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Abstract It is well known that attenuated insulin/insu-
lin-like growth factor signaling (IIS) has a positive effect
on longevity in several animal species, including mice.
Here, we demonstrate that a population of murine plu-
ripotent very small embryonic-like stem cells (VSELs)
that reside in bone marrow (BM) is protected from
premature depletion during aging by intrinsic parental
gene imprinting mechanisms and the level of circulating
insulin-like growth factor-I (IGF-I). Accordingly, an
increase in the circulating level of IGF-I, as seen in
short-lived bovine growth hormone (bGH)-expressing
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transgenic mice, which age prematurely, as well as in
wild-type animals injected for 2 months with bGH,
leads to accelerated depletion of VSELs from bone
marrow (BM). In contrast, long-living GHR-null or
Ames dwarf mice, which have very low levels of circu-
lating IGF-1, exhibit a significantly higher number of
VSELs in BM than their littermates at the same age.
However, the number of VSELs in these animals
decreases after GH or IGF-I treatment. These changes
in the level of plasma-circulating IGF-I corroborate with
changes in the genomic imprinting status of crucial
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genes involved in IIS, such as Igf-2-H19, RasGRF1, and
Ig2R. Thus, we propose that a chronic increase in IIS
contributes to aging by premature depletion of pluripo-
tent VSELs in adult tissues.

Keywords VSELs - IGF-1-GH - Aging

Introduction

In all living species, senescence is an inevitable con-
sequence of life. Several well-known risk factors, such
as obesity, diabetes, high calorie consumption, and lack
of physical activity, lead to atherosclerosis of the cardio-
vascular system and cancer, impair the function of vital
organs, and limit overall life span (Fontana et al. 2008;
Ikeno et al. 2009; Piper and Bartke 2008). It is obvious
that all of these risk factors are directly or indirectly
related to prolonged insulin/insulin-like growth factor
signaling (IIS) and must ultimately have an impact on
the basic units of tissue rejuvenation, which are stem
cells (SCs). These risk factors can directly affect SCs or
damage the niches in which these cells reside and there-
by impair SC self renewal and differentiation (Sharpless
and DePinho 2007).

As a result of exposure to several intrinsic, as well
as extrinsic, aging factors, cellular aging is triggered in
SCs by gradually accumulating DNA damage due to
the action of reactive oxygen species (ROS) and the
accumulating epigenetic changes in gene expression
that result (Oberdoerffer and Sinclair 2007; Sharpless
and DePinho 2007; Shin et al. 2010a). Thus, aging can
be envisioned, at the SC level, as the result of altered
cell function in response to changes in DNA structure
that directly affects proper gene expression. In addi-
tion, SCs also age by an intrinsic mechanism through
the phenomenon of telomere shortening. It is well
known that the length of telomeres decreases with
SC age (Flores and Blasco 2010).

It has been reported that an increase in caloric
intake and insulin and/or insulin-like growth factor
(Ins/IGF) levels in peripheral blood (PB) have a sig-
nificant impact on aging (Avogaro et al. 2010; Russell
and Kahn 2007; Tatar et al. 2003). On the other hand,
caloric restriction (CR) and decrease in IIS increase
lifespan in worms, flies, and mammals (Bartke and
Brown-Borg 2004; Clancy et al. 2001; Fontana et al.
2010; Masoro 2005). Consistent with this general
observation, mice with low circulating insulin-like
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growth factor-1 (IGF-I) levels (e.g., Laron [GHR "],
Ames, and Snell dwarfs) live much longer than their
normal littermates. By contrast, mice with high levels
of circulating IGF-I (e.g., transgenic mice that over-
express bovine growth hormone [bGH]) have signif-
icantly reduced life span (Bartke and Brown-Borg
2004; Bartke et al. 2002; Bonkowski et al. 2006;
Coschigano et al. 2000; Zhou et al. 1997). Further-
more, as recently demonstrated, mice with attenuated
expression of RasGRF1, a small GTP exchange factor
(GEF) for Ras, also live longer (Borras et al. 2011).
This latter finding can be explained by the involvement
of RasGRF1 in signaling through insulin and insulin-
like growth factor-1 receptors (InsR and IGF-IR,
respectively), as we have recently proposed (Ratajczak
etal. 2011d).

Interestingly, the expression of insulin-like growth
factor-2 (Igf2), Igf2 receptor (Igf-2R), and RasGRF1
is regulated by changes in somatic imprinting (Reik
and Walter 2001). These paternally imprinted genes
play a crucial role in embryogenesis, fetal growth, the
totipotential state of the zygote, and the pluripotency
of developmentally early stem cells (Reik and Walter
2001). The expression of imprinted genes is regulated
by DNA methylation within differentially methylated
regions (DMRs), which are CpG-rich cis-elements
within gene loci (Lopes et al. 2003).

