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Abstract Peripheral artery disease (PAD) is character-
ized by chronic muscle ischemia. Compensatory angio-
genesis is minimal within ischemic muscle despite an
increase in angiogenic factors. This may occur due to the
prevalence of angiostatic factors. Regulatory mechanisms
that could evoke an angiostatic environment during ische-
mia are largely unknown. Forkhead box O (FoxO) tran-
scription factors, known to repress endothelial cell
proliferation in vitro, are potential candidates. Our goal
was to determine whether FoxO proteins promote an an-
giostatic phenotype within ischemic muscle. FoxO1 and
the angiostatic matrix protein thrombospondin 1 (THBSI)
were elevated in ischemic muscle from PAD patients, or
from mice post-femoral artery ligation. Mice with condi-
tional endothelial cell-directed deletion of FoxO proteins
(MxICre™, FoxO1,3,4%F, referred to as FoxOA) were used
to assess the role of endothelial FoxO proteins within
ischemic tissue. FoxO deletion abrogated the elevation of
FoxO1 and THBS1 proteins, enhanced hindlimb blood flow
recovery and improved neovascularization in murine
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ischemic muscle. Endothelial cell outgrowth from 3D
explant cultures was more robust in muscles derived from
FoxOA mice. FoxOl overexpression induced THBSI
production, and a direct interaction of endogenous FoxOl
with the THBSI promoter was detectable in primary
endothelial cells. We provide evidence that FoxO1 directly
regulates THBS1 within ischemic muscle. Altogether,
these findings bring novel insight into the regulatory
mechanisms underlying the repression of angiogenesis
within peripheral ischemic tissues.

Keywords Endothelium - Ischemia - Angiogenesis -
Peripheral artery disease - Skeletal muscle - Capillary

Abbreviations
PAD Peripheral artery disease

THBS1 Thrombospondin 1

FoxO Forkhead box O

CF Capillary to muscle fiber ratio
J. H. Paik

Department of Pathology and Laboratory Medicine,
Weill Cornell College, New York, NY 10065, USA

R. A. DePinho
Department of Cancer Biology, University of Texas MD
Anderson Cancer Center, Houston, TX 77030, USA

G. P. Casale - I. I. Pipinos

Department of Surgery, University of Nebraska Medical Center,
Omaha, NE 68198, USA

@ Springer


http://dx.doi.org/10.1007/s10456-013-9353-x

760

Angiogenesis (2013) 16:759-772

Introduction

Peripheral arterial disease (PAD) involves the narrowing of
arteries and results in impaired blood flow, usually to the
lower limb, which ultimately leads to tissue necrosis and
limb amputation [1-3]. Although a marked reduction of
oxygen tension occurs in the peripheral tissue, which is a
key stimulus for angiogenesis, the capillary density
remains unchanged or even reduced within the ischemic
lower leg muscles of PAD patients [4-7]. The molecular
mechanisms underlying this paradoxical lack of angio-
genesis within the ischemic muscles are not established.
This consequence may be explained by the prevalence of
intrinsic negative regulatory factors that act to counter-
balance the pro-angiogenic signals. Considering that mus-
cle capillarity is a significant determinant of oxygen
extraction and muscle performance, and is a strong pre-
dictor of exercise tolerance in PAD patients [6, 8, 9], it is
crucial to identify at the molecular level the mechanisms
that restrain capillary growth within the ischemic muscle.

Previously, we demonstrated that prolonged moderate
ischemia increases endogenous forkhead box O1 (FoxOl)
protein within the microvasculature of rat skeletal muscle
[10]. Forkhead box O (FoxQO) transcription factors are
established regulators of cell cycle inhibition, stress resis-
tance, metabolism, autophagy and apoptosis [11-14].
FoxO1 is a critical regulator of embryonic vascular
development. The loss of FoxOl, via either global or
endothelial cell-restricted deletion, resulted in embryonic
lethality due to severe defects in vascular network orga-
nization [15-17]. Furthermore, a role for FoxOl1 in the
postnatal maintenance of vascular homeostasis has been
demonstrated, as the endothelial cell-directed deletion of
FoxO1 in adult mice induced the development of severe
hemangiomas as a consequence of excessive endothelial
proliferation coupled with reduced apoptosis [18]. These
results illustrate that a decrease in FoxOl protein may
promote a pathological pro-angiogenic switch.

In contrast, it remains unknown whether enhanced
FoxOl expression represents a barrier to angiogenesis in
the adult, which would potentially contribute to the
development or progression of ischemic diseases such as
PAD. As of yet, an unequivocal role for FoxOl1 in pro-
moting an angiostatic environment within ischemic muscle
has not been established. Furthermore, while some direct
targets of FoxO have been validated in cultured endothelial
cells [18, 19], critical effectors of the FoxOl-driven an-
giostatic response in vivo remain to be identified.

Here, we hypothesize that enhanced FoxOl activity
triggers an angiostatic phenotype in the endothelium of the
ischemic muscle. We provide evidence of a pathological
elevation of FoxOl protein within the ischemic muscles of
PAD patients, which correlated positively with an increase

@ Springer

in the angiostatic matrix protein thrombospondin 1
(THBS1). FoxO1 and THBSI also increased in a murine
model of muscle ischemia. Directed deletion of FoxO1,3,4
within endothelial cells reduced THBSI levels and signif-
icantly enhanced hindlimb blood flow recovery as well as
angiogenesis within ischemic muscle. We establish that
FoxOl is a direct transcriptional regulator of THBSI
within microvascular endothelial cells. Our results provide
mechanistic evidence that FoxOl1, through promoting an
angiostatic phenotype, plays a significant role in the path-
ophysiology of tissue ischemia.

