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SUMMARY

FOXO3 is an evolutionarily conserved transcription
factor that has been linked to longevity. Here we
wanted to find out whether human vascular cells
could be functionally enhanced by engineering
them to express an activated form of FOXO3. This
was accomplished via genome editing at two nu-
cleotides in human embryonic stem cells, followed
by differentiation into a range of vascular cell
types. FOXO3-activated vascular cells exhibited
delayed aging and increased resistance to oxida-
tive injury compared with wild-type cells. When
tested in a therapeutic context, FOXO3-enhanced
vascular cells promoted vascular regeneration in
a mouse model of ischemic injury and were resis-
tant to tumorigenic transformation both in vitro
and in vivo. Mechanistically, constitutively active
FOXO3 conferred cytoprotection by transcription-
ally downregulating CSRP1. Taken together, our
findings provide mechanistic insights into FOXO3-
mediated vascular protection and indicate that
FOXO3 activation may provide a means for gener-
ating more effective and safe biomaterials for cell
replacement therapies.
C

INTRODUCTION

Proper functioning of the cardiovascular system is essential

for maintaining tissue homeostasis and for promoting maximal

organismal lifespan. Age-associated cardiovascular dysfunc-

tion impairs the ability of this system to deliver nutrients

and oxygen to various organs (Omae et al., 2013). Vascular

aging is often associated with endothelial dysfunction,

reduced vascular elasticity, and decreased potential for

vascular repair as well as increased secretion of proinflam-

matory cytokines (Harvey et al., 2015; Laurent, 2012; Mikael

et al., 2017).

Forkhead box O3 (FOXO3) is an evolutionarily conserved

longevity factor (Martins et al., 2016; van der Horst and Burger-

ing, 2007). Certain FOXO3 SNPs correlate with human longevity

in diverse human populations (Chung et al., 2010; Flachsbart

et al., 2018; He et al., 2014; Willcox et al., 2008). Longevity-

related FOXO3 polymorphisms are also associated with a

lower-than-average prevalence of cardiovascular diseases

(CVDs) in long-lived humans (Willcox et al., 2008). Although it

remains unclear how human genetic variations of FOXO3 pro-

long the human lifespanmechanistically, considerable advances

have been made in revealing the cellular function of FOXO3.

As a member of the O class of forkhead box transcription

factors, FOXO3 is a major downstream effector of the phospha-

tidylinositol 3-kinase (PI3K)/Akt signaling pathway, partici-

pating in various cellular processes, including cell proliferation,
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oxidative resistance, DNA damage repair, cell apoptosis, cellular

senescence, and stem cell homeostasis (Brunet et al., 2004;

Martins et al., 2016; Morris et al., 2015; Paik et al., 2007;

Santos et al., 2014; Tsai et al., 2008). Akt-mediated phosphory-

lation of FOXO3 at three classical sites, Thr32, Ser253, and

Ser315, promotes FOXO3 translocation to the cytoplasm (via

its binding to a 14-3-3 protein) and subsequent ubiquitination

and degradation. When Akt activity is inhibited or FOXO3 phos-

phorylation sites are mutated, FOXO3 is retained in the nucleus,

where it continues to regulate target gene transcription (Brunet

et al., 1999).

Human blood vessels are primarily composed of vascular

endothelial cells (VECs), vascular smooth muscle cells (VSMCs),

mesenchymal stem cells (MSCs), etc. These represent the

major cell types within the intima, media, and adventitia layers

of blood vessels, respectively (Chen et al., 2014; Crisan et al.,

2008; Murray et al., 2014; Zengin et al., 2006). Loss-of-

function studies have shown that FOXO3 helps to maintain

homeostasis for a diverse array of vascular cell types (Deng

et al., 2015; Zhang et al., 2017). However, it remains unex-

plored whether the FOXO3 pathway can be targeted to

generate human stem cells with enhanced utility in cell-based

therapies.

Recent advances in targeted gene editing have shown great

potential for use in stem cell replacement therapy (Maguire,

2016; Mahla, 2016; Tompkins et al., 2015; Yang et al., 2017).

Targeted gene editing facilitates accurate manipulation of

the human genome, making it possible to obtain autologous

‘‘healthy’’ stem cells via correction or deletion of disease-

causing mutations found in patient-derived somatic cells. To

date, somatic stem cells derived from patients with various

genetic diseases have been corrected (Schwank et al., 2013;

Wang et al., 2017). However, the efficacy of this therapeutic

approach is far from optimal, based on the limited expansion

of somatic stem cells in vitro and the rapid stress-induced

decay of stem cells in vivo. Further, safety concerns regarding

the risk of stem cell or gene editing-associated carcinogenesis

impede the widespread application of these technologies

(Azene et al., 2014; Ihry et al., 2018; Liu et al., 2014). There-

fore, it is urgent to generate stem cell grafts that exhibit

increased resistance to stress and reduced tumorigenic

potential.

Here we used genome editing to replace two FOXO3

phosphorylation sites (Ser253 and Ser315) with alanines

(FOXO3S253A, S315A), generating a constitutively active version

of FOXO3. Expressing this version of FOXO3 in human VECs

(hVECs), human VSMCs (hVSMCs), and human MSCs

(hMSCs) (a stem cell component of blood vessels) improved

the stress resistance properties of all of these cell types.

FOXO3 activation prevented cellular aging and improved

cellular resistance to oxidative stress through transcriptional

suppression of CSRP1. Furthermore, FOXO3-enhanced hu-

man MSCs were resistant to oncogenic transformation, solv-

ing a major safety issue associated with cell transplantation

therapies. Taken together, these analyses suggest that

FOXO3 enhancement improves cellular homeostasis for the

three types of vascular cells tested and provides a novel

approach for generating safer materials for stem cell-based

therapies.
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RESULTS

Generation of FOXO3-Engineered Human Pluripotent
Stem Cells
To investigate the role of FOXO3 in regulating human vascular

cell homeostasis, we first evaluated FOXO3 activity in young

versus senescent hMSCs, which are the major cell type within

the adventitia of blood vessels (Chen et al., 2014; Crisan et al.,

2008; Murray et al., 2014; Zengin et al., 2006; Zhang et al.,

2018). FOXO3 protein levels were downregulated in replicatively

senescent hMSCs (Figure 1A). In late-passage hMSCs, less

nuclear FOXO3 was observed; this decrease was associated

with compromised FOXO3 transcriptional activity (Figures 1B

and 1C). Furthermore, FOXO3 protein levels were diminished in

hMSCs derived from hESCs of Werner syndrome (a condition

that drives premature aging) and physiologically aged hMSCs

relative to their wild-type or young counterparts (Zhang et al.,

2015; Figures 1D, S1A, and S1B; Table S1). These results estab-

lish impaired FOXO3 activity as a novel biomarker of hMSC

senescence.

We next investigated whether vascular cell aging can be alle-

viated by FOXO3 activation. Immunofluorescence experiments

indicated that alanine substitution of two of the three classical

phosphorylation sites, Ser253 and Ser315 (referred to as

2SA), was sufficient to redirect FOXO3 from the cytoplasm to

the nucleus, resulting in constitutive activation of FOXO3 in

hMSCs (Figure S1C). Accordingly, we sought to generate ho-

mozygous FOXO32SA/2SA knockin human embryonic stem cells

(hESCs) using a helper-dependent adenovirus vector (HDAdV)

for gene editing (Figure 1E; Liu et al., 2011, 2012, 2014; Suzuki

et al., 2014; Wu et al., 2018; Yang et al., 2017). After two rounds

of homologous recombination, the resultant FOXO32SA/2SA

hESCs exhibited common pluripotent stem cell features,

including typical colony morphology, expression of the pluripo-

tency markers, hypomethylation of the OCT4 promoter, as well

as in vivo differentiation into three germ layers (Figures S1D–

S1F). Cell cycle kinetics and the percentage of Ki67-positive

cells were both normal, indicating that the FOXO32SA/2SA

knockin had minimal effects on hESC proliferation (Figures

S1G and S1H). Further, karyotyping and genome-wide copy

number variation (CNV) analyses showed that FOXO32SA/2SA

hESCs were genomically stable (Figures S1I and S1J).

Together, these data indicate that genetic modification of the

FOXO3 locus did not disrupt the typical features of hESCs.

FOXO3 Activation Improved Stress Resistance in
Differentiated Human Vascular Endothelial and Smooth
Muscle Cells
We next evaluated the effect of FOXO32SA/2SA on different

vascular cell types. First, FOXO3+/+ and FOXO32SA/2SA hVECs

were obtained via directed differentiation of hESCs (Wu et al.,

2018). FOXO3+/+ and FOXO32SA/2SA hVECs were positive for a

series of endothelial cell markers, including CD31, vascular

endothelial (VE)-cadherin, and von Willebrand factor (vWF)

(Orlova et al., 2014; Figures 2A and S2A). FOXO32SA/2SA hVECs

also exhibited normal nitric oxide levels (reflecting vasodilatory

properties), uptake of DiI (1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-

indocarbocyanine perchlorate)-labeled acetylated low-density li-

poproteins (DiI-ac-LDLs) (Figure S2B), formation of capillary-like



Figure 1. Generation and Characterization of FOXO32SA/2SA hESCs

(A) Western blot analysis of the expression of FOXO3 protein in wild-type early-passage (passage 3 [P3]) and late-passage (P9) hMSCs. b-Actin was used as

a loading control. The relative levels of target proteins were quantified using ImageJ software and normalized to the one in the P3 group. Data are shown as

mean ± SD. n = 3, **p < 0.01 (t test).

(B) Subcellular localization of wild-type FOXO3was analyzed bywestern blotting in wild-type P3 and P9 hMSCs. Nup358was used as a loading control for nuclear

protein. b-Tubulin was used as a loading control for cytoplasmic protein. The gray level of the target protein was quantified using ImageJ software and normalized

to the one in the P3 group. Data are shown as mean ± SD. n = 3, **p < 0.01, ***p < 0.001 (t test).

(C) Luciferase analysis of FOXO3 transcriptional activity in wild-type P3 and P9 hMSCs using the pGL3-FHRE vector. Data are shown as mean ± SD. n = 3.