Recently, our group demonstrated that adult tissues,
including bone marrow (BM), harbor a population of
pluripotent Oct4” SSEA-1"Sca-1"Lin CD45 ™ very
small embryonic-like stem cells (VSELs) (Kucia et
al. 2006). In murine BM, these pluripotent stem cells
(PSCs) are deposited during early embryogenesis and
serve as a backup for long-term repopulating hemato-
poietic stem cells (LT-HSC) (Ratajczak et al. 2011b).
Furthermore, molecular analysis of VSELs has
revealed that their quiescence in adult BM and poten-
tially premature depletion is controlled by epigenetic
changes of imprinted genes that regulate signaling of
Ins/Igf (e.g., Igf2-H19, Igf2R, and RasGrfl loci) (Shin
et al. 2010b; Shin et al. 2009). Accordingly, we ob-
served that murine BM-sorted VSELs erase the pater-
nally methylated imprints (e.g., DMRs at Igf2-H19
and RasGrfl loci); however, they hypermethylate the
maternally methylated imprints (e.g., DMRs at Igf2R).
These changes in expression of imprinted genes in
VSELs lead to downregulation of RasGRF1 (GEF
for signaling from InsR and IGF-IR) and IGF-2 (auto-
crine factor involved in proliferation of VSELs) and
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overexpression of Igf-2R (which serves as a decoy
receptor that prevents IGF-2 from binding to IGF-IR
or InsR) (Shin et al. 2009). Overall, this epigenetic
reprogramming of genomic imprinting negatively
affects IIS signaling, maintains quiescence of VSELs,
and protects them from premature aging and tumor
formation (Ratajczak et al. 2010). Based on these
findings, we proposed a novel hypothesis that relates
aging, longevity, and IIS to the abundance and func-
tion of pluripotent VSELs deposited in adult tissues. A
decrease in the number of these cells will affect pools
of tissue-committed stem cells in various organs (e.g.,
HSCs in BM), and it has an impact on tissue rejuvena-
tion and life span (Ratajczak et al. 2010). In the current
paper, we provide additional evidence, based on several
murine models of altered longevity, that lends support to
this novel hypothesis to explain the aging process.

Material and methods
Animals

This study was performed in accordance with the guide-
lines of the Animal Care and Use Committee of the
University of the Southern Illinois University Laborato-
ry Animal Care Committee and University of Louisville
School of Medicine and with the Guide for the Care and
Use of Laboratory Animals (Department of Health and
Human Services, publication no. NIH 86-23).

Ames dwarfs (Prop V)

Homozygous Ames dwarf (Prop17%") male mice were
produced by mating heterozygous females and homo-
zygous mutant males in our breeding colony at South-
ern Illinois University (SIU). In this colony, the
Prop1%" mutation is maintained on a heterogeneous
genetic background. Animals were maintained under
temperature- and light-controlled conditions (20-23°C,
12-h light/12-h dark cycle).

Laron dwarf (GHR™") mice

Control and GHR™" (also termed Laron) male mice
used in this study were produced in our breeding
colony, developed by crossing 1290la/BALB/c GHR ™~
animals (generously provided by Dr. J. J. Kopchick) with
mice derived from crosses of C57BL/6 J and C3H/J

strains and maintained as a closed colony with inbreeding
minimized by avoiding brother x sister matings. The
animals were housed under temperature- and light-
controlled conditions (20-23°C, 12-h light/12-h dark
cycle). GHR ™™ males were mated with heterozygous
(GHR™") females to produce GHR '~ mice (Zhou et
al. 1997).

Bovine GH transgenic (bGH Tg) mice

Male phosphoenolpyruvate carboxykinase (PEPCK)-
bGH Tg male mice and their normal male siblings
were originally produced by microinjecting the bGH
structural gene fused with the promoter of the rat
PEPCK gene into the pronuclei of fertilized mouse eggs
(McGrane et al. 1988). The hemizygous Tg mice used in
this study were produced by mating GH-Tg males with
normal C57BL/6 x C3H F1 hybrid females. The ani-
mals were housed in temperature- and light-controlled
conditions (20-23°C, 12-h light/12-h dark cycle) until
the age of 12 months, when the animals were sacrificed
and the tissues and cells collected.

Treatment of mice with porcine GH or human IGF-I

Young Ames dwarf mice (Prop V'¥)

Groups of ten male Ames dwarf and WT males were
subjected to treatment with porcine GH (pGH) via
subcutaneous (sc) injection (6 pg/g/day), given twice
daily starting at the age of 2 weeks and continuing for
6 weeks. On Saturdays and Sundays, animals were
injected only once with a full dosage following a
previous protocol (Masternak et al. 2010). Control
Ames dwarfs (Propldf/df) and wt littermates of the
same age were treated with saline.

After 6 weeks of pGH treatment, half of the animals
were sacrificed, and the tissues and cells were collect-
ed for immediate analysis. The other half of the ani-
mals had pGH treatment discontinued, and the animals
were kept untreated for 12 weeks before final analysis.

Adult Ames dwarf mice (Prop V%)

Groups of 9-10 male Ames dwarf and wt males were
subjected to treatment with pGH via subcutaneous (sc)
injection (6 ng/g/day), given twice daily starting at the
age of 6 months and continuing for 6-8 weeks. On
Saturdays and Sundays, animals were injected only
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once with a full dosage, following a previous protocol.
Control male Ames dwarfs (Prop1%7%") and wt male
littermates of the same age were treated with saline.

Laron dwarf (GHR™") mice

Young male GHR KO mice were subjected to human
IGF-I (Biovision Inc.) treatment via subcutaneous (sc)
injection (4 pg/g/day), given twice daily starting at the
age of 6 weeks and continuing for 3 weeks. Control
male GHR KO and wt male littermates of the same age
were treated with saline.