Materials and methods
Human PAD and control biopsies

Human muscle biopsies were collected in accordance with
a protocol approved by the Institutional Review Board of
the Omaha Veterans Affairs Medical Center, Omaha,
Nebraska and of the University of Nebraska Medical
Center, Omaha, Nebraska. All subjects gave informed
consent. Gastrocnemius muscle biopsies from male PAD
and control subjects were collected at the University of
Nebraska Medical Center (n = 14 per group). PAD
patients presented with Stage II-IV according to the Fon-
taine classification system [20] (symptoms ranging from
intermittent claudication to skin ulcers and gangrene). Non-
PAD control subjects were age-matched to the PAD
patients and the majority had one or more cardiovascular
risk factors (cigarette smoking, diabetes mellitus, hyper-
tension), but none of them had indication of PAD (as
assessed by clinical history, physical examination and an
ankle brachial index of no less than 0.9). See Table 1 for a
summary of subject characteristics. The biopsies, obtained
from the anteromedial region of the muscle belly (10 cm
distal to the tibial tuberosity) while subjects were under
general anesthesia, were snap-frozen in liquid nitrogen
immediately upon collection. Western blotting of muscle
homogenates was conducted as described below.

Mouse model of femoral artery ligation

All mouse protocols were approved by the York University
Animal Care Committee and conducted in accordance with
the American Physiological Society’s “Guiding Principles
for the care and use of animals in research”. MxCre™t;-
Fox01,3,4""* or MxCre™, Fox01,3,4""** on a FVB/n
background [18] were housed in pathogen-free conditions
at the York University Vivarium. All mice received a series
of three injections of polyinosine:cytidine (pl:pC) (400 pg
per injection; Invivogen, San Diego, CA) at 4 weeks of age
to transiently activate the MxI promoter, inducing Cre
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Table 1 Demographics for control and PAD subjects

Control PAD
n 14 14
Age (years)® 62+ 6 64 +7
Body mass index® 28.6 = 4.5 243 + 4.9
Smoking (neVer/former/current)b 71215 5/1/8
Coronary artery disease® 2 (14 %) 10 (71 %)
Obesity 6 (43 %) 2 (14 %)
Dyslipidemia 5 (36 %) 10 (71 %)
IDDM 1 (7 %) 6 (43 %)
Hypertension 7 (50 %) 12 (86 %)
Brachial systolic pressure® (mmHg) 132 £ 12.6 142 £ 16
Ankle brachial index 1134011 031 4 0.25"

4 Mean £ SD

® Number of subjects in each category
¢ Number of subjects (% of sample)

§ p = 0.027 versus control

" p < 0.0001 versus control

expression and resulting in the deletion of floxed FoxO
alleles [21]. In all experiments, MxCret (FoxOA) mice
were compared to control age-matched littermate MxCre™
(FoxO™") mice. At 10-12 weeks of age, restriction of
hindlimb blood flow was induced by unilateral ligation of
the right femoral artery distal to the epigastric artery.
Briefly, hair was removed from the lower limbs using
depilatory cream. An incision was made in the medial thigh
of the right hind limb to expose the femoral artery. The
artery was separated from nerve and vein, and then was
ligated tightly using double knots of 7-0 silk suture thread.
The incision was closed with 5-0 silk sutures. Sham sur-
gery consisted of all steps except for ligation of the artery.
Ligation and sham surgeries were conducted under isoflu-
rane inhalation anesthesia and mice were administered
buprenorphine (0.05 mg/kg) at the time of surgery for pain
relief. Hindlimb blood flow was assessed prior to and
immediately after surgery and on days 4, 7 and 10 after
ligation, by non-invasive laser Doppler imaging
(LDI2-HR; Moor Instruments, Wilmington DE). Two or
three lower limb perfusion images were recorded in each
mouse at each time point, while the mouse was maintained
at 37 °C under isoflurane inhalation anaesthesia. Software
was used to delineate a region of interest (ROI) that
encompassed the lower limb of the ligated limb, and an
ROI of equivalent area for the contralateral non-ligated
limb. At each time point, a perfusion ratio was generated
by calculating the ratio of the ROI average pixel intensity
in the ligated limb to that of the non-ligated limb. In some
animals, tibialis anterior (TA) muscle blood flow also was
assessed simultaneously in ligated and non-ligated limbs

using dual laser Doppler needle probes (Probe 403, Peri-
Flux, PeriMed Instruments, Ardmore, PA, USA).

Mouse muscle histology and capillary to fiber ratio

Capillary to muscle fiber ratio, an indicator of angiogene-
sis, was assessed on cross-sections of tibialis anterior (TA)
and extensor digitorum longus (EDL) muscles, as descri-
bed previously [10]. FoxO1, F4/80 and THBS1 immuno-
staining was conducted on 4 day post-ligation muscle
cross-sections. Frozen muscle cross-sections were incu-
bated with anti-FoxO1 (1:200, #2880 Cell Signaling, New
England Biolabs, Pickering, ON, Canada), anti-F4/80
(1:100; #MF48000, Invitrogen Canada) or anti-THBSI1
(1:100, #CLSG36856 Cedarlane Corp., Mississauga, ON,
Canada), or the appropriate non-immune sera (normal
rabbit IgG, #2729, Cell Signaling Technology; normal
mouse IgG, #sc-2025, Santa Cruz). Primary antibodies
were detected with secondary antibody conjugated to
Alexa Fluor568 goat anti-rabbit or goat anti-mouse
(#A11011 or A11004, respectively, Invitrogen, Burlington,
ON, Canada) or Alexa Fluor488 goat anti-rat (112-545-
003, Jackson ImmunoResearch, West Grove, PA, USA).
Sections were counter-stained with FITC or rhodamine-
conjugated Griffonia simplificolia isolectin-B4 (Vector
#FL-1201 Burlington, ON, Canada) to detect capillaries.
Staining was visualized using a Zeiss Inverted microscope
(M200) equipped with a 40x oil immersion objective, a
cooled digital CCD camera and Metamorph imaging soft-
ware. Exposure settings were set manually and were
identical for all specimens. Representative images were
selected following examination of five to six tissue sections
from each mouse (n = 3 per group). Multi-wavelength
exposures were merged using Metamorph software.

