable of healthspan
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FIGURE 3 Extracellular vesicles isolated from CM of young BM-MSCs reduce cellular senescence and improve stem cell function in vitro
and extend life span of progeroid Ercc1-deficient mice. (a) Senescence was induced in cultures of BM-MSCs from aged mice by passaging,
and senescent cells were treated with conditioned media (CM) from the indicated BM-MSC cultures. Bar graph shows normalized mean
+SD from 3 independent experiments. Significance was determined by one-way ANOVA (p = 0.0002, F(3,55) = 7.630) with Tukey's multiple
comparisons test; p values for specific comparisons shown in figure. (b) RT-PCR analysis of pléINK43 expression in senescent young MSCs
treated with conditioned media from functional non-senescent MSCs; gene expression was normalized to GAPDH. Significance was
determined by two-tailed parametric unpaired t test (p = 0.0006, t(4) = 10.03); p value shown in figure. (c) Senescent cultures of ERCC1-
deficient MEFs induced by passage and oxidative stress at 20% O, were treated with conditioned media from the indicated BM-MSC
cultures. Bar graph shows normalized mean +SD from 3 independent experiments. ** p < 0.01. Significance was determined by one-way
ANOVA (p = 0.0003, F(2,7) = 32.69) with Tukey's multiple comparisons test; p values for specific comparisons shown in figure. (d) Electron
micrograph of extracellular vesicles (EVs) in the conditioned media (CM) from BM-MSCs from young mice. (e) Size distribution analysis of
extracellular vesicles in the conditioned media from BM-MSCs from young mice by NTA. (f) Analysis of the size of RNA content of EVs in
the conditioned media from BM-MSCs from young mice using an Agilent Bioanalyzer 2100. (g) Immunoblot analysis of Hsp70 and CD63

in EVs from conditioned media from BM-MSCs from young mice. (h) Senescent MSCs from old mice were treated with CM or EVs isolated
from the CM from BM-MSCs from young mice. Bar graph shows normalized mean £SD from 3 independent experiments. Significance

was determined by one-way ANOVA (p = 0.002, F(2,6) = 20.78) with Tukey's multiple comparisons test; p values for specific comparisons
shown in figure. (i) Senescent BM-MSCs from old mice were treated with CM, EVs isolated from the CM, or CM depleted of EVs from
BM-MSCs from young mice. Bar graph shows normalized mean +SD from 3 independent experiments. Significance was determined by
one-way ANOVA (p < 0.0001, F(3,8) = 43.66) with Tukey's multiple comparisons test and t test; p values for specific comparisons shown in
figure. (j) Senescent BM-MSCs from old mice were treated with 2 x 10° EV particles (light bar) or 1.25 x10%° EV particles (dark bar) from the
conditioned from BM-MSCs from young or old mice. Bar graph shows normalized mean +SD from 3 independent experiments. Significance
was determined by two-way ANOVA with Tukey's multiple comparisons test; p values for specific comparisons shown in figure. Detailed
ANOVA and multiple comparison results available in source data file. (k) IP injection of young MSC-derived extracellular vesicles extends
life span of Ercc1™™ mice. Significance of survival curves was computed by log-rank (Mantel-Cox) test (p = 0.0389, XZ =4.265, df = 1); p value
shown in figure. (I) miRNAs identified from RNA-seq of EVs from young and old, low and high O, cultured MSCs reveals miRNAs that are
co-regulated and enriched in young or old MSC EVs, and during oxidative stress. Significant (p < 0.05) fold-change miRNAs are highlighted in
yellow. Matrix of Pearson correlation of miRNAs expressed in all conditions reveals groups of miRNAs that are significantly (hatched cells
) correlated. (m) Gene ontology (GO; molecular function) of miRNA targetomes for miRNAs enriched in young and old MSC EVs; axis is log,
of fold enrichment and all categories are significant (p < 0.05) after false-discovery rate (FDR) correction. Raw miRNA read counts, pairwise