Peripheral blood counts

Fifty microliters of PB was taken from the retro-orbital
plexus of the mice and collected into microvette EDTA-
coated tubes (Sarstedt Inc., Newton, NC). Samples were
run within 2 h of collection on a Hemavet 950 (Drew
Scientific Inc., Oxford, CT).

Clonogenic assays

Clonogenic assays were performed as described by us
elsewhere (Ratajczak et al. 2011b). Briefly, BM-derived
cells were resuspended in methylcellulose base media
provided by the manufacturer (R&D Systems) and sup-
plemented with granulocyte macrophage colony-
stimulating factor (GM-CSF, 25 ng/ml) and interleukin-
3 (IL-3, 10 ng/ml) for CFU-GM, with erythropoietin
(EPO, 5 units/ml, Stem cell Tech.) and stem cell factor
(SCF, 5 ng/ml) for burst-forming units (BFU-E), and
with thrombopoietin (TPO, 100 ng/ml) for CFU-
megakaryocyte (Meg). Cultures were incubated for 7—
10 days, at which time they were scored under an inverted
microscope for the number of each type of colony.

Staining and sorting of BM-derived stem cells

To determine the numbers of Sca-1"Lin CD45~ (VSEL)
and Sca-1"Lin"CD45" (HSC) cells, flow cytometry anal-
ysis was performed. In brief, a single-cell suspension was
stained for lineage markers (CD45R/B220 clone RA3-
6B2, Gr-1 clone RB6-8 C5, TCR«xf3 clone H57-597,
TCRy( clone GL3, CD11b clone M1/70, and Ter-119
clone TER-119) conjugated with phycoerythrin (PE),
CD45 (clone 30-F11) conjugated with APC-Cy7, and
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Sca-1 (clone D7) conjugated with PE-Cy5 for 30 min
on ice. After washing, samples were analyzed by
fluorescence-activated cell sorting (LSRII flow cytome-
ter, BD Biosciences). At least 10° events were acquired
and analyzed by using BD FACSDiva™ software. Sam-
ples stained with appropriate isotype controls (BD Phar-
mingen, San Diego, CA) were examined in parallel.

Isolation and fluorescence-activated cell sorting
(FACS) of VSELs and HSCs from murine BM

VSELs and HSCs were isolated from BM of adult female
or male mice. Briefly, BM was flushed from tibias and
femurs, and the population of total nucleated cells
(TNCs) was obtained after lysis of red blood cells
using 1x BD Pharm Lyse Buffer (BD Pharmingen,
San Jose, CA, USA). TNCs were subsequently
stained for CD45, hematopoietic lineage markers
(Lineage [Lin]), and Sca-1 antigen for 30 min in
medium containing 2% fetal bovine serum. The
following anti-mouse antibodies (BD Pharmingen)
were used for staining: rat anti-CD45 (allophyco-
cyanin-Cy7, clone 30-F11), anti-CD45R/B220 (PE,
clone RA3-6B2), anti-Gr-1 (PE, clone RB6-8 C5),
anti-T-cell receptor-af3 (PE, clone H57-597), anti-
T-cell receptor-yd (PE, clone GL3), anti-CD11b (PE,
clone M1/70), anti-Ter119 (PE, clone TER-119), and
anti-Ly-6A/E (also known as Sca-1, biotin, clone E13-
161.7, with streptavidin conjugated to PE-Cy5). Cells
were then washed, resuspended in RPMI 1640 medium
with 2% fetal bovine serum, and sorted with a MoFlo
cell sorter (Dako, Carpinteria, CA, USA). The Sca-
1"Lin CD45  cells (VSELs) and control Sca-
1"Lin CD45" cells (HSCs) were isolated.

Bisulfite-sequencing (BSS) and combined
bisulfite-restriction analysis (COBRA)

The DNA methylation status of the DMRs of Igf2-H19
and RasGRFI loci was investigated using bisulfite
DNA modification followed by sequencing, as well
as by the COBRA assay. In brief, genomic DNA for
VSELs, HSCs, and BMMNC:s isolated from the indi-
cated mouse strains were prepared using the DNeasy
Blood & Tissue Kit (Qiagen Inc, Valencia, CA, USA).
Next, 100 ng of gDNA was used for bisulfite modifi-
cation, performed using the EpiTect Bisulfite Kit
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(Qiagen Inc) according to the manufacturer's instruc-
tions. The BSS and COBRA analysis were performed
as previously described (Shin et al. 2009).

Statistical analysis

All data were analyzed using one-factor analysis of
variance with Bonferroni's multiple comparison test.
We used the Instatl.14 program (GraphPad Software,
La Jolla, CA, USA), and statistical significance was
defined as P<0.05 or P<0.01.

Results

An increase in plasma circulating insulin-like growth
factor-1 (IGF-I) level leads to premature depletion
of VSELs in murine BM

We initially became interested in the number of VSELSs in
BM of transgenic mice that overexpress bovine growth
hormone (bGH) under control of the phosphoenolpyr-
uvate carboxykinase (PEPCK) promoter. These mice live
~1 year, which is ~50% shorter than control littermates
that lack this transgene. In our previous short report, we
demonstrated that 6-month-old bGH-overexpressing
transgenic mice have significantly reduced numbers of
VSELs in BM (Kucia et al. 2011). In the current study,
we have followed bGH transgenic mice up to 1 year of
age. Figure 1a shows that these animals at 12 months of
age have even more severely reduced numbers of Sca-
1"lin CD45 VSELs and Sca-1"lin CD45" HSCs in BM.
In contrast, control mice maintain the number of HSCs in
BM; however, they have lower numbers of VSELSs at the
age of 12 months (Fig. 1a).