Protein and RNA analyses

Murine primary microvascular endothelial cells and gas-
trocnemius muscle tissues from mice or human biopsies
were lysed for protein or RNA extraction, and analyzed by
Western blotting or qRT-PCR, as previously described
[10].

Muscle explant cultures

Small segments of freshly isolated plantaris or soleus
(approximately 0.1 mg) from FoxOA and FoxO™" mice
were embedded in type I collagen matrix, as described
previously [22]. After 6 days of culture, the explants were
fixed and migrating endothelial cells were stained for
alkaline phosphatase reactivity to detect endothelial cells.
The area of migration and the alkaline phosphatase inten-
sity were calculated using Carestream software.
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Endothelial cell culture

Primary microvascular endothelial cells were isolated from
a combination of gastrocnemius, EDL and TA muscles of
FoxO"" or FoxOA mice, and maintained in culture as
described previously [10]. Cells were used for experiments
between passages 3 and 6. In some cases, transduction of
FoxO™" cells was carried out using adenoviruses encoding
Cre recombinase (Adeno-Cre; Vector Biolabs, Philadel-
phia, PA, USA) to induce FoxO deficiency; wildtype
FoxO1 (Adeno-WTFoxOl) or constitutively active FoxO1
(Adeno-CAFoxO1; both generously provided by Dr. Rob-
ert Gerard, University of Texas Southwestern) to over-
express FoxO1 levels. Adeno-B-gal transduction was used
as a negative control. All transductions were performed
using 100 pfu per cell. For experiments, cells were serum-
starved overnight (1 % FBS), then lysed for subsequent
analysis of protein (RIPA lysis buffer) by Western blotting
and mRNA (Cells to cDNA lysis buffer; Invitrogen Can-
ada) by qRT-PCR.

Western blotting

2040 png of total cellular protein were denatured and
equivalent amounts of protein were separated using SDS-
PAGE, then transferred to polyvinylidene difluoride mem-
branes (Immobilon P; Fisher Thermoscientific). After
blocking with 5 % fat-free milk, membranes were probed
overnight at 4 °C using antibodies as follows: FoxOl
(1:1,000, #2880 Cell Signaling, New England Biolabs,
Pickering, ON, Canada); p27*""" (1:200, #sc-1641 Santa
Cruz); thrombospondin 1 (1:400, clone A6.1; #CLSG36856,
Cedarlane Corp.); B-actin (1:1,000, #4967 Cell Signaling),
af-tubulin (1:1,000, #2148 Cell Signaling). After detection
with appropriate secondary antibody conjugated with
horseradish peroxidase, membranes were incubated with
Super West Pico (Pierce; Fisher Thermoscientific, Whitby,
ON, Canada) or Immobilon Western ECL (Millipore; Fisher
Thermoscientific) as per manufacturer’s instructions and
signals were detected using an imaging station (Kodak
4000MM Pro; Carestream Molecular Imaging; Woodbridge,
CT, USA). Bands were quantified using Carestream or Image
J software.

qRT-PCR

cDNA samples were analyzed by qPCR using Tagman probes
using the ABI 7500 Fast PCR System (Invitrogen Canada;
Burlington, ON, Canada) with qPCR mastermix (P/N 11743;
Invitrogen Canada) and Taqman probes (Invitrogen
Canada) as follows: GAPDH (Mm03302249_g1), HPRT-1
(MmO00446968_m1), p27KIP1 (Mm00438168_m1), FoxOl1
(MmO00490672_m1), FoxO3 (Mm01185722_m1), mEMRI
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(Mm00802529_m1), THBS1 (MmO01335418_ml). The
comparative C; method was used to determine relative quan-
tification of mRNA expression, using HPRT or GAPDH to
normalize for amount of RNA per sample.

Chromatin immunoprecipitation

Murine primary microvascular endothelial cells isolated
from FoxO™" mice (as described above) were serum
starved overnight in DMEM containing 1 % FBS. Chro-
matin was crosslinked by formaldehyde incubation and
cells were scraped then pelleted by centrifugation followed
by resuspension in SDS lysis buffer. Crosslinked chromatin
was sheared using a Bioruptor (15 cycles, 15 s shearing,
45 s at rest, 4 °C) to obtain DNA fragments to an average
size 400-600 bp. One tenth of lysate was used for input
and the rest was used for chromatin immunoprecipitation.
Samples were pre-cleared (60 min, 4 °C) with protein A/G
agarose beads (Upstate Biotechnology) then incubated with
6 ul of FoxO1 antibody (#2880 C29H4, Cell Signaling
Technology) or normal rabbit IgG (#2729, Cell Signaling
Technology) for 24 h. The immune complexes were col-
lected by adsorption to protein A/G agarose beads (2 h,
4 °C). Beads were washed once with immune complex
wash buffer (20 mM Tris—HCI pH 8.1, 0.1 % SDS, 1 %
Triton X-100, 2 mM EDTA) containing 150 mM NaCl
(10 min) and once with the immune complex wash buffer
containing 500 mM NaCl (15 min). Beads were washed
with a final buffer containing 10 mM Tris—HCI pH 8.1,
1 mM EDTA, 1 % deoxycholic acid, 1 % IGEPAL-
CA630, 0.25 M LiCl for 30 min. After two washes with
TE buffer (2 x 5 min), the immune complexes were eluted
with 0.1 M NaHCOj; containing 1 % SDS (2 x 15 min at
room temperature). Elutes were adjusted to 200 mM NaCl
and incubated at 65 °C with 3 pg of RNase overnight.
After purification using the QiaAmp DNA Micro Kkit
(#56304, Qiagen, Toronto, ON, Canada), DNA fragments
were amplified by PCR reaction. Primers (based on the
murine THBS1 or Cdknlb sequences (Genbank
#M62449.1 and NC_000072, respectively)) were selected
using the Primer Blast program (http://www.ncbi.nlm.nih.
gov/tools/primer-blast/). Details of primer sequences,
location and product sizes are listed in Online Resource
Table 1. Products were analyzed by 2 % TAE agarose gel
containing ethidium bromide. Grayscale images were
inverted to enhance visualization of the bands.