Pearson r and p values, and confidence intervals available in source data file

and lifespan extension via the secretion of stimulatory factor(s) that
conferred regeneration, a therapeutic activity that is lost with age.
To extend these to other adult stem cells types, we examined the
effect of age on MSC function and the ability of young, functional
MSCs to extend life span. Here, we demonstrate that BM-MSCs
from naturally aged and progeroid Ercc1™™ mice have a reduced pro-
liferative capacity in culture, with a corresponding increase in mark-
ers of senescence including SA-B-gal, with similar results observed
for MDSPCs (Figure 4c). Similar to MDSPCs, IP injection of young
BM-MSCs extended life span in Ercc1™™ mice. Survival of IP-injected
young MSCs was contingent upon brief oxidative stress, likely re-
flecting the induction of a stress response leading to the upregula-
tion anti-apoptotic survival pathways (Abramowicz et al., 2019).

As previously shown for CM from MDSPCs, CM from young, but
not old MSCs reduced expression of markers of senescence in aged
MSCs and senescent MEFs, including SA-B-gal, p16™*? expression.
Also, the mode of action was the suppression of the senescent phe-
notype (senomorphism) rather than the specific ablation of senes-
cent cells (senolysis). The senomorphic activity of young MSC CM
co-purified with EVs isolated from the MSC CM. The CM from old
MSCs lacked this senomorphic potency, suggesting that the age-
related dysfunction of MSCs includes a decline in the activity and
abundance of EVs with age (Chen et al., 2013). Similarly, EVs from
MDSPCs also reduced senescence and improved myogenesis in
MDSPCs isolated from the Zmpste24’/’ mouse model of HGPS. EVs
are comprised of both microvesicles and nanovesicles, or exosomes,

which are characterized predominantly by their size. EM and NTA
analysis of the EVs from BM-MSCs revealed a size distribution of
around 100 nm, consistent with exosomes, and the EVs also con-
tained exosome marker proteins and were enriched for small RNAs.

Two IP injections of EVs extended the life span of Ercc1™™ mice
similarly to injection of the parental young MSCs. Importantly,
EVs derived from hESC-MSCs reduced expression of the p16'™ *-
luciferase transgene reporter, and senescence and SASP markers
significantly, documenting that they have in vivo senomorphic ac-
tivity. The results suggest that the hES-MSC (AC83) EVs reduce
p16'NK4a.|yciferase expression in the Ercc1™” mice more efficiently
than treatment with known senomorphics, which require constant
dosing, and senolytics able to induce apoptosis of senescence cells
with intermittent treatment. In particular, the EVs were at least as
effective at reducing luciferase expression in the plé’“c“; Ercc1™®
mice as the combination of dasatinib and quercetin (D + Q) or the
Bcl-2 inhibitor Navitoclax (data not shown), both of which have been
reported to have beneficial effects on health span and, at least for
D + Q, life span. Thus, stem cell EVs could extend healthspan via
suppression of senescence. However, the fact that the hES-MSC
EVs suppressed expression of p53, PTEN, IGF-1R, and MYC sug-
gests that other mechanisms important for aging may be involved
(Hofmann et al., 2015; Tazearslan et al., 2011; Wu & Prives, 2018).
Insulin signaling has been demonstrated to regulate aging and lon-
gevity across species and the prolonged activation of this signaling
axis is implicated in p53-mediated cellular senescence (Tran et al.,
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FIGURE 4 Structurally intact extracellular vesicles from young MSCs suppress senescence and restore progenitor cell function. (a)
>50% senescent MSC cultures were treated with EVs from young MSCs and sonicated EVs derived from young MSC. Bar graph shows
normalized mean £SD from 3 independent experiments. Significance was determined by one-way ANOVA (p = 0.0007, F(2,15) = 12.19) with
Tukey's multiple comparisons test; p values for specific comparisons shown in figure. (b) >50% senescent MSC cultures were treated with
extracellular vesicles from young MSCs and with extracellular vesicles from MSC briefly stimulated with oxidative stress. Bar graph shows
normalized mean +SD from 3 independent experiments. Significance was determined by one-way ANOVA (p = 0.0475, F(2,6) = 5.282) with
Tukey's multiple comparisons test; p values for specific comparisons shown in figure. (c) The increase in senescence in muscle progenitor
cells from the Zmpste24'/' murine model of Hutchinson Guildford progeria syndrome was reduced by treatment with EVs derived from
young WT muscle-derived progenitor cells (MDSPCs). Fluorescent microscopy images of WT and untreated and treated Zmpste24’/’
MDSPCs (upper left panel) show levels of fibrillar myosin heavy chain (fMHC, red) and nuclear DAPI staining (blue); levels of SA-p-gal
staining for each condition are shown (blue X-gal, lower left panel). Graphs expressing quantitation of percent myotube formation and SA-
f#-gal staining are shown (upper and lower right panel, respectively). Significance of quantitative data was determined by one-way ANOVA:

ANOVA, . (p < 0.0001, F(2,6) = 293.2) and ANOVA,,, B
for specific comparisons shown in figure

gal

2014). We propose that the ability of stem cell EVs to extend life
span and health span is through modulation of senescence and, in
particular, SASP that drives secondary senescence. However, it re-
mains to be determined to what extent the MSC EVs may have con-
tributed to the improvement in health span and life span of treated
animals via their documented regenerative effects upon oxidative
stress reduction, anti-inflammation, survival kinase signaling (Arslan
et al., 2013), restoration of immune homeostasis (Zhang, Yeo, et al.,
2018), cellular proliferation, enhancement of extracellular matrix
and immune function (Zhang, Chuah, et al., 2018), and stem cell re-
generative capacity (Chew et al., 2019; Tan et al., 2014; Toh et al.,
2018; Zhang et al., 2016; Zhang, Chuah, et al., 2018). The mecha-
nism by which EVs suppress senescence in culture and in vivo is un-
clear, but likely involves the convergent activity of specific miRNAs.
These observations do not preclude the involvement of lipids, pro-
teins, and metabolites in the MSC exosomes (Pathan et al., 2019;

Toh et al., 2018) as contributors to their senotherapeutic effect, and

(p < 0.0001, F(2,6) = 193.9) with Tukey's multiple comparisons test; p values

the magnitude and therapeutic mechanism of EVs may vary depend-
ing on the progenitor cell source, as well as their target tissues. For
example, preadipocyte-derived EVs carrying eNAMPT have been
demonstrated to increase NAD+levels (Yoshida et al., 2019).
Previously, we have used heterochronic parabiosis to demon-
strate that circulating factors increase or suppress senescence
(Yousefzadeh et al., 2020), results consistent with a role for circu-
lating EVs in regulating senescence systemically. Overall, our results
demonstrate a role for EVs released by functional stem cells in mod-
ulating senescence and possibly other pathways related to longevity
and aging. Stem cell-derived EVs allow for the tight regulation of the
duration and dosage of treatment and their use precludes the risks
of tumor development and donor cell rejection. Given that human
ES or iPS cells can be expanded and differentiated in bioreactors to
generate high yields of progenitor cell-derived EVs, the therapeutic
potential for adult stem cell EVs in the treatment of age-related pa-

thologies is promising.



DORRONSORO ET AL.

(@)
1.2 0.6345
o v
=
©
[+4
g 11
5 0.9936  go6s 0.1856
= 0.0127
[T
i o1 - o
Wi
3 *le
-~ 0.0017
(8]
8 0.9
w
+
w *
0.8
L
<
%)
0.7
Ctrl 2x107 1x10° 2x10° 2x107 5x10° 2x10°
(b)
12 1.2
10 $ 00014 10{ ple
[} [}
o o
508 <0.0001 508
<0.0001
Q <0.0001 Q
B 06 A B 06 <0.0001
K K <0.0001
204 504
Qo Qo
0.2 0.2
0.0 0.0
Ctrl  2x10% 5x108  1x10° Ctrl  2x10° 5x108  1x10°
14 12
1:2 0833 1.0 &-
o o
=2
gho S 08 <0.0001
£ 0.0036 5
Gos 3
3 0.0014 Sos
£ o6 &
Q <04
=04 J
0.2 02 <0.0001 <0.0001
0 0.0 bty BN
Ctrl  2x10® 5x10% 1x10° Ctrl  2x10® 5x10%  1x10°