***p < 0.001 (t test). The luminescence values were normalized by the P3 group.

(D) Bar graph for the quantification of FOXO3 levels in young and old human primaryMSCs. The gray levels were quantified using ImageJ software and normalized

to the one in the young group. Data are shown as mean ± SD. n = 4, *p < 0.05 (t test).

(E) Schematic illustration of the FOXO3 gene editing strategy using HDAdV. The two serines at 253 and 315 of the FOXO3 protein are replaced by alanines through

two rounds of homologous recombination (HR). Red stripe, S253A and S315A. DNA sequencing demonstrates bases conversion in FOXO3+/+ and FOXO32SA/2SA

hESCs. The base conversion of T757G and T943G in genomic DNA results in the change of S253A and S315A in the protein sequence, respectively. The

schematic on the right shows that edited FOXO3 (FOXO3(2SA)) cannot be phosphorylated by AKT and is thus constitutively activated in the nucleus.
structures (Figure S2C), cell migration ability (Figures S2D and

S2E), and comparable DNA damage levels (Figure S2F).

Wild-type FOXO3 localized to the cytoplasm of hVECs, whereas

activated FOXO3 primarily localized to the nuclear fraction in

FOXO32SA/2SA hVECs (Figure 2B). Consequently, FOXO32SA/2SA

hVECs exhibited moderately higher levels of cell proliferation

(Figures 2C and 2D) and increased resistance to oxidative

stress-induced apoptosis (Figure 2E). RNA sequencing (RNA-

seq) analysis of hVECs identified 480 downregulated genes

(fold change [FOXO3+/+ versus FOXO32SA/2SA] > 1.5, q < 0.05)

and 268 upregulated genes (fold change [FOXO32SA/2SA versus

FOXO3+/+] > 1.5, q < 0.05) (Figures S2G and S2H; Table S2).

Upregulated genes were enriched in genes associated with

stress response pathways, consistent with the observation that

FOXO3-enhanced hVECs were resistant to oxidative injury (Fig-

ures 2F, 2G, S2I, and S2J; Table S3). In line with the higher levels

of cell proliferation observed for FOXO32SA/2SA hVECs, growth-

promoting genes were also upregulated in these cells (Figures

2F, 2G, and S2I).

We next differentiated FOXO3+/+ and FOXO32SA/2SA hESCs

into hVSMCs. The resulting cells expressed markers specific
for smooth muscles, including SM22 and Calponin (Figure 3A).

FOXO32SA/2SA hVSMCs had increased levels of nuclear

FOXO3 and slightly elevated levels of cell proliferation,

resembling their hVEC counterparts (Figures 3B–3D, S3A,

and S3B). In addition, activation of FOXO3 protected hVSMCs

from oxidative stress-induced cell apoptosis (Figures 3E

and S3C–S3F; Tables S2 and S3). Transcriptomic and

genomic analyses of FOXO3-enhanced hVSMCs and hVECs

exhibited upregulated FOXO3 target genes (fold change >

1.5, q < 0.05) and high genomic integrity, as determined by

analyzing genome-wide CNVs (Figures S3G–S3J). We sub-

sequently evaluated the vasculogenesis activity of FOXO3-

activated hVECs and hVSMCs in vivo using a well-

established murine model of ischemia (Lian et al., 2010;

Yang et al., 2017). The administration of a mixture of

FOXO32SA/2SA hVECs and hVSMCs into the mouse ischemic

hindlimb muscles led to a more rapid recovery of blood flow

than seen with FOXO3+/+ cells (measurements were taken

every 4 days after implantation) (Figures 3F and 3G). In

addition, activation of FOXO3 in hVECs and hVSMCs resulted

in the formation of more vessels with human antigens at
Cell Stem Cell 24, 447–461, March 7, 2019 449



Figure 2. FOXO32SA/2SA hVECs and hVSMCs Displayed Higher Cell Proliferation and Resistance to Oxidative Stress

(A) Immunostaining of the endothelial cell-specific markers CD31, VE-cadherin, and vWF in FOXO3+/+ and FOXO32SA/2SA hVECs. Scale bar, 25 mm.

(B) Subcellular localization of FOXO3 in FOXO3+/+ and FOXO32SA/2SA hVECs (P3), analyzed by western blotting. Lamin B1 was used as a loading control for

nuclear protein. b-Tubulin was used as a loading control for cytoplasmic protein. The gray levels of target protein were quantified using ImageJ software and

normalized to the ones in the FOXO3+/+ group. Data are shown as mean ± SD. n = 3, *p < 0.05 (t test).

(C) Clonal expansion analysis of FOXO3+/+ and FOXO32SA/2SA hVECs at P3. The areas of crystal violet-positive cells were calculated by ImageJ. Data are shown

as mean ± SD. n = 3, ***p < 0.001 (t test). Scale bar, 25 mm.

(D) Cell cycle analysis showing differential cell cycle phases in FOXO3+/+ and FOXO32SA/2SA hVECs at P3. Data are presented as mean ± SD; n = 3; ns, not

significant; ***p < 0.001 (t test).

(E) Annexin V-propidium iodide (PI) staining of apoptotic FOXO3+/+ and FOXO32SA/2SA hVECs (P3) treated with 300 mM H2O2 for 24 hr. The percentages of

apoptotic cells between FOXO3+/+ and FOXO32SA/2SA hVECs were not significantly different at the basal level (p = 0.07). Specifically, FOXO32SA/2SA hVECs

exhibited resistance to H2O2-induced apoptosis (p = 0.009). Data are shown as mean ± SD. n = 3, **p < 0.01 (t test).

(F) Gene ontology (GO) analysis (biological process) of downregulated genes (fold change > 1.5) in hVECs upon FOXO3 knockin (FOXO32SA/2SA hVECs).

(G) Word cloud showing significantly downregulated genes (fold change > 1.5) in FOXO32SA/2SA hVECs associated with negative regulation of cell proliferation

(green), inflammatory response (pink), and apoptosis process (blue).
the injury sites (Figure S3K). We also observed less limb ne-

crosis in the FOXO32SA/2SA hVEC and hVSMC treatment group

(Figure S3L). Taken together, these results indicate that the

FOXO3 activation improved cellular function of hVECs and

hVSMCs by increasing their self-renewal potential, making

them resistant to oxidative stress, and promoting vasculature

repair.
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FOXO3-Activated hMSCs Were Resistant to
Cellular Aging
Human MSCs localize to the adventitia of blood vessels and are

important for maintaining blood vessel homeostasis and for re-

pairing damage (Chen et al., 2014; Corselli et al., 2012; Crisan

et al., 2008; Murray et al., 2014; Zengin et al., 2006). FOXO3+/+

and FOXO32SA/2SA hMSCs derived from hESCs both exhibited



Figure 3. FOXO32SA/2SA hVSMCs Displayed Slightly Higher Cell Proliferation and Resistance to Oxidative Stress
(A) Representative immunofluorescencemicrographs of FOXO3+/+ and FOXO32SA/2SA hVSMCs exhibiting cell surface expression for the human vascular smooth

muscle cell markers SM22 and Calponin. DNA was stained by Hoechst 33342. Scale bar, 25 mm.

(B) Subcellular localization of wild-type FOXO3 and FOXO32SA/2SA protein was analyzed in FOXO3+/+ and FOXO32SA/2SA hVSMCs (P2) by western blotting.

Lamin B1 was used as a loading control for nuclear protein. b-Tubulin was used as a loading control for cytoplasmic protein. The gray levels of the target

protein were quantified using ImageJ software and normalized to the ones in the FOXO3+/+ group. Data are shown asmean ± SD. n = 3, **p < 0.01, ***p < 0.001

(t test).

(C) FOXO3 immunofluorescence staining in FOXO3+/+ and FOXO32SA/2SA hVSMCs. Scale bar, 20 mm. Data are presented asmean ± SD. n = 6, ***p < 0.001 (t test).

(D) Ki67 immunofluorescence staining of FOXO3+/+ and FOXO32SA/2SA hVSMCs (P2). Scale bar, 20 mm. Data are presented asmean ± SD. n = 6, **p < 0.01 (t test).

(E) Annexin V-PI staining of apoptotic FOXO3+/+ and FOXO32SA/2SA hVSMCs (P2) treated with 300 mM H2O2 for 24 hr. Data are shown as mean ± SD. n = 3,

*p < 0.05, ***p < 0.001 (t test).

(F) Representative blood flow imaging of hindlimb ischemicmice injected with PBS (control), FOXO3+/+, and FOXO32SA/2SA cells (hVECs (P3) :hVSMCs (P2) = 3:1).

Laser Doppler blood perfusion measurement was performed every 4 days to monitor changes in hindlimb blood flow.

(G) Blood flow recovery kinetics of hindlimb ischemic mice after cell implantation. Statistical significance was compared between the following: FOXO32SA/2SA

group versus PBS group and FOXO3+/+ group versus PBS group; FOXO32SA/2SA group versus FOXO3+/+ group. Data are presented as mean ± SEM. n = 10,

*p < 0.05, ***p < 0.001 (one-way ANOVA).
features typical of mesenchymal progenitor cells, including

expression of the hMSC markers CD90, CD73, and CD105

and epigenetic silencing of the OCT4 promoter (Figures 4A,

S4A, and S4B). The multi-lineage differentiation potential of

FOXO32SA/2SA hMSCs was verified using tri-lineage differentia-
tion (Figure S4C). Genome-wide CNV analysis revealed that

genomic stability was well maintained in FOXO3-enhanced

hMSCs (Figure S4D). As seen with hVECs and hVSMCs, FOXO3

was present in the nuclear fraction of FOXO32SA/2SA hMSCs (Fig-

ures 4B and S4E).
Cell Stem Cell 24, 447–461, March 7, 2019 451



Figure 4. FOXO32SA/2SA hMSCs Displayed Delayed Cellular Senescence
(A) Bright-field micrographs and fluorescence-activated cell sorting (FACS) analysis of the hMSCs surface markers CD73, CD90, and CD105 in FOXO3+/+ and

FOXO32SA/2SA hMSCs. Scale bar, 50 mm.