Statistical analyses

Results were expressed as mean £+ SEM, and analyzed by
two-tailed Student’s ¢ test, one-way ANOVA or two-way
ANOVA and Bonferroni post-tests (Prism4; Graphpad
Software Inc; La Jolla, CA, USA). Pearson r correlation
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coefficients were calculated using Prism 4. In all cases,
p values of less than 0.05 were considered statistically
significant.

Results

Concomitant upregulation of FoxO1
and thrombospondin 1 proteins occurs
within human and rodent ischemic muscle

Previously, we reported significant increases in the protein
level of FoxO1 within the endothelial cells of ischemic rat
muscle [10]. It remains unknown whether expression of
FoxO proteins is altered in the pathological context of
PAD. To address this, we assessed FoxO protein levels
within gastrocnemius muscle biopsies obtained from PAD
patients or age-matched control subjects. PAD patients had
moderate to severe stages of the disease, and a significant
reduction of the ankle brachial pressure index (0.31 &+ 0.25
vs. 1.13 £ 0.11 in the control group, p < 0.05). Charac-
teristics of the PAD and control populations are summa-
rized in Table 1. We analysed protein levels of FoxO1 and
FoxO3a, because these FoxO proteins are most abundantly
expressed by endothelial cells [23]. FoxO1 protein levels
were significantly higher in PAD subjects compared to the
control subjects (p = 0.013, 0.41 %+ 0.05 vs. 0.62 + 0.05,
respectively), while FoxO3a protein levels were not dif-
ferent between control and PAD subjects (p = 0.73,
1.02 £ 0.09 vs. 0.93 £ 0.21, respectively, Fig. 1a). Simi-
larly, FoxOl, but not FoxO3a levels correlated inversely
with ankle-brachial index, a measure of disease severity
(Online Resource 1). Levels of the FoxO target gene,
p27KIP1, were increased in the PAD muscle biopsies
(p = 0.047, 0.34 £ 0.05 vs. control 0.26 £ 0.02, Fig. 1a).
We also observed an increase in the amount of the angio-
static matrix protein thrombospondin 1 (THBSI) in the
muscle of PAD patients compared to control subjects
(0.22 £ 0.10 vs. 0.10 £ 0.03, respectively, Fig. la). A
significant positive correlation was observed between
expression of FoxO1 and p27%™" protein (Fig. 1b), which
may be interpreted as an indication of increased FoxOl
transcriptional activity within the ischemic tissue. Notably,
FoxO1 protein level also correlated significantly with
THBS1 levels (Fig. 1b), leading us to postulate that a
regulatory link may exist between these proteins.

FoxO and THBSI1 expression levels also were examined
in a mouse model of moderate hindlimb ischemia induced
by unilateral femoral artery ligation. We found that FoxOl1
protein levels increased significantly in gastrocnemius
muscle after 4 and 7 days of ischemia (Fig. 2), consistent
with our previous observation in a rat model of moderate
muscle ischemia [10]. In contrast, FoxO3a protein levels

were not altered in response to ischemia (Fig. 2). Levels of
the angiostatic protein THBS1 also increased in response to
ischemia, with a time course that corresponded to the
increase in FoxO1 (Fig. 2). The observation of an up-reg-
ulation of FoxO1 and thrombospondin 1 protein expression
both in the murine model of hindlimb ischemia and in the
muscle from PAD patients provides evidence that this is a
conserved phenomenon occurring within ischemic muscle.

Endothelial cell-directed deletion of FoxO proteins
prevents the up-regulation of FoxO1 in the ischemic
muscle, and increases blood flow recovery

and angiogenesis

A murine genetic model of conditional combined deletion
of Fox0O1,3,4, in which Cre expression is under the control
of the inducible Mx/ promoter, was employed to assess the
role of FoxO1 within ischemic tissue. The MxI promoter
confines Cre expression to cells that exhibit interferon o/f3
responsiveness, which includes the endothelium, hemato-
poietic cells, as well as hepatocytes, and notably, not the
skeletal myocytes [18, 24]. This model is useful particu-
larly because it circumvent the embryonic lethality
observed with constitutive endothelial cell specific deletion
of FoxOl [17]. Furthermore, targeting all three FoxO
members avoided possible functional compensation by
FoxO3 or FoxO4 [18]. Conditional deletion of FoxO alleles
was confirmed by analysis of genomic DNA (Online
Resource 2). Protein analysis of gastrocnemius homoge-
nates indicated a partial reduction of FoxOl and 3 levels
(24 and 35 % reduction compared to controls, respectively)
(Fig. 3a), which is consistent with FoxO deletion only
within the vascular compartment of the muscle tissue. To
directly assess the extent of endothelial deletion of FoxO
proteins, we analyzed the endothelial cell fraction isolated
from the muscles of FoxO-deleted (FoxOA4 and non-deleted
(F()xOU L) mice. As expected, there was a substantial
reduction of FoxO1 and 3 protein levels in the endothelial
fraction derived from the muscles of FoxOA mice (63 and
70 % reduction compared to control cells, respectively)
(Fig. 3b). This is in agreement with previous report of
Mx1Cre-mediated deletion of FoxO proteins within endo-
thelial cells isolated from liver [18]. FoxO4 protein was
undetectable within the endothelial cell fraction from
FoxO™" mice. Co-immunostaining of FoxO1 and Isolectin
B4 (to localize capillaries) within TA/EDL muscles indi-
cated the presence of FoxO1l within both capillaries and
muscle fibers of FoxO™" mice. In accordance with western
blotting data, minimal capillary-associated FoxOl1 staining
was observed within the muscle of FoxOA mice (Fig. 3c).