Aging

(c) .
mir-143-3p mir-100-5p ~ mir-191-5p
mir-92a-3p mir-320amir-23b-3p”
mir107 J8A
4 mir-181a-5p—
mxr-103a"-§p‘_ fnir-22-3p
(REL \./P" mir-21-5p
s ‘ A
iR TEN’ S (RELA| IL1B
mir-940 (IGF1R) 5 “mir-26a-5p
mir-106b-54 PN ) ir-180-5
s myc) i G
mir-150-3p S XX mir-146a-5p
mir-638//{TP53) RS 7 let-7a-5p
Ve (CDKN1A)
mir-221-3p, X xZ I\ 7 1et-7f-5p
mir-244-3p \Vi
mir-151a-5p mir»fSa-Z%p
mir-149-3p _mir-125b-5p
mlr-ﬁgs“_?ﬁ mir-124-3p
ir-125a-5p
mir-1228-3p mir-574-5p
mir=198 mir-572
mir-132-3p
12 1.2
0.0154 0.1038
0 10 0.0739
o % X
g o H| g 00726
5 0.8 <0.0001 g 08
5 : <0.0001 § A
T 06 306
E w
0.4 g 0.4 []
r =
0.2 0.2
0.0 0.0
Ctrl  2x108 5x108  1x10° Ctrl  2x10® 5x10%  1x10°
1.2 1.2
1.0 pe 1.0 %.
o ) D
o o
c c
s08 <0.0001 Sos8 <0.0001
Q <0.0001 Q
Zo0s <0.0001 B o6 <0.0001 <0.0001
w w
& 04 :
: 0.4
'S
& o
0.2 0.2
0.0 0.0
Ctrl  2x10%8 5x10%  1x10° Ctrl  2x10%8 5x10®  1x10°

FIGURE 5 Extracellular vesicles from human embryonic stem cell-derived MSCs (AC83 EVs) reduce senescence in vitro. (a) Increasing
particle numbers of AC83 EVs were added to senescent cultures of MEFs and percent senescent cells determined by C,,FDG staining 72
hours post-treatment. Significance was determined by one-way ANOVA (p < 0.0003, F(6,24) = 6.79) with Dunnett's multiple comparisons
tests; p values for specific comparisons shown in figure. (b) RT-PCR analysis of senescent markers p16'™V*? and p21Cipl and SASP factors
IL-6 and IL-1p measured in senescent MEFs 72 hours post-treatment with the indicated number of AC83 EVs. Significance was determined
by one-way ANOVA: ANOVA 4, (p < 0.0001, F(3,8) = 63.34), ANOVA 5, (p <0.0001, F(3,8) = 2277), ANOVA, _ (p = 0.001, F(3,8) = 15.89)
and ANOVA, B (p < 0.0001, F(3,8) = 254.3) with Dunnett's multiple comparisons test; p values for specific comparisons shown in figure.
(c) Radial miRNA-mRNA interactome demonstrates the most highly enriched miRNAs in AC83 EVs and their predicted targets. miRNAs
are highly convergent upon the most centrally located targets. (d) RT-PCR analysis of p53, PTEN, IGF-1R, and MYC measured in senescent
MEFs 24 hours post-treatment with the indicated number of AC83 EVs. Significance was determined by one-way ANOVA: ANOVAp53

(p < 0.0001, F(3,8) = 39.85), ANOVA, (p < 0.0827, F(3,8) = 3.217), ANOVA 1\ (p < 0.0001, F(3,8) = 203) and ANOVA ¢, (p < 0.0001,
F(3,8) = 145.1) with Tukey's multiple comparisons test; p values for specific comparisons shown in figure. Data shown are representative of

four independent experiments with similar results

4 | EXPERIMENTAL PROCEDURES

4.1 | MSC tracking

Injected MSC was tracked in vivo using luciferase activity. Luc-GFP
plasmid transfected MSC were injected IP and whole-mouse images
taken using the IVIS Xenogen imager system at the indicated time

points.