Next, to see whether a prolonged increase in plasma
GH level by twice-daily injections of porcine GH
(pGH) has a similar effect, 2-week- and 6-month-old
wild-type (wt) mice were divided into two groups and
treated for 8 weeks with pGH (6 pg/g/day) or saline
(control group). Figure 1b shows that, like bGH trans-
genic mice, both 2-week- and 6-month-old wt animals
injected with pGH for 8 weeks exhibited a reduction in
the number of VSELs and HSCs in BM. Figure lc
shows an example of FACS analysis of BM VSELs in
wt mice treated with saline (upper panel) and pGH
(lower panel).

These results can be explained by the fact that GH
stimulates secretion of IGF-I (somatomedin C) from
liver (Brown-Borg 2009; Ohlsson et al. 2009), and this
leads to high levels of circulating IGF-I in bGH trans-
genic and wt mice injected with pGH.

Long-living Laron (GHR ") and Ames (Propldf/df)
dwarf mice with low circulating levels of IGF-I retain
high numbers of VSELs in BM during aging

We recently demonstrated that long-living Laron
dwarf mice (GHR "), with low circulating plasma
levels of IGF-1, have a significantly higher number
of VSELs and HSCs in BM at the age of 18 months
than their normal littermates (Ratajczak et al. 2011a).
Here, we have investigated the number of VSELs and
HSCs in 2-year-old Laron dwarf mice (GHR ") and in
a different type of long-lived mutant mice with low
levels of IGF-1 in circulating plasma, 8-month-old
Ames dwarfs (Prop197%%), compared to normal control
GHR ™" and Prop19"" littermates.

Although both murine mutants exhibit extended lon-
gevity and have low levels of circulating IGF-I, the basis
for these phenotypic characteristics is different (Ander-
sen et al. 1995; Coschigano et al. 2003; Zhou et al.
1997). While Laron dwarf mice (GHR ") have a dele-
tion of the GH-receptor (GHR) that makes them insen-
sitive to GH signaling and thus do not secrete IGF-I
from liver, the Ames dwarfs (Prop 1979% have a mutation
of the prophet of pituitary factor 1 (Propl) gene in-
volved in regulation of pituitary-specific transcription
factor 1, which leads to a combined defect in expression
of GH, thyroid-stimulating hormone (TSH), and prolac-
tin (PRL) (Andersen et al. 1995; Brown-Borg et al.
1996). We now show that both Laron dwarfs and
Ames dwarfs have a higher number of VSELs and
HSCs in BM than age-matched normal littermates
(GHR™" and Prop1%”*; Fig. 2a, b, respectively).

Short-term GH or IGF-I treatment reduces the number
of VSELs and HSCs in long-living, low-circulating-
IGF-I-level Ames (Propldf/df) and Laron (GHR ")
dwarf mice

Data presented in Figs. 1 and 2 indicate that circulat-

ing plasma levels of bGH and IGF-I affect the number
of VSELs in murine BM: High levels of these factors
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are associated with a decrease and low levels with an
increase in the number of these cells. To address the
underlying mechanism more directly, we treated Ames
and Laron dwarf mice with pGH or recombinant hu-
man IGF-I injections, respectively.

As shown in Fig. 3a, Ames dwarfs (Prop
treated for 6 weeks starting at the ages of 14 days or
6 months by twice-daily injection of pGH (6 ng/g/day)
exhibit significantly reduced numbers of VSELs and
HSCs in BM compared to Ames dwarfs injected with
saline vehicle (controls). Since these mice have low
circulating levels of IGF-I due to GH deficiency,
injections of GH elevated their circulating IGF-I
levels.

Finally, to confirm a direct role of IGF-I in the
observed phenomena, we injected 6-week-old Laron
dwarf mice, with low circulating plasma levels of IGF-
I, twice daily for 3 weeks with human recombinant
IGF-I (hIGF-I). As shown in Fig. 3b, twice-daily in-
jection of hIGF-I (2 pg/g/day) leads to a significant
decrease in the number of VSELs and HSCs in these
animals compared to control Laron dwarf mice
injected with saline.

Figure 3c shows an example of FACS analysis of
BM VSELs in Ames dwarf mice treated with saline
(upper panel) and GH (lower panel).

1 df/df)

Changes in the number of hematopoietic clonogenic
progenitors in BM and in peripheral blood parameters

Murine hematopoiesis during the aging process is
affected by several deficiencies that, in C57B1/6 mice,
are characterized by an expansion of the hematopoiet-
ic stem cell phenotype and myeloid lineage in BM,
impaired engraftment potential of HSPCs, mild-to-
moderate normocytic anemia, and a decrease in ac-
quired immunity (Liang et al. 2005; Rossi et al. 2005).
Since we have previously demonstrated that VSELSs in
BM serve as precursors for LT-HSCs (Ratajczak et al.
2011b), we evaluated changes in clonogenic progeni-
tors in BM and peripheral blood counts in animals
investigated in our study.