(B) Representative immunostaining of FOXO3 protein in FOXO3+/+ and FOXO32SA/2SA hMSCs. Scale bar, 25 mm. The fluorescence intensities were measured by

LAS AF (Leica Application Suite Advanced Fluorescence) Lite in the direction of the arrows. Most FOXO32SA/2SA protein was expressed in the nucleus compared

with wild-type FOXO3. Data are presented as mean ± SD. n = 6, **p < 0.01 (t test).

(C) Luciferase analysis of FOXO3 transcriptional activity in FOXO3+/+ and FOXO32SA/2SA hMSCs (P3) using the pGL3-FHRE vector. Data are shown asmean ± SD.

n = 3, **p < 0.01 (t test).

(D) Growth curve showing the cumulative population doublings of FOXO3+/+ and FOXO32SA/2SA hMSCs over passages.

(E) Clonal expansion analysis of FOXO3+/+ and FOXO32SA/2SA hMSCs (P7). The areas of crystal violet-positive cells were calculated by ImageJ. Data are shown as

mean ± SD. n = 3, ***p < 0.001 (t test). Scale bar, 50 mm.

(F) qPCR analysis of relative telomere length in FOXO3+/+ and FOXO32SA/2SA hMSCs (P7). Data are normalized to the value of the FOXO3+/+ group and presented

as mean ± SEM. n = 5, **p < 0.01 (t test).

(G) SA-b-gal staining analysis of FOXO3+/+ and FOXO32SA/2SA hMSCs (P7). Scale bar, 50 mm. Data are presented as mean ± SD. n = 3, ***p < 0.001 (t test).

(H) Representative immunofluorescence micrographs of LAP2 and Lamin B1 in FOXO3+/+ and FOXO32SA/2SA hMSCs (P7). White arrows denote the nuclear

envelope-defective cells with decreased Lamin B1 and LAP2 expression. Scale bar, 25 mm.Quantification ofmean fluorescence intensity of LAP2 and Lamin B1 in

FOXO3+/+ and FOXO32SA/2SA hMSCs. Data are presented as mean ± SD, n = 8, ***p < 0.001 (t test).

(I) Annexin V-PI staining of apoptotic FOXO3+/+ and FOXO32SA/2SA hMSCs (P7) treated with 500 mM H2O2 for 24 hr. Data are presented as mean ± SD. n = 3,

***p < 0.001 (t test).

(legend continued on next page)
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Next we investigated the effect of FOXO3 activation on hMSC

homeostasis. Reporter assays verified an increase in FOXO3

transcriptional activity in genetically edited cells (Figure 4C).

Compared with FOXO3+/+ hMSCs, FOXO32SA/2SA hMSCs

consistently exhibited decreased senescence-associated (SA)

b-galactosidase (b-gal) activity, increased cell proliferation,

elongated telomeres, and reduced reactive oxygen species

(ROS) levels (Figures 4D–4G, S4F, and S4G). They also showed

improved nuclear and chromosomal architecture and less acti-

vation of DNA damage responses (Figures 4H and S4H–S4K;

Tables S2 and S3; López-Otı́n et al., 2013; Zhang et al., 2015).

Moreover, FOXO3 activation rendered MSCs refractory to

H2O2-induced cellular apoptosis (Figure 4I). Transcriptomic ana-

lyses indicated that genetic activation of FOXO3 upregulated 32

known FOXO3 target genes (fold change > 1.5, q < 0.05) (Fig-

ure 4J, S4L, and S4M). Although, in WT MSCs, replicative stress

resulted in downregulation of genes associated with the mainte-

nance of chromosome organization, cell cycle progression, DNA

repair, and stress resistance, FOXO3-enhancedMSCswere less

sensitive to replicative senescence-associated gene expression

changes (Figures 4K and S4N–S4S; Table S4). Taken together,

these results indicate that FOXO3 activation improved the fitness

of hMSCs.

Finally, we tested whether FOXO3 activation alleviated cellular

senescence in the context of Werner syndrome (WS), a prema-

ture aging disorder (Geng et al., 2018; Zhang et al., 2015).

FOXO3-enhanced, WS-specific hMSCs (FOXO32SA/2SA WRN�/�

hMSCs) were generated using a combination of gene editing

and hESC-directed differentiation procedures (Figures S4T and

S4U). As expected, FOXO3 activation improved self-renewal ac-

tivity and reduced aging hallmarks in WRN�/� hMSCs (Figures

S4V–S4Y), further indicating that FOXO3 activation was capable

of delaying hMSCs senescence, even in the context of patholog-

ical aging.

FOXO3 Activation Improved Vascular Cell Functionality
via trans Suppression of CSRP1 Expression
To understand the molecular mechanism by which FOXO3 acti-

vation improved the functionality of vascular cells, we analyzed

the effect of FOXO3 activation on gene expression in hVECs,

hVSMCs, and hMSCs (Figures S5A–S5G). When gene expres-

sion changes were compared between cell types, 9 upregulated

genes and 34 downregulated genes were shared among all three

cell types (Figure S5A). Cysteine- and glycine-rich protein 1

(CSRP1), a cysteine-rich protein (CRP) family member involved

in a wide range of biological processes (Latonen et al., 2010;

Pomiès et al., 1997; Schmeichel and Beckerle, 1998), was the

most significantly downregulated gene across FOXO32SA/2SA

hVECs, hVSMCs, and hMSCs (Figures S5A–S5D). In line with

this RNA-seq result, CSRP1 protein was undetectable in

FOXO32SA/2SA hVECs, hVSMCs, and hMSCs relative to WT cells

(Figure 5A). We next cloned the CSRP1 promoter upstream of a
(J) Polygon frequency graph of Log2 mRNA expression fold changes of FOXO3

shift of the FOXO3 target plot indicates that part of the FOXO3 target genes were

p = 2.2 3 10�16).

(K) NAViGaTOR visualization of protein-protein interaction (PPI) functional interac

hMSCs (P7) with the Integrated Interactions Database (IID). Node color indicates th

numbers with the other nodes. Right: selected representative pathways identifie
luciferase reporter. Diminished CSRP1 promoter activity was

observed in FOXO32SA/2SA hMSCs compared with WT controls

(Figure 5B). A potential FOXO3 binding site was predicted within

the CSRP1 promoter. Mutation of a single nucleotide (ACG to

CCG) within this predicted binding site prevented activated

FOXO3 from inhibiting CSRP1 transcription (Figure 5B). Using

chromatin immunoprecipitation (ChIP)-qPCR, we further found

enrichment of FOXO3 at the CSRP1 promoter specifically in

FOXO32SA/2SA hMSCs (Figure 5C). This was coupled with

enhanced recruitment of the deacetylase SIRT1 as well as

decreased levels of the SIRT1 substrate H3K9ac an active his-

tone mark (Figures 5D and 5E). Overexpression of SIRT1 in WT

or FOXO32SA/2SA hMSCs repressed CSRP1 promoter activity

(Figure 5F), supporting an inhibitory role of SIRT1 recruitment

in CSRP1 expression (Figure 5G). Additionally, we observed

DNA hypermethylation and reduced levels of the active histone

mark H3K4me3 at the CSRP1 promoter (Figures 5E and 5H).

These results were consistent with activated FOXO3 creating a

repressive chromatin environment at the CSRP1 promoter,

partially by recruiting SIRT1, resulting in CSRP1 silencing (Fig-

ures 5H, S5H, and S5I). Collectively, these data reveal that

activated FOXO3 functions as a transcriptional repressor of

CSRP1 in human vascular cells.

To determine whether downregulation of CSRP1 in

FOXO32SA/2SA hMSCs exerted cytoprotective effects, we re-

introduced CSRP1 into FOXO32SA/2SA hMSCs using lentiviral

vector-mediated gene transfer (Figure S6A). Re-expression of

CSRP1 restored cellular aging features, including impaired cell

proliferation, increased SA b-gal activity, upregulation of p16,

p21, and inflammatory factors, as well as loss of Lamin B1 (Fig-

ures 6A–6C). RNA-seq analysis revealed that restoration of

CSRP1 in FOXO32SA/2SA hMSCs resulted in a gene expression

profile resembling that seen with FOXO3+/+ cells (Figure 6D,

S6B, and S6C; Table S2). In contrast, knockdown of CSRP1 in

FOXO3+/+ hMSCs alleviated various signatures of cellular aging

(Figures S6D–S6H). We also confirmed that downregulation of

CSRP1 was important for the beneficial effect in FOXO32SA/2SA

hVEC and hVSMCs (Figures 6E, 6F, and S6I–S6K). Together,

these results indicate that FOXO32SA/2SA-mediated CSRP1 sup-

pression contributed to the protective effects in various FOXO3-

engineered vascular cells.

FOXO3-Enhanced hMSCs Exhibited a Superior
Therapeutic Effect on Vascular Degeneration
Accumulating evidence indicates that hMSCs can be used to

promote vasculature regeneration in the context of aging and

vascular injuries (de Souza et al., 2016; Yang et al., 2017). We

therefore used a murine model of ischemia to find out whether

FOXO32SA/2SA hMSCs could improve therapeutic outcomes

in vivo (Lian et al., 2010). Injection of FOXO32SA/2SA hMSCs

into ischemic hindlimbmuscles resulted in amore rapid recovery

of blood flow than seen with FOXO3+/+ cells (Figures 7A and 7B).
target genes between FOXO3+/+ and FOXO32SA/2SA hMSCs (P3). A rightward

upregulated in FOXO32SA/2SA hMSCs (two-sample Kolmogorov-Smirnov test,

tion network analysis of upregulated genes (fold change > 1.5) in FOXO32SA/2SA

e fold change of the upregulated genes, and node size indicates the interaction

d using pathDIP.
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Figure 5. Identification of CSRP1 as a Target Gene of FOXO32SA/2SA

(A) Western blot analysis of CSRP1 protein in FOXO3+/+ and FOXO32SA/2SA hVECs (P3), hVSMCs (P2), and hMSCs (P3). b-Actin was used as the loading control.