4.2 | MSCEV isolation

EVs were isolated by ultracentrifugation. Briefly, the supernatant
(conditioned media) of MSC cultured during indicated period was har-
vested and the cell debris removed by centrifugation of the samples
to 7000x g for 20 min. Supernatants were then pre-cleared of mi-
crovesicles by centrifugation at 16,500x g for 2 hrs at 4°C, after which
the EVs were isolated by ultracentrifugation at 100,000x g for 2 hrs
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at 4°C, washed with PBS once, and recentrifuged at 100,000x g for

an additional 2 hrs at 4°C. EV concentrations and homogeneity were

quantified using Nanosight technology and electron microscopy.

4.3 | Human embryonic stem cell-derived MSC
EV isolation

The hESC-MSC EVs were prepared as previously described (Lai
et al., 2016). Briefly, immortalized hES- MSCs were grown in a
chemically defined medium for 3 days and CM was harvested and
pre-cleared with a 0.22 um syringe filter. The CM was concentrated
100x for exosomes by tangential flow filtration (Sartorius; MWCO
100 kDa) and stored in -20°C freezer until use. The EVs were as-
sayed for protein concentration using Coomassie Plus (Bradford)
Assay (Thermo Fisher Scientific) per manufacturer's instruction
and characterized for particle size distribution and concentration
by Zetaview (Particle Metrix) according to the manufacturer's pro-
tocol. Follow-up experiments from subsequent batches of hESC-
MSC EVs (posterior to batch AC83) yielded identical results.

4.4 | MSCisolation

MSC was obtained from Ercc1™”™ and WT mice bone marrow and
cultured in high glucose DMEM supplemented with 15% FBS,
2 mM glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin
(all from Sigma-Aldrich, St Louis, MO, USA). The MSC were cultured
in low oxygen conditions (3% O,) to avoid oxidative damage. The
bone marrow (BM) cells were flushed out from the long bones using
a syringe after euthanization. Extracted BM cells were washed
by centrifugation and seeded at 2.5 x10° cells/cm? (passage “0”).
Non-adherent cells were discarded by changing the media at 16 h
and the culture enriched for MSCs by culturing cells for 3 passages.
The generated MSCs display CD105+, CD106+, CD73+, Sca-1+,
CD34- CD45-, CD31- phenotype, fibroblast-like morphology, and
multilineage differentiation capacity. Adipogenic medium includes
1 mM dexamethasone, 5 pg/ml insulin, and 200 mM indometha-
cin (Sigma). For adipogenic quantification, the cell monolayer was
fixed (10% formalin) and stained with 0.2% Oil Red O (Sigma). The
dye bound to lipids is extracted and quantified by reading OD¢,, ..
and the values normalized to DNA content. Osteogenic medium
contained 50 mM ascorbic acid, 10 mM b-glycerophosphate, and
0.1 mM dexamethasone (Sigma). For osteogenic visualization, cells
were fixed (70% ethanol) and stained in Alizarin Red S (2%) for 10
minutes. Stained cells were washed twice (dH,0).

4.5 | Clonogenic capacity assay

The clonogenic capacity of BM cells was measured at passage 0. Six

days after seeding passage O cells, the cells were fixed (PFA 2%) and

stained with Crystal Violet 0.05% (Sigma-Aldrich) for 30 min and

clones counted manually.

4.6 | Senescence assay

Cell senescence was assayed by measurement of senescence
specific p-galactosidase activity, using both conventional X-gal
and fluorescent C;,FDG as SA-f-galactosidase substrates. For
the chromogenic senescence assay, cells were seeded at 5000
cells/cm? and treated for 48 hrs with the desired treatment. The
cells were fixed (PFA 2%) for 5 min and stained overnight with
X-gal (2 mg/ml) staining buffer pH 6.0 (Teknova) at 37°C. Nuclei
were labeled with DAPI 1 ug/ml (Life Technologies) and p-gal
positive cells were counted manually. The C;,FDG-based senes-
cence assay was performed as described (Fuhrmann-Stroissnigg,
Fuhrmann-Stroissnigg, et al., 2017; Fuhrmann-Stroissnigg et al.,
2019).