Table 1 shows the relative change in the number
of colony-forming units of granulocyte-monocyte
(CFU-GM) cells, burst-forming units of erythro-
cytes (BFU-E), and colony-forming units of mega-
karyocytes (CFU-Meg) in BM of mice investigated
in this study. These data correspond to changes in
the number of Sca-1"Lin CD45" cells in BM and
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collectively indicate that prolonged IIS has a neg-
ative effect on the number of clonogenic progeni-
tors in BM. In contrast, 2-year-old GHR™ mice
with low circulating IGF-I levels have higher
numbers of clonogenic progenitors in BM than
normal littermates (Table 1).

These changes in the number of HSPCs in BM lead
to changes in peripheral blood parameters. In particu-
lar, bGH at 6 months and 1 year of age develops
microcytic anemia and exhibits elevated peripheral
blood platelet counts (Supplementary Table I). How-
ever, we did not observe significant changes in periph-
eral blood parameters in wild-type mice or Ames
dwarfs injected beginning at age 2 weeks or 6 months
for 6 weeks with recombinant porcine GH (data not
shown). Thus, under steady-state conditions, these
animals are able to maintain normal peripheral blood
counts despite a decrease in HSPCs in BM (Fig. 1b,
Fig. 3a, and Table 1).

By contrast, 6-week-old Laron dwarf mice injected
for 3 weeks with human recombinant IGF-I exhibited
slight polycythemia (Supplementary Table II), which
supports a role for IGF-I in augmenting proliferation
and maturation of pro-erythroblasts, as previously
reported (Ratajczak et al. 1998).

Fig. 1 Reduced numbers of VSELs and HSPCs in BM of mice
with elevated plasma GH and IGF-I levels. a Decreases in the
number of VSELSs (/eft) and HSCs (right) in 6-month-old and 1-
year-old bGH transgenic mice. The numbers of Sca-
1"Lin CD45 (VSELs) and Sca-1"Lin CD45" (HSCs) were
evaluated as the number of events per 1x10° BMMNC/body
weight using the LSR II BD FACS analyzer with FACSDiva™
software. Analysis of variance (ANOVA) with Bonferroni's
multiple comparison test (¥*p<0.00001) with comparison to
normal counterparts was performed. b Reduced numbers of
VSELSs (left) and HSCs (right) after injections of wild-type mice
with porcine GH (pGH). The numbers of Sca-1'LinCD45"
(VSELs) and Sca-1"LinCD45" (HSCs) were evaluated as in a.
ANOVA with Bonferroni's multiple comparison test (*p<
0.00001) with comparison to normal counterparts was per-
formed. ¢ Analysis of Sca-1"Lin CD45  (VSELs) and Sca-
1"Lin CD45" (HSCs) from mBM-derived MNCs using the
LSR II BD FACS analyzer with FACSDiva™ software.
BMMNCs from region P1 were analyzed for Sca-1 and Lin
expression. The Sca-1"Lin~ population, which is included in
region P3, was subsequently analyzed based on CD45 antigen
expression, and the CD45™ and CD45" subpopulations were
visualized by dot plot: Sca-1"Lin"CD45~ (VSELs, green area)
and Sca-1"Lin CD45" (HSCs, red area). Lower panel decrease
in the numbers of VSELs and HSCs after GH administration
(6 pg/g/day) compared to animals treated with saline (upper
panel, control group)
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Fig. 2 Long-lived dwarf mice with low circulating plasma IGF-
I levels retain higher numbers of VSELs in BM during aging. a
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to their normal heterozygote littermates (GHR"). The numbers
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were evaluated as the number of events per 1x10® BMMNC/
body weight using the LSR II BD FACS analyzer with FACS-
Diva™ software. Analysis of variance (ANOVA) with

Changes in methylation pattern of imprinted genes
involved in Ins/Igf signaling

We have reported that VSELs deposited in adult BM
are in a quiescent state protected from proliferation by
erasure of differentially methylated regions (DMRs) in
paternally imprinted genes that encode Igf2-H19 and
RasGRF1 (Shin et al. 2009). We also proposed that the
number of these cells is prematurely depleted by
chronic IIS signaling (Ratajczak et al. 2010). Thus,
changes in expression of imprinted genes in VSELs
lead to downregulation of (1) IGF-2, which is an
autocrine factor involved in proliferation of VSELs,
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Bonferroni's multiple comparison test (¥p<0.00001) with com-
parison to normal counterparts was performed. b Increase in the
numbers of VSELs (/eff) and HSCs (right) in 2- and 8-month-
old Ames dwarf mice (Prop1®"") compared to their normal
heterozygote littermates (Prop1¢”"). The numbers of Sca-
1"LinCD45 (VSELs) and Sca-1"LinCD45" (HSCs) were eval-
uated as in a. ANOVA with Bonferroni's multiple comparison
test (*p<0.00001) with comparison to normal counterparts was
performed

and (2) RasGRF1, a GEF for signaling from InsR and
IGF-IR. Both of these changes play a major role in
attenuating IIS in these cells (Ratajczak et al. 2011d).

To address the status of paternal imprints in VSELs,
we evaluated the imprinting (methylation) of DMRs at
the Igf2-H19 and RasGRF1 loci by employing bisul-
fide modification of DNA followed by sequencing
(Fig. 4) or by employing restriction analysis of PCR
products employing primers designed for DMRs of
interest (COBRA assay, Supplementary Fig. 1). In
young wild-type mice, the DNA of these paternally
imprinted regions in VSELs remains unmethylated, in
contrast to HSCs and BMMNCs (Fig. 4 and
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Supplementary Fig. 1). Furthermore, a decrease in the
pool of VSELs after chronic exposure to GH/IGF-I
(Fig. 1) corresponded with enhanced methylation of
the DMR for the Igf2-H19 locus in VSELs, as seen in
both bGH transgenic mice (Fig. 4a) and wt mice
injected with pGH (Fig. 4b).