To further interrogate the involvement of FoxO proteins
in promoting an angiostatic phenotype, we assessed the
angiogenic process in skeletal muscle biopsies derived
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Fig. 1 FoxOl, but not FoxO3a, protein level increases in response to
PAD and is associated with enhanced p27KIP1 and THBS1 protein
expression. Gastrocnemius muscles from control and PAD subjects
were assessed by Western blot a for FoxO1 and FoxO3a, p27KIP1
and THBSI1 protein levels, and quantified relative to B-actin. Data are

FoxOl; p = 0.047 for p27KIP1; p = 0.01 for THBS1 (Unpaired
two tailed Student’s ¢ tests, n = 8—13 per group). b FoxOl1 relative
protein levels were compared with protein levels of p27KIP1 (top;
N = 26) and THBS1 (bottom; N = 16). The Pearson’s correlation co-
efficient (r) was calculated to assess the relationships between FoxO

mean + SEM; * indicates significant differences: p = 0.01 for protein levels and each of the specified parameters
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Fig. 2 FoxOl, but not FoxO3a, protein level increases within
ischemic mouse muscle, corresponding with an increase in THBS1
protein expression. FoxOl, FoxO3a and THBSI1 (a, b, ¢) protein
levels were assessed in murine gastrocnemius muscle 2, 4 or 7 days
following femoral artery ligation and corresponding sham (Sh)
operations and quantified relative to af-tubulin or B-actin. Data are

from non-ischemic soleus (oxidative) or plantaris (glyco-
lytic) muscles of FoxOA and FoxO™" mice. After 6 days of
culture within a 3D collagen matrix, endothelial cells have
proliferated and migrated out of the explant into the sur-
rounding collagen matrix (Fig. 4a). Independently of the
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days post-ligation

days post-!igation

mean + SEM; n = 4-6. One-way ANOVA shows a main effect of
arterial ligation on the levels of FoxOl and THBSI1 but not on
FoxO3a (p = 0.02, p = 0.015 and p > 0.05, respectively, one way
ANOVA). * indicates differences versus Sham (Bonferroni post hoc
analysis, p < 0.05)

type of muscle, endothelial cell density and outgrowth were
significantly greater in FoxOA compared to FoxO™*
muscle explants (Fig. 4b). Together, these results confirm
the strong angiostatic effect of FoxO proteins on skeletal
muscle endothelial cells, and validate the use of FoxOA4
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Fig. 3 FoxOl and FoxO3a deletion occur in skeletal muscle
microvascular endothelial cells of FoxOA4 mice. FoxO1 and FoxO3a
levels were measured by Western blotting on protein extracts of
gastrocnemius muscles a harvested from 6 week old FoxO™* and
FoxOA mice. Protein level relative to B-actin is expressed as
mean & SEM. Differences vs. FoxO™" are *p =0.01 (n=4-7
per group). FoxO1l and FoxO3a levels were assessed by Western
blotting on protein extracts of microvascular endothelial cells
b isolated from skeletal muscle of FoxO™" and FoxOA mice.
**%p < 0.0001 and **p < 0.01 (n = 3 to 4 independent cell isola-
tions from a total of 9 mice per group). Cross-sections of TA/EDL

mice to assess the functional contribution of endothelial
FoxO proteins in response to muscle ischemia.

Femoral artery ligation was utilized to induce moderate
ischemia in FoxO4 and FoxO™" mice. There was no indica-
tion of inflammation, or influx of monocytes, within ischemic
TA/EDL muscle of either FoxO4 or FoxO™" mice (Online
Resource 3), which is in accordance with our observations of
moderately ischemic rat skeletal muscle. Western blotting
confirmed that FoxOl protein increased at 4 days post-liga-
tion in the gastrocnemius muscle of FoxO™* mice compared
to sham-operated mice. In contrast, FoxOl protein did not
increase in the ischemic muscle of FoxOA mice following
femoral artery ligation (Fig. 5). We next analyzed blood flow
recovery and muscle capillarization following the induction of
muscle ischemia. An initial reduction in hindlimb blood flow
of approximately 50 % was observed in all mice after femoral
artery ligation (Fig. 6a). In the subsequent 10 days, there was
no significant improvement in limb perfusion in the FoxO~*
mice, while FoxOA ischemic limbs showed a recovery to
approximately 85 % of pre-surgery levels at days 7 and 10.
Significant differences in limb perfusion were observed
between FoxO™" and FoxOA mice atdays 7 and 10 days post-
ligation (Fig. 5a). Flow probe analysis of TA muscle blood

Iso-Lectin B4
(endothelial marker)

Overlay

muscles (4 days post femoral artery ligation) were immuostained
¢ for FoxOl (red) and Isolectin B4 (green). Arrows indicate
capillaries positive for FoxOl staining and arrowheads indicate
myocyte/interstitial cell-associated FoxO1 immunoreactivity. Nota-
bly, FoxOl staining did not overlap with Isolectin B4 staining in
muscle cross-sections of FoxOA mice; asterisks highlight represen-
tative capillaries that do not exhibit FoxOl immunoreactivity.
Immunostaining of a FoxO™" muscle section with normal rabbit
IgG as a negative control for the FoxO1 antibody is shown in the
bottom left hand panel

flow at days 0, 4 and 10 post-ligation demonstrated a similar
pattern of flow recovery as that observed with the blood flow
imager (Online Resource 4). Significant differences in relative
TA blood flow in FoxO™* compared to FoxOA mice were
apparent atday 10 days post-ligation. Furthermore, at 10 days
post-ligation, relative blood flow was not significantly dif-
ferent in the ligated versus sham FoxOA mice while flow
remained significantly different in the ligated compared to
sham FoxO™" mice. The capillary-to-fiber ratio (C:F) was
measured as an indicator of angiogenesis or capillary regres-
sion within the ischemic muscle. 10 days post ligation,
TA/EDL muscle C:F was not significantly different between
FoxO™" and FoxOA sham animals. However, C:F was sig-
nificantly higher in the ischemic hindlimb muscle of FoxOA4
mice compared to FoxO™" mice (Fig. 5b). Our results bring
evidence that FoxO deletion promotes a pro-angiogenic
phenotype in the vasculature of ischemic muscle.