4.7 | Treatment of mice with EVs

Experimental procedures involving animals were performed in
strict observance of the regulatory standards outlined in the U.S.
Department of Health and Human Services Guide for the Care and
Use of Laboratory Animals and with the approval of the Institutional
Animal Care and Use Committees at the University of Minnesota
and Scripps Florida. Wild-type mice were administered 5 x 10? AC83
EVs by IP injection, twice as indicated (Figure Sé6a). Ercc1”™ mice
were given two IP injections of 107 EVs at indicated ages. For health
span, Ercc1”® mice were weighed twice a week and monitored for
the onset of age-related symptoms, including dystonia, trembling,
ataxia, priapism and urinary incontinence, hind-limb muscle wasting,
lethargy, and kyphosis.

4.8 | IVISinvivo imaging detection of
luciferase activity

After treatment as described (Figure Séa), isoflurane-anesthetized
p16"M<*: Ercc1”® mice were injected intraperitoneally with D-
luciferin (Caliper Life Sciences; 15 mg/mL in PBS) and imaged in
an VIS Xenogen (Caliper Life Sciences) as previously described
(Niedernhofer & Robbins, 2018). Briefly, animals were anesthetized
starting at 3%-5% Isoflurane and decreasing to 1-3% for mainte-
nance sedation. 10 puL/g-BW D-luciferin solution was administered
per mouse subcutaneously. After 10 min, IVIS began collecting
measurements every 2 min until a maximum of 20 min (6 acquis-
tions). Raw data for each mouse were processed using a Microsoft
Excel macro that divides total flux per animal by region-of-interest
(ROI) area and subtracts background flux/area from the animal flux

value.
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FIGURE 6 Extracellular vesicles from human embryonic stem cell-derived MSCs (AC83 EVs) reduce markers of senescence in vivo, and
suppress senescence and improve healthspan in vivo. (a) Naturally aged wild-type mice were IP injected twice with 107 AC83 EVs. Analysis
of gene expression in kidney, liver, lung, and brain by RT-PCR revealed decreases in expression of p16'™ 42 and p21°P!, |L-6, and IL-1.
Significance was determined by two-tailed parametric unpaired t tests: t teStplé_kidney (p < 0.0001, t(38) = 4.425), t tEStplé_Iiver (p < 0.0001,
t(36) = 7.105), ttest g ung (p=0.91, t(69) = 0.1135), t test 16 prain (p =0.1062, t(5) = 1.968), t test o1 idney (p=0.1331, t(28) = 1.547), t

test o1 jiver (p = 0.2895, t(38) = 1.074), ttest pg 1yng (p = 0.0351, t(26) = 2.223), ttest o1 prain (p < 0.0001, t(26) = 5.193), t testy 1B widney

(p < 0.0001, t(37) = 8.647), t testy 4B jver (p < 0.0001, t(28) = 7.287), t test); 4B ung (p =0.0001, t(22) = 4.732), t testy 4B prain (p < 0.0002,
t(26) = 4.382), t test) ¢ Lidney (p < 0.0001, t(22) = 6.381), t testy g jiver (p < 0.0001, t(19) = 4.983), t testy ¢ jung (p = 0.3254, t(26) = 1.002), t
test, ¢ prain (P < 0.0001, £(26) = 5.920); p values shown in figure. Data shown are representative of independent experiments conducted

on three cohorts of aged mice. (b) Ercc1”® mice expressing a p16'N“2-|uciferase reporter were given two IP injections of 10’ AC83 EVs,
resulting in a relative decrease in p16™NK2_mediated luciferase expression compared to control animals. Significance was determined

by multiple t tests; p values shown in figure. Detailed multiple t test results available in source data file. (c) Ercc1™® mice given two IP
injections of 10? AC83 EVs and control animals were scored for measures of health span, at 7- and 14-days post-treatment, including ataxia,
body condition, dystonia, gait disorders, kyphosis and tremor. Progeroid Ercc1™” mice treated with AC83 EVs demonstrated consistent
improvement in health span compared to control animals. Significance was determined by Sidak's multiple comparisons test; adjusted p
values shown in figure. Detailed multiple comparisons test results available in source data file. Data from (b) were generated from 8, 16, 16,
and 5 mice per age group, respectively. Data from (c) were generated from 4 mice per group