The gray levels of target protein were quantified using ImageJ software and normalized to the ones in the FOXO3+/+ group. Data are shown as mean ± SD.

n = 3, ***p < 0.001 (t test).

(B) Transcriptional activity of FOXO3 in FOXO3+/+ and FOXO32SA/2SA hMSCs measured by dual luciferase reporter assay. FOXO3+/+ and FOXO32SA/2SA hMSCs

were transfected with the pGL3-CSRP1 promoter (wild-type; predicted binding site, GGAAAACG), pGL3-CSRP1 promoter (mutant; mutant binding site,

GGAAACCG) and Renilla plasmid. Data are presented as mean ± SD. n = 3, ***p < 0.001 (t test).

(C) ChIP-qPCR analysis of the occupancy of FOXO3 on theCSRP1 promoter and negative control regions in hMSCs using an anti-FOXO3 antibody. The diagram

above depicts the relative position of primer pairs used for ChIP-qPCR. Exons are depicted as gray boxes. Data are presented as mean ± SEM. n = 6, **p < 0.01

(t test).

(D) ChIP-qPCR analysis of the occupancy of SIRT1 on the CSRP1 promoter and negative control regions in hMSCs using an anti-SIRT1 antibody. The diagram

above depicts the relative position of primer pairs used for ChIP-qPCR. Exons are depicted as gray boxes. Data are presented as mean ± SEM. n = 6, *p < 0.05

(t test).

(E) ChIP-qPCR analysis of the occupancy of H3K9ac and H3K4me3 on the CSRP1 promoter region in hMSCs. Data are presented as mean ± SEM. n = 6,

***p < 0.001 (t test).

(F) Transcriptional activity of FOXO3 in FOXO3+/+ and FOXO32SA/2SA hMSCs transfected with GFP or SIRT1, measured by dual luciferase reporter assay. Data are

presented as mean ± SD. n = 3, **p < 0.01, ***p < 0.001 (t test).

(G) Schematic plot showing that enhanced recruitment of SIRT1 at theCSRP1 promoter in FOXO32SA/2SA hMSCs decreased the H3K9ac level and repressed the

transcription of CSRP1.

(H) DNA methylation boxplot of CSRP1 promoter in FOXO3+/+ and FOXO32SA/2SA hMSCs. Dots indicate the unmethylated and methylated CpG sites. The color

and height of the bars represent the sample and DNA methylation levels, respectively.
As a control, administration of primary hMSCs had similar results

as administration of FOXO3+/+ hMSCs (Figures 7A and 7B). Anal-

ysis of human antigen specific for hVECs (hCD31) revealed

the appearance of more human vascular cells in muscles that

received FOXO32SA/2SA hMSCs relative to those implanted with

FOXO3+/+ or primary hMSCs (Figures 7C and S7A). Consistently,

less limb necrosis was observed in the FOXO32SA/2SA hMSC

treatment group (Figure S7B). Together, these results indicate
454 Cell Stem Cell 24, 447–461, March 7, 2019
that FOXO3-engineered hMSCs had enhanced vascular regen-

eration potential under pathological conditions such as limb

ischemia.

FOXO3-Activated hMSCs Were Resistant to Oncogenic
Transformation
Given that FOXO3 is a potent tumor suppressor (Dansen and Bur-

gering, 2008; Medema et al., 2000), we hypothesized that hMSCs



Figure 6. CSRP1 Mediated the Protective Effect of FOXO3 Enhancement on Human Vascular Cells

(A) Ki67 immunofluorescence staining of FOXO32SA/2SA hMSCs expressing Luc or CSRP1. Scale bar, 50 mm. Data are presented asmean ± SD. n = 6, ***p < 0.001

(t test).

(B) qRT-PCR analysis of the expression of aging-related markers (P16, P21, interleukin-6 [IL-6], IL-8, and Lamin B1) in FOXO32SA/2SA hMSCs expressing Luc or

CSRP1. n = 4, *p < 0.05 (t test).

(C) SA-b-gal staining of FOXO32SA/2SA hMSCs expressing Luc or CSRP1. Scale bar, 50 mm. Data are presented as mean ± SD, n = 4, **p < 0.01 (t test).

(D) Left: Venn diagram showing genes commonly downregulated in both FOXO3+/+ hMSC (compared to FOXO32SA/2SA hMSC at P7) and CSRP1-OE hMSCs

(compared to Luc-OE FOXO32SA/2SA hMSCs). Right: GO analysis (biological process) of 135 overlapped genes between CSRP1-overexpressing and FOXO3+/+

hMSCs (P7) (hypergeometric test, p = 6.66 3 10�139). OE: overexpressed.

(E) Ki67 immunofluorescence staining of FOXO32SA/2SA hVECs expressing Luc or CSRP1. Scale bar, 50 mm. Data are presented as mean ± SD, n = 6, *p < 0.05

(t test).

(F) Annexin V-PI staining of apoptotic Luc- or CSRP1-transduced FOXO3+/+ and FOXO32SA/2SA hVECs treated with 300 mMH2O2 for 24 hr, respectively. Data are

shown as mean ± SD. n = 3, ***p < 0.001 (t test).
expressing constitutively activated FOXO3 would be resistant to

oncogenic transformation. RNA-seq analysis demonstrated that

a panel of genes with tumor-suppressing activities were upregu-

lated in FOXO32SA/2SA hMSCs relative to their WT counterparts

(Figure 7D). When FOXO32SA/2SA hMSCs were implanted into

immunodeficient mice, no tumors were evident 6 months after

theengraftmentprocedure (FigureS7C).Wefurtheraskedwhether

FOXO32SA/2SA hMSCs could be transformed in the presence of

oncogenic insults. FOXO3+/+ and FOXO32SA/2SA hMSCs were

transduced sequentially with lentiviral or retroviral vectors ex-

pressing hTERT, SV40 T antigens, short hairpin RNA (shRNA)-

p53, and hRasV12 (we refer to these transformed MSCs as
hTMSCs) (Figures 7E and S7D; Scaffidi and Misteli, 2011).

Although both FOXO3+/+ and FOXO32SA/2SA hTMSCs exhibited

replicative immortality (Figure S7E), FOXO32SA/2SA hTMSCs

formed fewer and smaller colonies in soft agarose, indicating sup-

pressed tumorigenic potential (Figure 7F). We next investigated

the in vivo tumorigenicity ofFOXO3+/+ andFOXO32SA/2SA hTMSCs

by implanting them into the tibia (proximal to the knee joint) of

immunodeficient mice. Only FOXO3+/+ hTMSCs (6 of 6 compared

with 0 of 6 in FOXO32SA/2SA cells) developed into solid tumors

within 4 months of engraftment (Figure 7G). These data indicate

that FOXO3 activation protected against tumorigenic transforma-

tion when cells were confronted with oncogenic insults.
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To gain further insight into the molecular signatures associated

with transformation resistance of FOXO3-enhanced hMSCs,

we analyzed the transcriptional and genome landscapes in

FOXO3+/+ and FOXO32SA/2SA hTMSCs. Although FOXO3+/+

hTMSCs exhibited global genomic instability, as indicated by

substantial CNV and increased intranuclear foci of gH2AX and

53BP1, FOXO3 activation safeguarded genomic integrity in

FOXO32SA/2SA hTMSCs (Figures 7H–7J). RNA-seq analysis

showed that, in FOXO32SA/2SA hTMSCs, genes involved in

cell division were downregulated, whereas genes involved in

tumor suppression were upregulated (Figures S7F and S7G;

Tables S2 and S3). According to the Tumor Suppressor Gene

(TSG) database, 157 TSGs were upregulated in FOXO32SA/2SA

hTMSCs,whichmayaccount for theassociated tumor-repressive

potential (Figure 7K). Collectively, these data indicate that FOXO3

activation in hMSCs rendered these cells resistant to oncogenic

transformation by, at least in part, safeguarding genomic stability

and transcriptionally inducing tumor suppressor genes.

DISCUSSION

Vascular aging results in the functional decline and structural

alteration of blood vessel endothelial cells, VSMCs, and peri-

cytes (also considered MSCs; Chen et al., 2014; Corselli et al.,

2012; Crisan et al., 2008). These changes are correlated with dis-

rupted organismal homeostasis and a shortened lifespan (Laina

et al., 2018; Regina et al., 2016). Studies of centenarians re-

vealed that FOXO3 is the most conserved longevity gene; the

presence of certain FOXO3 alleles correlates with human

longevity. Here, using genome editing technology, we recoded

two Akt phosphorylation sites within the FOXO3 protein, gener-

ating a constitutively active version. We then showed that

activated FOXO3 improved vascular homeostasis. Major con-

clusions from these studies were as follows: FOXO3 activity

was compromised in physiologically and pathologically aged

hMSCs; FOXO3-enhanced hVECs, hVSMCs, and hMSCs ex-

hibited improved self-renewal and increased resistance to

oxidative injury; constitutive FOXO3 activation alleviated physio-

logical and premature hMSC senescence; FOXO3-engineered

hVECs, hVSMCs, and hMSCs promoted greater regenerative
Figure 7. FOXO32SA/2SA hMSCs Promoted Revascularization and Were

(A) Representative blood flow imaging of hindlimb ischemic mice injected with P

Laser Doppler blood perfusion measurement was performed every 4 days to mo

(B) Blood flow recovery kinetics of hindlimb ischemic mice after cell implantation

group versus PBSgroup; FOXO3+/+ group versusPBS group; primaryMSCgroup

group versus primary MSC group. Data are presented as mean ± SEM. n = 6, *p

(C) Bar graph showing the normalized number of vessels per slice in ischemic hind

(P7). Data are presented as mean ± SD, n = 6, *p < 0.05 (t test).

(D) Heatmap showing the expression of tumor suppressor genes in FOXO3+/+ an

(E) RT-PCR analysis of the levels of indicated oncogenic transformation factors in

used as a negative control.

(F) Soft agar assay analysis of the anchorage-independent growth ability of FOX

(G) Representative images of the in vivo tumor formation ability of hTMSCs. FOXO

tibia of immunodeficient mice, respectively. Scale bar, 100 mm.