Thrombospondin 1 is a downstream effector of FoxO
proteins in ischemic muscle

Based on our observation of the co-ordinated expression
pattern of FoxO1 and THBS1 in ischemic muscle (Figs. 1, 2),
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FoxOA

Fig. 4 FoxO deletion promotes endothelial cell outgrowth from
ex vivo muscle explants. Muscle explant culture was performed on
soleus and plantaris muscle biopsies of non-ischemic FoxO™* and
FoxO4 mice, and representative images of soleus biopsies are shown
(a). The asterisk denotes the original muscle explant; arrows point to
endothelial cell outgrowth. The area of migration (upper graph) and

FoxQ“* FoxOA

Sh 4 10 Sh 4 10 days
FO)(O1 — D v | e A
B-actin "‘*
— # I FoxO'*
% l N FoxOA
8 1.2+
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£
2 04-
5
E 0.0 1

Sham Day 4 Day 10

Fig. 5 Ischemia-dependent increases in FoxO1 protein do not occur
in FoxOA4 mice. FoxO1 protein levels were assessed at 4 and 10 days
post-femoral artery ligation in gastrocnemius muscles of FoxO™" and
FoxOA mice. Protein levels were expressed relative to P-actin.
Vertical line delineates two different blots. Data are mean - SEM.
Two-way ANOVA indicates a main effect of FoxO deletion
(p < 0.0001, n = 4-18 per group). Significant differences between
FoxO™" and FoxOA are *p < 0.05 and **p < 0.01 (vs. time matched
group), and #p < 0.05 (vs. corresponding sham, Bonferroni post hoc)

we tested whether FoxO deletion would result in altered
THBS1 expression. First, we analyzed the expression of
THBSI1 in the endothelial cell fraction isolated from mouse
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the endothelial cell density (lower graph) within the area of migration
of explants derived from soleus (white bars) or plantaris (black bars)
were calculated (b). Multiple explants from an individual mouse were
averaged. Data show mean = SEM (n = 4-6 mice per condition,
*p < 0.05 and **p < 0.01 versus matched FoxO™" muscle explants,
unpaired two-tailed Student’s ¢ test)

skeletal muscle, and found that THBS1 mRNA and protein
levels were reduced significantly in endothelial cells origi-
nating from FoxOA compared to FoxO™" mice (Fig. 7a).
Extending this observation, we reasoned that THBSI
expression also would be repressed within the ischemic
muscle of FoxOA mice. THBSI mRNA increased signifi-
cantly 4 days post-ligation within the gastrocnemius muscle
of FoxO™" mice (Fig. 7b), which corresponded temporally
with upregulation of FoxOl1 protein and slightly preceded
the increase of THBS1 protein (Fig. 2a, b). In contrast, no
increase in THBS1 mRNA occurred in the ischemic muscles
of FoxOA mice (Fig. 7b). Immunostaining of TA/EDL
muscles showed high levels of peri-capillary THBS1 protein
in FoxO™" mice 4 days following femoral artery ligation,
which was minimal in the FoxOA4 mice (Fig. 7c). These data
provide evidence that Mx1 promoter-induced deletion of
FoxO proteins acts to restrain the expression of THBSI
during ischemia.

The altered phenotype of the FoxOA mice is best
explained by the reduction in FoxOl levels, considering
that FoxO3a levels were not altered in response to ische-
mia, and FoxO4 was undetectable in endothelial cells. We
therefore focused on investigating the relationship between
FoxOl and THBSI in cultured primary microvascular
endothelial cells. Induced deletion of FoxO proteins in
cultured FoxO™" endothelial cells (via adenoviral trans-
duction of Cre recombinase) resulted in a reduction in
THBSI mRNA levels (Fig. 8a), consistent with the lower
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Fig. 6 FoxO deletion promotes blood flow recovery and neovascu-
larization following femoral artery ligation. Hindlimb blood flow of
FoxO™" and FoxOA mice a was assessed by Laser Doppler imaging
before surgery, and 0, 4, 7, and 10 days after femoral artery ligation.
A representative time course of images is shown for each mouse
phenotype. White arrows indicate the ischemic limb in post-ligation
time-points. Data are mean £ SEM of the ischemic/non-ischemic
flow ratio. Two-way ANOVA shows main effects of both time and
FoxO deletion (p < 0.0001 and p = 0.0008, respectively; n = 5-12
per group). Post hoc analysis indicated that blood flow ratios in

mRNA and protein levels of thrombospondin 1 in cells
isolated from FoxOA mice (Fig. 7a). Conversely, over-
expression of wild-type FoxOl1 or its constitutively active
mutant significantly increased THBSI mRNA (Fig. 8b).
Based on these data, we assessed whether FoxO1 interacts
directly with the THBSI promoter. Alignment analysis of
human, canine and murine 7HBS! genomic sequences
utilizing ECR Browser/RVISTA identified one Forkhead
binding element that was highly conserved between spe-
cies, located within a 600 bp evolutionarily conserved
region (ECR) at ~—800 bp relative to the transcription
initiation site (Fig. 8c). A second putative Forkhead bind-
ing element was identified within the murine genomic
sequence (~—1,990 bp), which also shared high homol-
ogy with the human sequence. We conducted ChIP assays
using primer sets to amplify each of these regions. FoxOl1
ChIP of primary endothelial cells was validated by
assessing a previously documented Forkhead binding ele-
ment within the 5 promoter region of Cdknlb (Fig. 8d)