4.9 | Relative gene expression by RT-PCR (Invitrogen). Two micrograms of RNA were used to generate cDNA

using the High Capacity RNA-to-cDNA kit (Applied Biosystems) and
Snap-frozentissues from mice were homogenizedin TRIzol (Invitrogen) standard RT-PCR reactions were performed using PowerUp SYBR
in a Lysing matrix D tube (MP Bio) with the FastPrep-24/5G homog- Green master mix using a minimum 20 ng RNA equivalents per reac-

enizer. RNA was extracted according to manufacturer instruction tion. Forward and reverse oligonucleotide primers were used at a final
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concentration of 500 nM per reaction. A panel of 13 housekeeping
genes (GAPDH, ACTB, B2 M, HMBS, HPRT, RpLpO, TBP, GUSB, PPIA,
OAZ1, NONO, TFRC, and EEF2) was used for normalization, and the
most stable pair of housekeeping genes was determined for each tis-

sue as described (Hellemans & Vandesompele, 2014). Housekeeping
gene primer sequences were previously described (Eissa et al., 2016).
For the senescence markers plé'NK4a, p21Cip'1, IL-6, and IL-1p, a panel
of published and validated primers for each gene was used to reli-
ably and reproducibly detect changes in gene expression; the primer
sequences were previously described (source data file Table S1 for
sequences and references). Sequences of additional primers used are
as follows: PTEN forward 5-TGGATTCGACTTAGACTTGACCT-3,,
PTEN reverse 5'-GCGGT GTCATAATGTCTCTCAG-3’, MYC forward
5'-ATGCCCCTCAACGTGAAC TTC-3', MYC reverse 5-CGCAACAT
AGGATGGAGAGCA-3’, p53 forward 5'-GCGTAAACGCTTCGAGAT
GTT-3), p53 reverse 5-TTTTTATGGCGGGAAGTAGACTG-3’, IGF1R
forward 5'-CATGTGCTGGCAGTATAACCC-3, IGF1R reverse 5-TCG
GGAGGCTTGTTCTCCT-3', p21 #4 forward 5-TCGCTGTCTTGCACT
CTGGTGT-3',p21#4reverse5-CCAATCTGCGCTTGGAGTGATAG-3..
RT-PCR data were analyzed using the delta-delta Ct method (Livak &
Schmittgen, 2001).

4.10 | miRNA Interactome

The miRNAs previously identified in hESC-MSC EVs (Chen et al.,
2010) were queried for miRNA-target interaction using the miR-
Net collection of validated miRNA targets (Fan & Xia, 2018). An
interactome was compiled from raw miRNA-target data using the
Cytoscape bioinformatics software platform (Shannon et al., 2003).

4.11 | Bioinformatic analysis

Normalized read counts of RNA-seq data underwent Ingenuity Pathway
Analysis (IPA; Qiagen) to determine the gene ontologies enriched in the
differentially expressed sets of mMRNAs and miRNAs. Scatter plots rep-
resent differential expression of miRNAs and mRNAs in young (y-axis)
versus old MSC EVs on a log2(fold-change) scale. Heatmaps were gen-
erated for comparisons between young MSCs at 3% and 20% O,, and
young versus old MSCs (at 3%) for a subset of genes with the functional
annotation “Cell Death and Survival.” Heatmap dendrograms indicate

genes with similar expression patterns.

4.12 | Statistical methods and reproducibility

Statistical methods and replicates are discussed in figure legends
accompanying each figure, and comprehensive and detailed statisti-
cal test results are provided in the source data file accompanying
this publication. Briefly, results of ANOVA tests are reported as
(p = pvalue, F(DFn,DFd) = Fstat) where DFn =degrees of freedom of
numerator, DFd =degrees of freedom of denominator, and Fstat =F

statistic. ANOVA tests were performed with Dunnett's and Tukey's
post-tests. Results of t tests are reported as (p = pvalue, t(df) = tstat)
where df = degrees of freedom and tstat = t statistic. All p values for

comparisons are shown in graphs.
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