(H) qRT-PCR analysis of the levels of FOXO3 transcripts in FOXO3+/+ and FOXO

(I) Representative immunofluorescence images of DNA damagemarkers in FOXO

and 53BP1 foci in the nuclei of FOXO3+/+ and FOXO32SA/2SA hTMSCs were quan

(J) Whole-genome analysis of copy number variations (CNVs) in FOXO3+/+ and FO

region of chromosome 6 are as indicated.

(K) Venn diagram showing the numbers of upregulated tumor suppressor genes
repair in vivo under ischemia conditions; and genetic enhance-

ment in FOXO3 rendered hMSCs resistant to oncogenic trans-

formation. For the first time, we showed that genetically acti-

vated FOXO3 contributes to the maintenance of vascular

homeostasis, providing a novel strategy for generating stem

cells that are more effective and safer when used for regenera-

tive therapies.

It has been shown previously that FOXO3 is important for main-

taining cardiovascular homeostasis and preventing cardiovascu-

lar aging (Martins et al., 2016; Paik, 2006). For example, FOXO3-

deficient mice develop dilated cardiomyopathy within 12 weeks

of age (Ni et al., 2006). In contrast, FOXO3 nuclear activation pro-

motes the survival of HUVECs and astrocytes under oxidative

stress conditions (Fluteau et al., 2015). To date, it is still unknown

whether a genetic variation to the human FOXO3 gene is causally

linked to enhanced vascular cell activity. Our study presents the

first evidence that genetic modification of two nucleotides in the

human FOXO3 gene is sufficient to cause nuclear accumulation

of FOXO3 and substantial improvements in multiple aspects of

vascular functions. These findings provide a promising new

avenue for strengthening cardiovascular health in humans.

In addition to functioning as a transcriptional activator, FOXO3

also trans-represses certain gene promoters. For example,

FOXO3 binding to the Skp2 promoter inhibits Skp2 expression

and prevents tumorigenesis (Wu et al., 2013). In addition, acti-

vated FOXO3 suppresses the expression of MYC target genes

by associating with their promoters (Bouchard et al., 2004). We

showed, for the first time, that constitutively activated FOXO3

can act as a transcriptional repressor in three types of human

vascular cells. Binding of activated FOXO3 to the CSRP1 pro-

moter helped recruit the histone deacetylase SIRT1, resulting

in H3K9 deacetylation and CSRP1 silencing. We further demon-

strated that CSRP1 counteracted cell proliferation and survival

and that downregulation of CSRP1 mediated the major benefits

derived from FOXO3 activation. Therefore, the FOXO3-CSRP1

axis may represent a new target for vasculoprotection.

Concerning the clinical relevance of these findings, MSCs are

regarded as one of the most useful stem cell types in cell

replacement therapies (Keating, 2012; Resnick et al., 2013;

Trounson and McDonald, 2015). MSCs have been utilized in
Resistant to Oncogene-Induced Neoplastic Transformation

BS (control), FOXO3+/+, FOXO32SA/2SA hMSCs (P8), and primary MSCs (P7).

nitor changes in hindlimb blood flow.

. Statistical significance was compared between the following: FOXO32SA/2SA

versusPBS group; FOXO32SA/2SA group versus FOXO3+/+group; FOXO32SA/2SA

< 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA).

limbs injected with FOXO3+/+, FOXO32SA/2SA hMSCs (P8), and primary hMSCs

d FOXO32SA/2SA hMSCs at P3.

FOXO3+/+ and FOXO32SA/2SA hTMSCs. Untransformed FOXO3+/+ hMSCs were

O3+/+ and FOXO32SA/2SA hTMSCs (P7) in vitro. Scale bar, 50 mm.

3+/+ and FOXO32SA/2SA hTMSCs (P7) were implanted into the left or right upper

32SA/2SA hTMSCs (P7). Data are presented as mean ± SEM, n = 4.

3+/+ and FOXO32SA/2SA hTMSCs (P7). Scale bar, 25 mm. The numbers of gH2AX

tified.

XO32SA/2SA hTMSCs by deep sequencing. Tumor-promoting genes in the loss

among FOXO32SA/2SA hMSCs, hTMSCs, and tumor suppressor genes (TSGs).
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several preclinical studies and early-phase clinical trials (phase I,

I/II, or II) (Squillaro et al., 2016). Administrating MSCs to patients

with ischemic stroke or neurodegenerative disease consistently

promotes functional recovery and tissue regeneration (Joyce

et al., 2010). Nevertheless, therapeutic efficiency and safety

concerns remain major challenges for these preclinical and clin-

ical applications (Hentze et al., 2007; Wang et al., 2012). FOXO3

is viewed as abona fide cell protector and tumor suppressor. Our

study demonstrated that FOXO3-activated hVECs, hVSMCs,

and hMSCs all promoted blood flow recovery following an

ischemic injury, suggesting that this type of strategy could be

used to treat diverse disorders related to vascular degeneration.

In terms of clinical safety, activating FOXO3 abrogates the in vivo

tumor-forming ability of human stem cells. Furthermore, given

that hESC-derived hMSCs or other lineage derivatives represent

inexhaustible resources for cell replacement therapies and that

FOXO3 plays protective roles in numerous tissues of our body,

it is reasonable to speculate that FOXO3 genetically enhanced

human (stem or progenitor) cells could be part of a wide range

of therapeutic interventions well beyond those described here.

In conclusion, our findings provide novel mechanistic insights

into FOXO3-mediated vascular protection and reveal FOXO3

activation as a novel strategy for generating more effective and

safe biomaterials for cell replacement therapy.
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Rabbit monoclonal anti-FOXO3 Cell Signaling Technology Cat#2497S; RRID: AB_836876

Rabbit polyclonal anti-RanBP2 (Nup358) Abcam Cat# ab64276, RRID:AB_1142517

Rabbit polyclonal anti-NANOG Abcam Cat# ab21624, RRID:AB_446437

Mouse monoclonal anti-OCT3/4 Santa Cruz Cat# sc-5279, RRID:AB_628051

Goat polyclonal anti-SOX2 Santa Cruz Cat# sc-17320, RRID:AB_2286684

Rabbit polyclonal anti-b-Tubulin III (Tuj1) Sigma-Aldrich Cat# T2200, RRID:AB_262133

Rabbit monoclonal anti-FOXA2 Cell Signaling Technology Cat# 8186S, RRID:AB_10892612

Mouse monoclonal anti-SMA Sigma-Aldrich Cat# A5228, RRID:AB_262054

Mouse monoclonal anti-CD31 BD Biosciences Cat# 555445, RRID:AB_395838

Rabbit polyclonal anti-vWF Dako Cat# A0082, RRID:AB_2315602

Rabbit polyclonal anti-VE-Cadherin Cell Signaling Technology Cat# 2158S, RRID:AB_10692903

Rabbit polyclonal anti-SM22 Abcam Cat# ab14106, RRID:AB_443021

Mouse monoclonal anti-Calponin Dako Cat# M3556, RRID:AB_2082148

Rabbit monoclonal anti-Ki67 Vector Laboratories Cat# VP-RM04, RRID:AB_2336545

Alexa Fluor 594 Phalloidin (F-actin) Thermo Fisher Scientific Cat# A12381, RRID:AB_2315633

Mouse monoclonal anti-LAP2 BD Biosciences Cat# 611000, RRID:AB_398313

Rat monoclonal anti-CD73 BD Biosciences Cat# 550741, RRID:AB_393860

Mouse monoclonal anti-CD90 BD Biosciences Cat# 555595, RRID:AB_395969

Mouse monoclonal anti-CD105 Thermo Fisher Scientific Cat# 17-1057-42, RRID:AB_1582211

Mouse monoclonal anti-CD31 BD Biosciences Cat# 555445, RRID:AB_395838

Mouse monoclonal anti-CD34 BD Biosciences Cat# 555822, RRID:AB_396151

Mouse monoclonal anti-CD43 BD Biosciences Cat# 560198, RRID:AB_1645460

Mouse monoclonal anti-CD45 BD Biosciences Cat# 555482, RRID:AB_395874

Mouse monoclonal anti-CD144 BD Biosciences Cat# 560410, RRID:AB_1645502

Mouse monoclonal anti-CD140b BD Biosciences Cat# 558821, RRID:AB_397132

Mouse monoclonal anti-SIRT1 Santa Cruz Cat# sc-74504, RRID:AB_2188348

Rabbit polyclonal anti-H3K9ac Abcam Cat# ab4441, RRID:AB_2118292

Rabbit polyclonal anti-H3K4me3 Abcam Cat# ab8580, RRID:AB_306649

Rabbit polyclonal anti-H3K9me3 Abcam Cat# ab8898, RRID:AB_306848

Mouse monoclonal anti-LAP2 BD Biosciences Cat# 611000, RRID:AB_398313

Rabbit polyclonal anti-Lamin B1 Abcam Cat# ab16048, RRID:AB_443298

Mouse monoclonal anti-Histone H2A.X,

phospho (Ser139)

Millipore Cat# 05-636, RRID:AB_309864

Rabbit polyclonal anti-53BP1 Bethyl Cat# A300-273A, RRID:AB_185521

Rabbit polyclonal anti-CSRP1 Abcam Cat# ab70010, RRID:AB_1268316

Rabbit polyclonal anti-WRN Abcam Cat# ab200, RRID:AB_302751

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat# F1804, RRID:AB_262044

Mouse monoclonal anti-b-Tubulin Santa Cruz Cat# sc-5274, RRID:AB_2288090

Mouse monoclonal anti-b-Actin Santa Cruz Cat# sc-69879, RRID:AB_1119529

Rabbit polyclonal anti-GAPDH Santa Cruz Cat# sc-25778, RRID:AB_10167668

Biological Samples

Human dental pulp tissue 306 hospital of PLA in Beijing N/A

Chemicals, Peptides, and Recombinant Proteins

Matrigel Matrigel Matrix Cat# 354230

STEMCELL mTeSR1 STEMCELL Technology Cat# 05850
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Collagen IV Biocoat Cat# 354233