FoxOA mice were significantly different at days 4, 7 and 10 compared
to day 0 (*p < 0.05 and ***p < 0.001 vs. corresponding day 0).
Furthermore, blood flow in FoxO4 mice was significantly different
from that of FoxO™" mice at days 7 and 10 (###p < 0.001 vs.
FoxO™" mice at the corresponding time point). Capillary to fiber ratio
b was assessed in TA/EDL muscles 10 days post-ligation. There was
a main effect of FoxO deletion (p < 0.0001, n = 4-8 per group) and
significant differences between FoxO™" and FoxOA **%p < 0.001
(Bonferroni post hoc analysis)

[25, 26]. FoxOl immunoprecipitation resulted in the
amplification of both regions 1 and 2 within the THBSI
locus, but not of the coding region within THBSI exon 3
(Fig. 8d), thus demonstrating the capacity for FoxOl1 to
interact directly with both binding elements in the THBS/
promoter region.

Discussion

Here, we identify a regulatory mechanism that promotes an
angiostatic environment within ischemic skeletal muscle.
We provide novel evidence that the transcription factor
FoxOl is elevated within ischemic gastrocnemius of
patients with moderate to severe PAD. Endothelium-
directed deletion of FoxOlI,3,4 in mice abrogated com-
pletely the increases in FoxOl1 protein and improved both
blood flow recovery and angiogenesis within ischemic
hindlimb muscles. FoxO deletion prevented the ischemia-
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<« Fig. 7 FoxO deletion prevents the ischemia-induced increase in

Thrombospondin 1 within the endothelium of mouse muscle.
Microvascular endothelial cells were isolated from skeletal muscle
of FoxO™" and FoxOA mice. THBS1 mRNA was assessed by g-PCR
(normalized to Hprtl) and THBS1 protein a was assessed by Western
blot (normalized to B-actin). **p = 0.004 compared to cells from
FoxO"* mice; *p = 0.01, paired Student’s ¢ test, n = 3 independent
isolations, from a total of 8 individual mice per condition. THBS1
mRNA gastrocnemius muscles from FoxO" and FoxO4 mice b was
assessed by q-PCR (normalized to Hprtl) at 4 days post-femoral
artery ligation or corresponding sham operation. Two-way ANOVA
shows main effects of FoxO deletion and arterial ligation (p = 0.04
and p = 0.03, respectively). Significant differences are #p < 0.05
versus Sham FoxO™", and *p < 0.05 versus day 4 ligated FoxO™*
(Bonferonni Post hoc, n = 4-7 mice). TA/EDL muscle cross-sections
from 4 day ligated or sham operated FoxO™* or FoxOA mice were
immunostained ¢ for THBS1 (red) and counterstained with Isolectin
B4 (green) to identify capillaries. Arrows point to peri-capillary
THBS1 immunoreactivity in the ischemic FoxO™" tissue. Normal
mouse IgG was used as a negative control for the THBS1 antibody

induced increase in the angiostatic matrix protein, THBS1.
In primary cultured skeletal muscle endothelial cells, over-
expression of FoxOl, and chromatin immunoprecipitation
of endogenous FoxO1, demonstrated that FoxO1 is a reg-
ulator of THBS1 expression and that it binds to the THBS!
promoter. The upregulation of THBS1 within the ischemic
muscle of PAD patients, together with the significant
positive correlation between FoxOl and THBS1 protein
levels in human biopsies, provide further evidence that
FoxOl dependent regulation of THBS1 expression occurs
in the context of PAD. Together, these findings suggest that
the endothelial upregulation of FoxO1/THBS1 is an
intrinsic signalling pathway that restrains angiogenesis
within ischemic muscle.

Peripheral artery disease is a complex disease that is
increasing in prevalence, and to date, there are few treat-
ment options that have demonstrated the capacity to restore
vascularization of the affected muscles [1-3]. Under-
standing the role of negative regulators of vascularization
in ischemic muscle represents an alternative approach that
may lead to development of more effective therapies. Here,
we identify a novel link between PAD and the upregulation
of the transcription factor FoxOl. This relationship was
observed in muscle biopsies of PAD patients, as well as in
a murine model of muscle ischemia. In fact, a significant
negative correlation was seen between FoxOl protein
levels and either the ankle-brachial pressure index or the
absolute ankle systolic pressure in PAD patients, which are
used often as indicators of disease severity (Online
Resource 1).

Previous studies have not assessed the role of FoxOl1 in
muscle ischemia, as both global and endothelial cell spe-
cific knock-out of FoxOl1 results in embryonic lethality.
We utilized the murine model of endothelial-directed
conditional FoxO1,3.4 deletion [18] as a tool to investigate
the potential angiostatic role of FoxOl protein within

ischemic muscle. Post-natal deletion of FoxO gene prod-
ucts, which is achieved using the MxI-Cre model, is
essential in order to avoid the lethality of embryonic
FoxO1 deletion. The combined deletion of FoxO1,3,4 also
prevents any functional compensation by FoxO3a and
FoxO4 that may occur if only FoxOl1 is deleted [15, 18].
Following the induction of moderate ischemia, which was
characterized by an initial 50 % reduction in hindlimb
perfusion, we observed that FoxO deletion greatly
improved blood flow recovery and muscle neovasculari-
zation. Considering that FoxO3a levels did not change in
response to ischemia, it is probable that endothelial FoxOl1
is responsible for the functional consequences within the
ischemic muscle. The endothelial-directed deletion of
FoxO completely hindered FoxOl up-regulation in the
ischemic muscle. Furthermore, the substantial reduction of
FoxOl1 and FoxO3a within endothelial cells of the skeletal
muscle of adult FoxOA mice together with the improved
angiogenic capacity of these endothelial cells, as shown in
the ex vivo migration assay, support the conclusion that
Mx1-Cre-induced FoxO deletion resulted in a significant
shift in endothelial cell phenotype. It is possible that altered
FoxO expression in other cell types could contribute par-
tially to the effects observed given that the Mx/ promoter
activity is not exclusive to endothelial cells. The absence of
infiltrating immune cells within the ischemic muscle indi-
cates that this cell population is unlikely to play a role in
the altered angiogenic response observed in the FoxOA
mice.