We previously reported that erasure of genomic
imprints at the Igf2-H19 locus in VSELs turns into
the normal somatic pattern during aging (Ratajczak et
al. 2011a), which is why VSELSs from 2-year-old wild-
type or Laron dwarf heterozygote mice (GHR ") and
8-month-old control mice for Ames dwarfs (Prop197")
show the somatic type of methylation (~50% methyl-
ation) in the DMR for the Igf2-H19 locus (Fig. 4c).
Interestingly, at the same time, we observed that
VSELs from both Laron dwarf (GHR ") and Ames
(Prop174) mice exhibit a delay in aging, which is
related to DNA methylation of the Igf2-H19 locus
(~30% methylation, Fig. 4c). However, this locus
may become prematurely methylated if young 2-
month-old Ames or 8-month-old Laron dwarf mice
are exposed to daily pGH and IGF-I injections
(Fig. 4d-1).

Taken together, our bisulfite modification of DNA
followed by sequencing (Fig. 4) and COBRA assay
(Fig. 4f and Supplementary Fig. 1) results suggest that
prolonged IIS signaling induces reprogramming of the
DNA methylation of imprinted loci (Igf2-H19 and
RasGRF1) and increases sensitivity of these cells to
IS, which may lead to premature depletion of primi-
tive VSELs from adult BM.

Discussion

Several animal models were employed in our studies
to evaluate the correlation between the number of
VSELs and longevity. Results of these studies demon-
strate that the circulating plasma level of IGF-I directly
affects the number of these cells deposited in adult
murine BM. Thus, a novel paradigm emerges that
directly links the number of PSCs deposited in adult
tissues with IIS and longevity.

It has been proposed that VSELs are a backup
population of PSCs that supply stem cells committed
to particular tissues and thus play a role in regenera-
tion and rejuvenation of adult tissues (Kucia et al.
2006; Ratajczak et al. 2011b). This would explain
why VSELSs are precursor cells for hematopoietic stem

cells (HSCs) (Ratajczak et al. 2011b) and mesenchy-
mal stem cells (MSCs) (Taichman et al. 2010) in
murine BM. Accumulating evidence indicates that this
is also the case for human VSELs (Ratajczak et al.
2011c). Further studies in other mammalian species
are needed to see whether this is a common mecha-
nism that controls tissue rejuvenation and impacts life
span in all mammals.

We envision that VSELSs, like other more commit-
ted SCs in the adult body, are exposed to several
factors that affect their number and function, such as
reactive oxygen species (ROS) that promote gradual
accumulation of DNA damage (Ito et al. 2004; Rossi
et al. 2005). However, in comparison to other SCs,
VSELs are more resistant to DNA-damaging agents
(e.g., irradiation) (Ratajczak et al. 2011b) and possess
higher telomerase activity (Kucia et al. 2006). Because
caloric intake and Ins/IGF level in PB have a signifi-
cant impact on aging in numerous species (Bartke and
Brown-Borg 2004; Clancy et al. 2001; Fontana et al.
2008; Longo and Finch 2003), we became interested
in whether changes in plasma Ins/IGF level affect the
number of VSELs deposited in adult organs and cor-
relate with life span in various mouse models with
altered longevity.

The rationale for these studies was the discovery of
a crucial genomic imprinting-related epigenetic mech-
anism that governs the quiescent state of VSELs,
preventing their proliferation and premature depletion
from the tissues (Shin et al. 2009). This mechanism is
based on the epigenetic changes in selected somatic-
imprinted genes (i.e., Igf-2-H19, RasGRF1, and IGF-
2R) that are involved in IIS (Drake et al. 2009; Font de
Mora et al. 2003; Shin et al. 2009; Yoon et al. 2005).
By erasing paternal imprints on Igf2-H19 and
RasGRF1, VSELs downregulate expression of IGF-
2, which seems to be an autocrine growth factor for
these cells, and repress RasGRF1 gene expression,
which appears to serve as a downstream signaling
protein for activated insulin and IGF-IR (Font de Mora
et al. 2003). Furthermore, in addition to erasure of
imprinting on paternally imprinted genes in VSELs,
some of the maternally imprinted genes become, by
contrast, hypermethylated. One of these genes is Igf-
2R, which serves as a molecular sink for IGF-2 and
prevents its interaction with IGF-IR (Braulke 1999).
Thus, impaired signaling from IGF-IR and InsR is
responsible for maintaining VSELSs in a quiescent state
in adult tissues.
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Interestingly, the molecular mechanisms that keep
VSELs in adult tissues in a quiescent state and prevent
their premature depletion are similar to the molecular
mechanisms that are the basis for extension of life
span in mice (Ratajczak et al. 2010). Long-living
Laron and Ames dwarf mice have low levels of circu-
lating IGF-I (Zhou et al. 1997) (Andersen et al. 1995),
while RasGRF1 is repressed in long-living bi-maternal
and RasGRF1~~ mice (Borras et al. 2011; de Magalhaes
2011; Kawahara and Kono 2010). It is also well known
that changes in IIS have important implications for
aging, and comparable effects on the extension of
longevity can be produced by CR that attenuates IIS
(Fontana et al. 2010; Masoro 2005).