EGM2 LONZA Cat# CC-3162

SB431542 Selleck Chemicals S1067; CAS: 301836-41-9

VEGF Stem Immune Cat# HVG-VF5-1000

bFGF Joint Protein Central Cat# BBI-EXP-002

PDGF-AB Pepro Tech Cat# 100-00AB

IWP2 Selleck Chemicals S7085; CAS: 686770-61-6

BMP4 R&D systems Cat# 314-BP

CHIR99021 Selleck Chemicals S1263; CAS: 252917-06-9

IL6 Pepro Tech Cat# 200-06;

HEPES Sigma-Aldrich Cat# H3375; CAS: 7365-45-9

NP-40 Dingguo Cat# DH218

DTT Amresco Cat# Amr-0281; CAS: 3483-12-3

Protease inhibitor cocktail Roche Cat# 4693159001

EDTA Sigma-Aldrich Cat# EDS; CAS: 60-00-4

Triton X-100 Sigma-Aldrich Cat# T9284; CAS: 9002-93-1

G418 Thermo Fisher Scientific Cat# 11811023; CAS: 108321-42-2

Zeocin InvivoGen Cat# ant-zn-05; CAS: 11006-33-0

Puromycin InvivoGen Cat# ant-pr-1; CAS: 58-58-2

Lipofectamine 3000 Reagent Thermo Fisher Scientific Cat# L3000015

Critical Commercial Assays

GeneTailor Site-Directed Mutagenesis System Invitrogen Cat# 12397-014

CpGenome Fast DNA Modification kit Millipore Cat# S7824

Dual-Luciferase assay kit Vigorous Biotechnology Cat# T002

Annexin V-EGFP Apoptosis Detection Kit Vigorous Biotechnology Cat# A002

Fast MultiSite Mutagenesis System TRANSGEN BIOTECH Cat# FM201-01

GoScript Reverse Transcription System Promega Cat# A5001

RNeasy Mini Kit QIAGEN Cat# 74106

Next Poly (A) mRNA Magnetic Isolation Module New England Biolabs Cat# E7490L

Next ultra RNA library prep kit for Illumina New England Biolabs Cat# E7530L

Agencourt AMPure XP beads Beckman Coulter Cat# A63882

DNeasy Blood & Tissue Kit QIAGEN Cat# 69506

Qubit dsDNA HS Assay Kit Invitrogen Cat# Q32854

NEBNext ultra DNA library prep kit for Illumina New England Biolabs Cat# E7370L

EZ-96 DNA Methylation-DirectMagPrep Zymo Cat# D5044

dNTP Mixture TAKARA Cat# 4019

Klenow (30/ 50 exo-) Enzymatic Cat# P7010-HC-L

Exonuclease I New England Biolabs Cat# M0293L

Dynabeads M-280 Streptavidin Invitrogen Cat# 11206D

KAPA HiFi HotStart ReadyMix Kapa Biosystems Cat# KK2602

Deposited Data

Raw sequencing data (RNA, CNV and

DNA methylation)

This paper GEO: GSE116277

Experimental Models: Cell Lines

HEK293T ATCC Cat# CRL-1573

Wildtype hESCs (Line H9) WiCell Research Cat# WA09

Human vascular endothelial cells

derived from hESCs

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human vascular smooth muscle

cells derived from hESCs

This paper N/A

Human mesenchymal stem cells

derived from hESCs

This paper N/A

Transformed hMSCs This paper N/A

Primary hMSC from human dental

pulp tissue

This paper N/A

Experimental Models: Organisms/Strains

Mouse: CAnN.Cg-Foxn1nu/Crl Charles River N/A

Mouse: NOD.CB17-Prkdcscid/NcrCrl Charles River N/A

Mouse: NOD-Prkdcscid IL2rgtm1/Bcgen Biocytogen N/A

Recombinant DNA

Helper-dependent adenoviral vector

(HDAdV) for FOXO32SA/2SA
This paper N/A

pCR2.1-TOPO Thermo Fisher Scientific Cat# K455001

pAMHDAdGT8-4 A gift from Kohnosuke Mitani Addgene plasmid #26421

gRNA_Cloning Vector (Brunet et al., 1999; Counter et al.,

1998; Mali et al., 2013; Reya et al.,

2003; Wiznerowicz and Trono, 2003)

Addgene plasmid #41824

pCAG-1BPNLS-Cas9-1BPNLS-2AGFP (Suzuki et al., 2016) Addgene plasmid #87109

pCAGmCherry-gRNA (Suzuki et al., 2016) Addgene plasmid #87110

pLVTHM (Wiznerowicz and Trono, 2003) Addgene plasmid #12247

psPAX2 A gift from Didier Trono Addgene plasmid #12260

pMD2.G A gift from Didier Trono Addgene plasmid #12259

pBABE-neo-hTERT (Counter et al., 1998) Addgene plasmid #1774

pBABE-zeo largeTgenomic (Hahn et al., 2002) Addgene plasmid #1778

pBabe-puro Ras V12 A gift from Bob Weinberg Addgene plasmid #1768

gag/pol (Reya et al., 2003) Addgene plasmid #14887

VSV.G (Reya et al., 2003) Addgene plasmid #14888

FHRE-Luc (Brunet et al., 1999) Addgene plasmid #1789

pGL3-Basic Vector Promega Cat# E1751

Software and Algorithms

Image Lab Bio-rad http://www.bio-rad.com/zh-cn/product/image-

lab-software?ID=KRE6P5E8Z

FlowJo Flowjo, LLC https://www.flowjo.com/

ImageJ NIH https://imagej.nih.gov/ij/

Leica LAS AF Lite version 2.6.0 Leica https://leica-las-af-lite.updatestar.com/

GraphPadPrism 6.0 GraphPad Software Inc. https://www.graphpad.com/

AngioQuant (Niemistö et al., 2005) http://www.cs.tut.fi/sgn/csb/angioquant/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Guang-

Hui Liu (ghliu@ibp.ac.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models
All animal experiments conducted in this study were approved by the Chinese Academy of Science Institutional Animal Care and Use

Committee. Immunodeficient male NOD-SCID (4-8 weeks old) and BALB/c nude (8-10 weeks old) mice have been purchased from

Charles River Laboratories and bred, raised and housed in the Laboratory of Immunodeficiency animals of Institute of Biophysics,

Chinese Academy of Sciences with 12-hour light/dark cycle and provided with food and water ad libitum according to Charles River
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Laboratories recommendation (strain codes: 406 and 401, respectively). All mice were healthy with no obvious behavioral

phenotypes.

Cell Culture
Wild-type hESCs (Line H9, female) and derived FOXO32SA/2SA hESCs were cultured on Mitomycin C-inactivated mouse embryonic

fibroblasts (MEF) with cDF12 medium or Matrigel-coated plates with mTeSR1 medium, as previously described (Duan et al., 2015;

Pan et al., 2016). hVECs were maintained on collagen-coated plates in EGM2 medium supplemented with 10 nM SB431542,

50 ng/mL VEGF and 20 ng/mL bFGF. hVSMCs were cultured in VSMC medium with 10 ng/ml PDGF-AB, as previously described

(Wang et al., 2018a). Human ESC derived-MSCs and human dental pulp-derived primary MSCs were cultured in a-MEM medium

supplemented with 10% fetal bovine serum, 0.1 mM non-essential amino acids, 1% penicillin/streptomycin, and 1 ng/ml bFGF.

hTMSCs were maintained in hMSC medium without bFGF. No mycoplasma contamination was observed during cell culture.

METHOD DETAILS

Generation of FOXO3-enhanced hESCs
Helper-dependent adenoviral vector (HDAdV) for FOXO32SA/2SA (Ser253Ala and Ser315Ala) knock-in was generated as previously

described, with some modifications (Liu et al., 2014; Liu et al., 2011). In brief, part of intron 2 and exon 3 of the FOXO3 gene was

PCR-amplified from RP11-653O20 BAC DNA (BACPAC Resources) and subcloned into the pCR2.1-TOPO vector. The Ser253Ala

and Ser315Ala mutations at exon 3 were introduced using the GeneTailor Site-Directed Mutagenesis System (Invitrogen). An

FRT-PGK-EM7-neo-bpA-FRT marker fragment was subcloned into intron 2 in the 2SA mutated plasmid, and the generated DNA

fragment was recombined into RP11-653O20 BAC DNA using BAC recombineering (Datsenko and Wanner, 2000). A total of 20.9

kb of homology arms for FOXO3 gene, including the Ser253Ala and Ser315Ala mutations and marker cassette, was subcloned

into the HDAdV backbone plasmid pAMHDAdGT8-4 (Addgene #26421). The generated plasmids were packaged into HDAdVs

following a previous report (Yang et al., 2017). To generate heterozygous FOXO32SA/2SA mutation knock-in hESCs, hESCs were

infected with FOXO32SA/2SA HDAdV at MOI of 0.6-6, as described previously (Yang et al., 2017). To generate homozygous

FOXO32SA/2SA hESCs, we repeated a second round of mutation knock-in using the generated heterozygous FOXO32SA/2SA clones.

Generation of WRN-Deficient FOXO3 S253A and S315A Knock-in hESCs
The WRN protein in FOXO32SA/2SA hESCs was ablated using CRISPR/Cas9 following previously described protocols with minor

modifications (Wang et al., 2018a; Wang et al., 2018b). Briefly, the gRNA (TACATAAACAGGTGGATAC) targeting exon 14 of WRN

gene was cloned into a gRNA vector (Addgene #41824)(Mali et al., 2013). Briefly, 5 3 106 hESCs were dissociated using TrypLE,

then electorporated with pCAG-1BPNLS-Cas9-1BPNLS-2AGFP (Addgene #87109) and pCAGmCherry-gRNA (Addgene #87110)

vectors (Suzuki et al., 2016). After two days mCherry+/GFP+ cells were isolated by FACS (BD FACS Aria II). After about two weeks

in culture, a single clone was picked into a 96-well culture plate and expanded for identification. Primers are shown in Table S5.