Functional effects of FoxO upregulation occur via the
modified transcription of downstream effectors, such as the
cell cycle inhibitor, p27KIP1, which is an established tran-
scriptional target of FoxO proteins [25, 26]. We previously
observed a concomitant increased expression of FoxO1 and
p275™" proteins in rat ischemic skeletal muscle [10], and
now we report a positive correlation between FoxO1 and
p275™! protein levels in human skeletal muscle biopsies.
From these data, we infer that increased FoxO1 protein
level corresponds with enhanced transcription of FoxO
target genes. It is probable that FoxO1l orchestrates an
angiostatic phenotype within the ischemic muscle through
the regulation of an extended network of downstream tar-
gets. To date, many distinct FoxO targets have been
identified in vitro in endothelial cells, such as eNOS,
Sprouty2 and Ang?2 [18, 23, 27]. However, not all FoxO1
targets identified by in vitro studies may be relevant in the
context of muscle ischemia. For example, we did not
observe changes in Sprouty2 mRNA expression within rat
ischemic muscle [10]. Thus, we resolved to identify addi-
tional effectors of FoxOl1 relevant to the vasculature of
ischemic muscle.

The positive correlation between expression of FoxOl1
and THBSI1 led us to investigate a potential FoxO-
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Fig. 8 FoxOl is a direct regulator of Thrombospondin-1. Deletion of
FoxO gene products in primary skeletal muscle microvascular
endothelial cells was induced by adeno-Cre infection (a). FoxOl
protein and THBS1 mRNA were measured after serum starvation. f3-
actin and Hprt-1 were used as loading control and housekeeping gene,
respectively. *p = 0.02 and **p = 0.009 compared to control adeno-
B-gal control transduction, paired Student’s 7 test, n = 3, 4 indepen-
dent experiments. Overexpression of FoxOl in microvascular endo-
thelial cells was induced by Adeno-wt-FoxOl (wt) or Adeno-ca-
FoxO1 (ca) infection (b) and confirmed by Western blotting
(***p < 0.0001 vs. adeno-B-gal control transduction, one way
ANOVA and Bonferroni post hoc analysis, n = 4). THBSI mRNA
was measured by q-PCR (p = 0.005, one way ANOVA; **p < 0.01

dependent regulation of THBS1 within the ischemic mus-
cle. THBS1 is known to exert strong angiostatic properties
through the induction of anti-proliferative and pro-apop-
totic signaling within endothelial cells [28-30]. THBS1 has
been reported to be elevated in the plasma and within the
ischemic muscle of PAD patients [31]. Increased THBS1 in
a mouse model of muscle ischemia is associated with
impaired blood flow recovery, while THBS1 deletion
enhances blood flow recovery in the mouse ischemic limb
[32, 33]. These investigations clearly indicate that THBS1
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compared to the B-gal transduced condition, Bonferroni post hoc
analysis, n = 4). Alignment of conserved FoxO consensus elements
within the THBS! promoter (2 human, m mouse, ¢ canus) (c¢). The
shaded boxes indicate the core consensus elements within each
region. Base mismatches are denoted by italics. The underlined
sequence in Region 2 indicates a second consensus site within the
murine sequence. Consensus sites and primer locations within the
THBSI locus are illustrated. ChIP was performed using FoxOl
antibody or normal rabbit IgG (d). Primer sets specific for either
Regions 1 and 2 within the THBS! promoter, the Cdknlb promoter, or
the THBSI coding sequence (exon 3) were used to do PCR on
precipitated DNA. In, Input DNA; Fx1, a-FoxOl antibody; IgG,
normal rabbit IgG; L, 100 bp DNA ladder

is a key participant in the skeletal muscle pathophysiology
in PAD. However, the mechanisms leading to the upreg-
ulation of THBS1 in the context of PAD remained
unknown. Here, our results bring new insight into the
signalling mechanism responsible for thrombospondin 1
overexpression. Loss of the ischemia-induced expression
of THBS1 mRNA in the FoxOA mice brings evidence for a
FoxO-dependent upregulation of THBSI within in the
vasculature of the ischemic muscle. Direct perturbation of
FoxOl levels in cultured endothelial cells confirmed the
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FoxOl dependent regulation of THBSI. We demonstrated
FoxOl binding to two distinct forkhead binding elements
within evolutionarily conserved regions of the THBSI
promoter, thus identifying the THBSI gene as a direct
FoxOl1 target.

In conclusion, this investigation identifies endothelial
FoxOl as a transcriptional key that unlocks a strongly
angiostatic phenotype within ischemic muscle. Our study
indicates that upregulation of FoxOl-dependent genes,
such as in the muscle of PAD patients, may be sufficient to
over-ride compensatory pro-angiogenesis signals. This
regulatory influence may underlie the poor angiogenic
response often observed in ischemic tissues. Furthermore,
we have delineated FoxO1 as a critical regulator of THBS],
which brings new insight into the mechanism responsible
for THBS1 overexpression within ischemic tissue. Alto-
gether, these data suggest that the FoxO1-THBS1 signal
axis promotes an angiostatic phenotype in the vasculature
of ischemic muscle, thus playing a potential role in the
pathophysiology of PAD.
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