Thus, attenuated signaling from IGF-IR and InsR is
responsible for keeping VSELs quiescent in adult
tissues. A decrease in the number of these cells would
directly impact the regenerative capacity of their prog-
eny, the pool of tissue-committed stem cells that are
more restricted in their ability to differentiate. In sup-
port of a role for VSELs in organ/tissue rejuvenation,
our previous studies performed on normal young (4-
week-old) and old (2-year-old) wild-type mice
revealed that the number of VSELs and their pluripo-
tency decrease during aging (Ratajczak et al. 2011a).
Consistent with our proposed mechanism, VSELs
from young mice show erasure of DMRs for the Igf-
2-H19 and RasGrfl loci and thus do not express IGF-2
and RasGRF1. In contrast, VSELs from old mice
show the somatic type of methylation at both Igf2-
H19 and RasGrfl loci, which increases expression of
Igf-2 and RasGRF1 and thus their sensitivity to
insulin-factor signaling. This suggests that chronic
IIS via RasGRF1 may contribute to age-related deple-
tion of VSELs and the senescence process and corre-
sponds with a parallel reduction in expression of the
pluripotency master regulators, such as Oct4, Nanog,
Sox2, Klf4, and cMyc. As we have demonstrated, at the
molecular level, the Oct4 promoter in VSELs becomes
gradually hypermethylated with age and shows a closed
chromatin structure (Ratajczak et al. 2011a).

In the current study, we provide more direct evi-
dence that the number of VSELs deposited during
ontogenesis in BM is related to plasma IGF-I level.
In particular, mice with an elevated IGF-I level in
plasma due to the expression of the bGH transgene
and wt mice injected for a prolonged time with pGH
exhibit decreased numbers of VSELSs in BM compared
to control animals. This was paralleled by epigenetic
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changes in the Igf2-H19 and RasGrfl loci in which
DMRs become hypermethylated over time, leading to
increases in Igf2 and RasGRF1 expression. As men-
tioned previously, bGH transgenic mice have a signif-
icantly reduced life span. In contrast, Laron and Ames
dwarf mice have an extended life span, with low circu-
lating plasma IGF-I levels and high numbers of VSELs
in BM that, in contrast to aged-matched normal litter-
mates, are maintained at high levels into advanced age.
The molecular signature of VSELs in these animals
revealed prolonged retention of hypomethylation in
DMRs at Igf2-H19 and RasGrfl loci, which attenuates
IIS in these cells. The numbers of VSELSs, however,
decrease in these animals after prolonged treatment with
pGH or IGF-I, while in Ames dwarfs, GH treatment
started early in life was recently shown to shorten their
survival (Panici et al. 2010). Further studies are needed
to determine whether CR has a similar effect on the
number of VSELs residing in adult tissues.

Therefore, our data indicate a detrimental effect of
elevated GH and/or IGF-I on the number of VSELSs in
adult murine tissues. We have demonstrated that, in
both mice and humans, VSELs are precursors for LT-
HSCs (Ratajczak et al. 2011b, c¢), and reduction of

Fig. 3 GH or IGF-I treatment reduces the number of VSELs
and HSCs in long-lived dwarf mice. a Reduced numbers of
VSELs (left) and HSCs (right) in pGH- treated Ames dwarf
mice (Propl197%h). Ames dwarf mice were treated for 6 weeks
starting at the age of 2 weeks or 6 months by twice-daily
injection of GH (6 ug/g/day). The numbers of Sca-1"Lin CD45"
(VSELs) and Sca-1"Lin CD45" (HSCs) were evaluated as the
number of events per 1x10° BMMNC/body weight using the
LSR 11 BD FACS analyzer with FACSDiva™ software. Analy-
sis of variance (ANOVA) with Bonferroni's multiple compari-
son test (¥*p<0.00001) in comparison to normal counterparts
was performed. b Reduced numbers of VSELs (left panel) and
HSCs (right panel) in IGF-I treated Laron dwarf mice (GHR ™).
Laron dwarf mice were injected twice a day for 3 weeks with
recombinant IGF-I. The numbers of Sca-1"LinCD45 ( VSELs)
and Sca-1"LinCD45" (HSCs) were evaluated as in a. ANOVA
with Bonferroni's multiple comparison test (*p<0.00001) with
comparison to normal counterparts was performed. ¢ Analysis
of Sca-1"LinCD45 (VSELs) and Sca-1"LinCD45" (HSCs)
from mBM-derived MNCs using the LSR II BD FACS analyzer
with FACSDiva™ software. BMMNCs from region P1 were
analyzed for Sca-1 and Lin expression. The Sca-1"Lin™ popula-
tion, which is included in region P3, was subsequently analyzed
based on CD45 antigen expression, and CD45 and CD45"
subpopulations were visualized by dot plot: Sca-1"Lin CD45"
(VSELs, green area) and Sca-1"Lin CD45" (HSCs, red area).
Lower panel decrease in the number of VSELs and HSCs in
Ames dwarf mice after GH administration (6 pg/g/day) com-
pared to animals treated with saline (upper panel)
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Table 1 The number of clonogeneic progenitors in BM. The data are shown as number of colonies (£+/-SD)/10° BMMNC plated®