Directed Differentiation of hESCs into hVECs
Differentiation of hESCs into hVECs was performed as previously described with minor modifications (Patsch et al., 2015). Briefly,

hESCs were cultured in mTeSR1-media for one day and then in M1 medium, containing IWP2 (3 mM), BMP4 (25 ng/ml),

CHIR99021 (3 mM) and bFGF (4 ng/ml), for three days. The following day, M1 medium was removed and replaced with M2 medium

with the addition of VEGF (50 ng/ml), bFGF (20 ng/ml) and IL6 (10 ng/ml) to promote endothelial cell emergence for another three

days. The differentiated adherent cells were harvested using TrypLE (GIBCO), and then counted upon anti-human CD201 and

CD34 staining. Flow cytometry detection of cell surface antigens and cell sorting were performed on BD FACS Aria II.

Directed Differentiation of hESCs into hVSMCs
Differentiation of hESCs into hVSMCs was performed as previously described with minor modifications (Wang et al., 2018a). First,

after 4-5 days in culture in mTeSR1 medium on matrigel coated plates, the hESCs were dissociated into single cells using TrypLE

and seeded ontomatrigel-coated plates at a concentration of 33 104 cells/cm2. The following day, cells were cultured inM1medium

for three days and then in M2medium for two days. At day 5, cells were harvested with TrypLE, purified with CD140b by FACS Aria II

and cultured on collagen IV-coated plates with VSMC culture medium.

Directed Differentiation of hESCs into hMSCs
Differentiation of hESCs into hMSCs was performed as previously described (Fang et al., 2018; Yang et al., 2017). In brief, embryoid

bodies were cultured in hMSC differentiation medium (aMEM supplemented with 10% FBS, 10 ng/ml bFGF, 5 ng/ml TGFb (Human-

Zyme) and 1% penicillin/streptomycin) for 10 days until fibroblast-like cells appeared. The hMSCs were purified with hMSC-specific

markers CD73, CD90, and CD105 by FACS Aria II. Negative hMSC markers CD34, CD43, and CD45 were also analyzed by FACS.

Anti-IgG-FITC, anti-IgG-PE, and anti-IgG-APC antibodies were used as isotype controls. To evaluate the tri-lineage differentiation of

hMSCs, cells were differentiated toward bone, cartilage, and adipocytes and assessed by histochemical staining with von Kossa

(osteogenesis), Toluidine blue O (chondrogenesis), and Oil red O (adiopogenesis), respectively.
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Isolation and Culture of Human Dental Pulp-Derived Primary MSCs
Primary MSCs were isolated from different individuals with the approval from the Ehics Committee of the 306 Hospital of PLA in

Beijing. Briefly, the pulp tissues were cut into small pieces and digested with TrypLETM Express Enzyme plus Dispase IV at 37�C
for 30 mins. The pellet was then cultured in MSC culture medium to grow primary MSCs. The sample information was described

in Table S1.

Bisulfite Sequencing of the OCT4 Promoter
Bisulfite sequencing of theOCT4 promoter was conducted as previously described (Duan et al., 2015). Briefly, bisulfite conversion of

genomic DNA was carried out using the CpGenome Fast DNA Modification Kit following the manufacturer’s protocol. The genomic

fragment of the OCT4 promoter was amplified using LA Taq Hot Start Version. PCR products were purified by gel extraction using

QIAquick columns and cloned into the T-Vector pMD20. Six clones from each sample were picked and sequenced with the universal

primer M13F.

Nuclear and Cytoplasmic Protein Extraction
About 13 106 living cells were lysed using buffer A (containing 10mMHEPES-KOH pH 7.9, 10 mMKCl, 1.5 mMMgCl2, 0.4%NP-40,

1 mM DTT) with 1x protease inhibitor cocktail. After centrifugation, the cytoplasmic fractions were collected. The remaining pellets

were further lysed in buffer B (20 mM HEPES-KOH pH 7.9, 420 mM NaCl, 0.2 mM EDTA, 0.1 mM EGTA, 25% glycerin, 1 mM DTT)

with 1 3 protease inhibitor cocktail for the extraction of the nuclear fractions.

Protein, DNA and RNA Analysis
For western blot, cells were harvested and lysed in cold RIPA buffer. Protein quantification was performed using a BCA kit. Western

blotting was performed as previously described (Zhang et al., 2015). For quantitative real-time PCR (RT-PCR), total RNA was ex-

tracted with TRIzol reagent and reverse transcribed to cDNA using GoScript Reverse Transcription System. RT-PCR was performed

using THUNDERBIRD SYBR qPCR mix on a CFX384 Real-Time PCR system. Genomic DNA was extracted using a DNA extraction

kit. PCR was performed with PrimeSTAR polymerase. To measure telomere length, qPCR was performed with genomic DNA as the

template. Primer sequences for PCR are listed in Table S5.

Immunofluorescence
Cells were washed twice by PBS and fixed in 4% paraformaldehyde for 30 min. Cells were permeabilized in 0.4% Triton X-100 for

30 min and blocked in 10% donkey serum for 1 hr at room temperature. Cells were blocked and incubated with primary antibodies at

4�C overnight, and then with secondary antibodies as appropriate at room temperature for 1 hr. Nuclei were labeled using Hoechst

33342. A Leica SP5 confocal was used for immunofluorescence microscopy.

Flow Cytometry Analysis
For cell surface marker CD31, CD34, CD43, CD45, CD144 and CD140b analyses, 5 3 105 cells were incubated with antibodies for

30 min. For cellular apoptosis analysis, live cells were freshly harvested and stained with Annexin V-EGFP and PI. Notably, for assays

of H2O2-induced hVSMC apoptosis, the medium for hVSMC culture was 2-Mecaptoethanol free in order to rule out any potential

interference from the antioxidive effect of 2-Mecaptoethanol. For cellular ROS, live cells were collected and stained with 1 mM

H2DCFDA for 30 min. Cell cycle was analyzed using Click-iT� EdU Alexa Fluor� 647 Flow Cytometry Assay Kit according to the

manufacturer’s recommendation. All experiments were performed on BD FACS Aria II.

SA-b-Gal Staining
SA-b-Gal staining was performed as previously described (Pan et al., 2016). In brief, cells were fixed in fixation buffer (2% formalde-

hyde and 0.2% glutaraldehyde) for 4 min at room temperature. After fixation, cells were stained with staining solution at 37�C over-

night. The percentage of SA-b-Gal positive cells were quantified by ImageJ.

Clonal Expansion Assay
Clonal expansion assay was conducted as previously described (Geng et al., 2018). 2,000 hMSCs were seeded in each well of a

gelatin-coated 12-well plate and cultured for 10 days. 2,000 hECs were seeded in each well of a collagen-coated 12-well plate

and cultured for 12 days. Cells were fixed and stained with crystal violet and the relative cell number was counted by ImageJ.

Cell Migration Assay
The cell migration ability of hVECs was assessed by wound healing assay and trans-well assay. For the wound healing assay, hVECs

were cultured in collagen-coated 12-well plates. Then, a linear scratch (‘‘wound’’) was generated using a 1 mL pipette tip in plates

with cells at less than 100% confluency. Complete hVEC medium was added and cells were cultured for 20 hr at 37�C. Cells that

migrated into the scratch were counted. For the transwell assay, the top chamber of the transwells (24-well insert; pore size,

8 mm; Corning Costar) was seeded with 2 3 104 cells in 500 mL IMDM medium. Another 500 mL of complete hVECs medium was

added into the bottom chambers. After 24 hr, cells that migrated through the transwell were stained with crystal violet and counted

by ImageJ.
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In Vitro Matrigel Tube Formation
The hVECs were resuspended in complete hVEC medium and plated in 24-well plates coated with Matrigel at a density of

63 104 cells per well with three repeats. After 8 hr of incubation, photographs were taken under an optical microscope and analyzed

by AngioQuant software (Niemistö et al., 2005).

Lentivirus and Retrovirus Production
For generating lentiviral vectors encoding shRNA targeting CSRP1, shRNA oligos were cloned into the pLVTHM vector (Addgene

#12247) (Wiznerowicz and Trono, 2003). For packaging lentiviruses, HEK293T cells were co-transfectedwith lentiviral expression vec-

tors or shRNA vectors, as well as psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259). The pBABE-neo-hTERT, pBABEzeo-

largeTgenomic and pBABE-puro-RasV12 retroviral vectors were purchased from Addgene (#1774, #1778, #1768). For packaging

retrovirus, HEK293T cells were co-transfected with retroviral vectors, as well as gag/pol (Addgene #14887) and VSV.G (Addgene

#14888) (Reya et al., 2003). Viral particles were collected by ultracentrifugation at 19,400 g for 2.5 hr.

Oncogenic Transformation
The in vitro oncogenic transformation was conducted based on previous reports (Scaffidi andMisteli, 2011). hMSCswere transduced

sequentially with pBABE-neo-hTERT, pBABE-zeo-largeTgenomic and pBABE-puro-RasV12 retroviruses (Counter et al., 1998; Hahn

et al., 2002). At the same time, cells were selected using G418 (100 mg/mL, 7 days), zeocin (100 mg/mL, 7 days) and puromycin

(1 mg/mL, 3 days), respectively. The selected cells were transfected with the pLVTHM-shRNA-P53 vector for reducing P53 expres-

sion. The generated hTMSCs were regarded as passage 1 (P1) and cultured in hTMSC medium. Primers are shown in Table S5.

Anchorage-independent Growth Assay
To evaluate tumor formation ability in vitro, a soft agarose assay was conducted. First, 13 105 TMSCs suspended in 23 TMSCme-

dium mixed with an equal volume of 0.7% agarose were seeded onto the 0.6% agarose layers in 6-well plates. After four weeks,

colonies were stained with 0.001% crystal violet for the measurement of relative colony sizes by ImageJ.

Animal Experiments
Teratoma-forming Assay

For the teratoma assay, 3 3 106 hESCs on Matrigel were injected into male NOD-SCID mice (6-8 weeks). After about two months,

teratomas were collected and analyzed by immunostaining.

Hindlimb Ischemia Induction

The hindlimb ischemia was induced inmale BALB/c nudemice (8-10 weeks) as previously described (Yang et al., 2017). Briefly, prox-

imal and distal femoral artery were ligated using 7-0 nonabsorbable suture; then 33 106 cells or PBS (as negative control) were imme-

diately injected into the ischemic hindlimb muscles of the mice. Primary hMSCs used for injection were isolated from the pulp tissue

of a 28-year-old man. Blood perfusion was monitored every four days by the laser Doppler bloodperfusion (Moor instruments).

16 days after the ligation, hindlimb muscles were harvested for section staining. The degree of necrosis was classified into four

grades: clinical score 0 (CS0, normal), clinical score 1 (CS1, toe gangrene), clinical score 2 (CS2, foot gangrene) and clinical score

3 (CS3, leg gangrene) (Cho et al., 2007). Hindlimb were fixed in 4% paraformaldehyde and embedded in O.C.T for section staining.

hMSC Tumor Susceptibility Test

For the hMSC tumor susceptibility test, 3 3 106 hMSCs (P5) suspended in 100 mL Matrigel/PBS (1:4) were injected into the 4- to

6-week-old male NOD-SCID mice (n = 7). Animals were checked every month to monitor the long-term in vivo consequences.

hTMSC Tumor-forming Assay

For the hTMSC tumor-forming assay, 3 3 106 hTMSCs suspended in 100 mL Matrigel/PBS (1:4) were injected into the 4- to

6-week-old male NOD-SCID mice (n = 6). About three months after transplantation, animals were sacrificed to evaluate the tu-

mor-forming ability and legs with tumors were fixed in 4% paraformaldehyde and embedded in O.C.T for section staining.

Luciferase Reporter Assay
The FHRE-Luc vector (Addgene #1789) was used to evaluate FOXO3 transcriptional activity (Brunet et al., 1999). Partial CSRP1

promoter was amplified by PCR and cloned into the pGL3-Basic vector. The mutant version of the pGL3-CSRP1 vector was con-

structed with Fast Mutagenesis System kit. The pGL3 vectors together with a Renilla plasmid were co-transfected into hMSCs

with Lipofectamine 3000. After two days, cells were lysed for the measurement using the Dual-Luciferase assay kit.

ChIP-qPCR
ChIP-qPCRwas performed according to a previous protocol with minor modifications (Wang et al., 2018b). In brief, cells were cross-

linked using formaldehyde and lysed. Subsequently, a Bioruptor Plus sonication device (Diagenode) was used to shear the chromatin

into fragments. After centrifugation, the supernatants were incubated overnight with Protein A dynabeads associated with 2.4 mg

antibodies or control IgG. After elution at 68�C for 2 hr, DNA was purified by phenolchloroform-isoamylalcohol and chloroform-

isoamylalcohol extractions. The enriched DNA was subjected to qPCR to evaluate target protein occupation at the CSPR1 promoter

region. The potential FOXO3 binding site at CSRP1 promoter was predicted by using a bioinformatics website: (http://jaspar.

genereg.net/). The primer sequences used for ChIP-qPCR are listed in Table S5.
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RNA-seq Library Construction and Sequencing
Total RNA was extracted from 1 3 106 cells using RNeasy Mini Kit according to the manufacturer’s instructions. The quality and

quantity of total RNA was assessed by Fragment Analyzer (AATI) and NanoDrop ND-1000 (Wilmington), respectively. The mRNA

was isolated from 2 ug of total RNA using the NEBNext Poly (A) mRNA Magnetic Isolation Module. Subsequently, isolated mRNA

was used for RNA library construction using NEBNext ultra RNA library prep kit for Illumina. The generated libraries were pooled

and sequenced on Illumina HiSeq 4000 platforms with paired-end 150-bp sequencing.

RNA-seq Data Analysis
Raw reads with low-quality bases (N > 10%) and adaptor contaminants were removed, and the clean reads were mapped to hg19

human reference (UCSC) using TopHat (version 2.0.12) (Trapnell et al., 2009; Trapnell et al., 2012). According to SAM files and GTF

files, gene count expression level was analyzed by htseq-count developed with HTSeq (version 0.6.0) (Anders et al., 2015). The tran-

scripts were assembled and normalized using Cufflinks (version 2.2.1) with default parameters (Trapnell et al., 2010; Trapnell et al.,

2012). Next, differentially expressed transcripts and genes were analyzed by using the DESeq2 package as previously described

(Cole et al., 2012). Genes with significant q-values < 0.05 and fold change > 1.5 or < 1.5�1 were selected as differentially expressed

genes. Volcano plots were generated using R package ggplot2. Heatmaps were plotted using the pheatmap package in R. Gene

Ontology for enrichment analysis was carried out by Gene Ontology Consortium (http://www.geneontology.org/). Polygon Fre-

quency Graph was shown based on log2 mRNA expression fold changes between FOXO32SA/2SA and FOXO3+/+ hVECs, hVSMCs

and hMSCs (P3) (class interval = 0.1). Briefly, we filtered these genes whose q-values and log2 fold change were set to NA (not avail-

able), and divided the remaining differentially expressed genes between FOXO32SA/2SA and FOXO3+/+ hMSCs (P3) into ‘FOXO3 tar-

gets’ and ‘Non FOXO3 Targets’ based on the target genes of FOXO3 transcription factor (‘‘FOXO3 targets’’ in Figure 4J) from the

CHEA Transcription Factor Targets dataset through low- or high-throughput transcription factor functional studies (http://amp.

pharm.mssm.edu/Harmonizome/gene_set/FOXO3/CHEA+Transcription+Factor+Targets).

PPI Network Analysis and Pathway Enrichment Analysis
560 upregulated genes (FOXO32SA/2SA versus FOXO3+/+ hMSCs, Fold change > 1.5, q < 0.05) and gene FOXO3 were combined to

perform PPI network analysis and pathway enrichment analysis. PPI network analysis was performed with Integrated interactions

database (IID) with only ‘‘exp- Evidence.Type’’ PPI used (http://ophid.utoronto.ca/iid) (Kotlyar et al., 2016). Pathway enrichment

analysis was performed using pathDIP (version 3.0) (http://ophid.utoronto.ca/pathDIP/) (Rahmati et al., 2017). Both results were visu-

alized using NAViGaTOR (version 3.0) (Brown et al., 2009).

Identification of Tumor Suppressor Genes
All the tumor suppressor genes (TSGs) mentioned in this study were obtained from TSGene 2.0 (https://bioinfo.uth.edu/TSGene/

index.html), a comprehensive resource for pan-cancer analysis of human tumor suppressor genes (TSGs) (Zhao et al., 2013).

DNA Library Construction and Sequencing
Genomic DNA extraction was performed according to the DNeasy Blood & Tissue Kit protocol and quantified with the Qubit dsDNA

HS Assay Kit. 500 ng of DNA was sheared into approximately 300-bp fragments by Covaris S2. The DNA library was constructed

using a NEBNext ultra DNA library prep kit for illumina. The libraries were pooled and subjected to 150-bp paired-end sequencing

on Illumina HiSeq 4000 sequencers.

Copy Number Variation (CNV) Analysis
Paired end reads generated from whole-genome DNA sequencing were aligned to hg19 human reference genome by bowtie2

(version 2.2.3). The wild-type samples without CNVs were selected as standard controls. The CNVs were calculated with HMMcopy

(version 1.21.0) by estimating the copy number in each 1Mb window (Ha et al., 2012). The CNV plots were generated with package

circlize in R.

PBAT Library Construction and Sequencing
Samples of 50 ng of genomic DNA were used to construct the PBAT library as previously described with some modifications (Clark

et al., 2017; Smallwood et al., 2014). Briefly, together with 1% unmethylated lambda DNA, genomic DNAwas bisulfite converted and

purified with EZ-96 DNAMethylation-DirectMagPrep according to the manufacturer’s instructions. The bisulfite-converted DNAwas

subjected to four rounds of random priming and extension with biotinylated random primers containing a truncated Illumina

P5 adaptor and supplemented with klenow (30/ 50 exo-) polymerase. The excess primers were digested by exonuclease I. After pu-

rification of DNA with 0.83 Ampure XP beads, the newly synthesized DNA strands were bound to the Dynabeads M280 Streptavidin

and the bisulfite-converted DNA templates were removed with two rounds of 0.1 N NaOH washes. The second strands were then

synthesized with random primers containing a truncated P7 Illumina adaptor. The M280 beads were washed again and the library

was amplified with KAPA HiFi ReadyMix (Kapa biosysems) for 6-8 cycles. The generated libraries were purified twice with

0.8 3 Ampure XP beads and sequenced on Illumina HiSeq 4000 sequencers to generate 150-bp paired-end reads.
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PBAT Data Quality Control and Alignment
Raw reads were first trimmed of 9 bases of random primers and contaminated adaptors, and reads with low-quality bases were

discarded using trim_galore (version 0.3.3). Next, the clean reads were aligned to the hg19 human reference genome by bismark

(version 0.7.6) (Krueger and Andrews, 2011) using our analysis pipline (Zhu et al., 2018). After alignment, PCR duplificates were

removed using SAMtools (Li et al., 2009). Samples with bisulfite conversion rate of lambda DNA greater than 99% were used for

subsequent DNA methylation analysis.

DNA Methylation Level Estimation
After read alignments to the genome, the methylated and unmethylated reads were calculated based on the covered cytosine

(reported as C) sites and thymine (reported as T) sites in the same reference position, respectively. The DNA methylation levels

were estimated by the ratios of the methylated reads to the total reads. Unless noted otherwise, all the descriptions of the DNA

methylation levels of any given sample were referred to as the DNA methylation levels on CpG sites of this sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed and analyzed by Student’s t test or one-way ANOVA in Graphpad Prism 6.0 software. Data

are presented as mean ± SEM or mean ± SD. p value < 0.05, p value < 0.01 and p value < 0.001 were considered statistically sig-

nificant (*, **, ***).

DATA AND SOFTWARE AVAILABILITY

The sequencing data have been deposited in the NCBI Gene Expression Omnibus (GEO) under the accession number GEO:

GSE116277. All data supporting the findings are available from the Lead Contact upon reasonable request.
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