Mice CFU-GM BFU-E CFU-Megs
bGH-WT (6 M) 156+12 108420 156+15
bGH-TG (6 M) 143+14 7549 152417
bGH-WT (12 M) 125+38 61+16 60+18
bGH-TG (12 M) 89+35 38+14 25+7
Prop1%7* saline (2 M) 75+11 78+14 64+14
Prop1%"" GH (2 M) 47+9 35+10 25+9
Prop1"* saline (8 M) 58+10 20+4 38+4
Prop1%"* GH (8 M) 15+3 8+2 2043
Prop1¢74 saline 11820 99+13 93+11
2M)
Prop1¢74f GH (2 M) 86+29 55+19 43+13
Prop17f saline 8148 36+5 58+6
8 M)
Prop197Y GH (8 M) 64+7 20+3 24+6
GHR™" (24 M) 124+11 71£11 67+13
GHR™ (24 M) 200+17 113+14 146+13

?The data are average from 6 mice/group plated in duplicates

these cells in BM may lead to impaired hematopoiesis.
Furthermore, our recent studies show a correlation
between VSEL number and the number of HSCs and
clonogenic progenitors in BM, which may be reflected
by peripheral blood parameters in advanced age.

Interestingly, the role of IGF-I in hematopoiesis is
controversial. IGF-I was initially described as stimu-
lating proliferation of hematopoietic progenitors
(Doepfner et al. 2007; Tazzari et al. 2007), but more
recently, this effect has been explained by the presence
of kit ligand (KL) in the culture conditions employed
(Ratajczak et al. 1998, 1994). Similarly, a report de-
scribing the beneficial effects of short ex vivo exposure
to IGF-I in rejuvenation of HSCs (Mayack et al. 2010)
has been withdrawn, and further studies are needed to
reevaluate these data. IGF-I, however, may play an im-
portant role in the final stages of erythropoiesis by pro-
moting the expansion of erythroid precursors and their
hemoglobinization (Ratajczak et al. 1998, 1994). In fact,
we observed that healthy Laron dwarf mice injected with
IGF-I for 2 months display slight polycythemia.

We have also proposed that since regeneration and
tumor formation are closely related processes, the
same mechanism that controls proliferation of VSELs
may play a role in neoplastic transformation of these
cells (Ratajczak et al. 2009). Accordingly, prolonged
IIS may lead to uncontrolled neoplastic transformation

@ Springer

of these cells. In support of this notion, loss of im-
printing at the Igf2-H19 locus is a common feature in
Beckwith—Wiedemann syndrome, which is associated
with fetal overgrowth and pediatric sarcomas (Koufos
et al. 1985; Prawitt et al. 2005). In addition, there is

Fig. 4 The effect of IIS on changes in DNA methylation within

the Igf2-H19 DMR in VSELs. Bisulfite sequencing profiles of
DNA methylation of DMRs for Igf2-H19 in VSELs isolated
from the indicated mice. Methylated and unmethylated CpG
sites are shown as filled and open circles, respectively. The
numbers under the bisulfite sequencing profiles indicate the
percentage of methylated CpG sites. a VSELs were FACS-
isolated from 6-month- (/eff) and 1-year-old (right) bGH trans-
genic (bGH-TG) mice and their control (bGH-wt) littermates. b
Wild-type mice were treated with porcine GH (pGH) at the age
of 2 weeks (leff) or 6 months (right) for 6 weeks. As a control,
same-age mice were treated with saline. ¢ VSELs were isolated
from 2-year-old Laron dwarf (GHR ", leff) and Ames dwarfs
(Prop19"¥f right) mice and their control heterozygote (GHR ™
and Prop1%"") littermates. d Two-month- and 8-month-old
Ames dwarfs (Prop197%") and e 2-month-old Laron dwarfs
(GHR’/ ) were treated with pGH or recombinant IGF-I, respec-
tively, at the age of 2 weeks or at the age of 6 months, for
6 weeks. The control same-age mice were treated with saline.
COBRA assay of the Igf2-H19 DMRI1 (upper panel) and
RasGRFI DMR (lower panel) by BstUI restriction enzyme
cleavage. The unmethylated DNA (dashed arrow) was not
cleaved, in contrast to methylated DNA (solid arrow), because
of a sequence change at the site recognized by the restriction
enzyme after bisulfite reaction. *Non-specific PCR product
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considerable evidence that an increase in IIS can lead
to tumorogenesis (Pollak 2008; Steuerman et al.
2011). An increase in tumor formation also correlates
positively with the level of circulating plasma IGF-I
level in mice employed in our studies (e.g., bGH
transgenic animals vs. Ames and Laron dwarfs). Thus,
the potential involvement of VSELs in tumor forma-
tion in these animals requires further study.

In conclusion, we propose a novel paradigm for
aging in which epiblast-derived VSELs, which are
deposited in adult tissues as the most primitive popu-
lation of stem cells involved in tissue/organ rejuvena-
tion, are depleted by chronic IIS. Furthermore, since
Igf2-H19 and RasGrfl genes are paternally imprinted
genes and thus expressed from paternal (sperm-derived)
chromosomes (Reik and Walter 2001), our data demon-
strate indirectly that some paternally imprinted genes
play a crucial role in the control of longevity. These
studies imply that the sperm genome has a detrimental
effect on longevity in mammals. To summarize, longev-
ity studies have increased in sophistication to the point
where explanations can now be sought at the level of
imprinted genes and their epigenetic regulation.
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