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Abstract

The growth of new blood vessels after ischemic injury requires endothelial cells (ECs) to divide
and proliferate, and the E2F transcription factors are key regulators of the genes responsible for
cell-cycle progression; however, the specific roles of individual E2Fs in ECs are largely unknown.
To determine the roles of E2F2 and E2F3 in EC proliferation and the angiogenic response to
ischemic injury, hind-limb ischemia was surgically induced in E2F2~/~ mice, endothelial-specific
E2F3-knockout (EndoE2F34/A) mice, and their littermates with wild-type E2F2 and E2F3
expression. Two weeks later, laser-Doppler perfusion measurements, capillary density, and
endothelial proliferation were significantly greater in E2F2~/~ mice and significantly lower in
EndoE2F32/A mice than in their littermates, and EndoE2F34/A mice also developed toe and limb
necrosis. The loss of E2F2 expression was associated with increases in the proliferation and G1/S-
phase gene expression of isolated ECs, while the loss of E2F3 expression led to declines in these
parameters. Thus E2F2 impairs, and endothelial E2F3 promotes, the angiogenic response to
peripheral ischemic injury through corresponding changes in EC cell-cycle progression.
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1. Introduction

The growth of new blood vessels after Ischemic injury requires that quiescent endothelial
cells (ECs) be stimulated to divide and proliferate, so the E2F transcription factors, which
regulate genes involved in cell-cycle control, have been investigated for the design of
therapies to manipulate vascular growth [1, 2]. The PREVENT trials investigated the use of
a nonspecific E2F decoy oligonucleotide to limit proliferation of vascular smooth muscle
cells and the subsequent overgrowth of autologous vein grafts in patients undergoing arterial
bypass surgery [3]. The treatments were unsuccessful, however, perhaps because individual
members of the E2F family can both promote and prevent cell-cycle progression and,
consequently, the nonspecific oligonucleotide likely inhibited both activating and repressive
E2F family members [4]. Similarly, the successful development of E2F-targeted angiogenic
therapies will likely require a thorough understanding of the specific regulatory role
associated with each individual E2F factor, rather than the E2F family as a whole.

Three of the eight known E2F transcription factors, E2F1, E2F2, and E2F3, are considered
“activating” E2Fs, because they are believed to stimulate the expression of genes that
promote DNA synthesis and the G1/S cell-cycle transition [5]. However, the results
presented in a previous report from members of our laboratory indicate that endogenous
E2F1 expression represses, rather than activates, vascular growth and EC proliferation after
ischemic injury in mice [6]. Here, we continue to characterize the roles of “activating” E2F
transcription factors in the angiogenic response to vascular injury by performing
experiments with mice and ECs that are deficient in E2F2 or E2F3 expression.

2. Materials and Methods

2.1 Mice

E2F2*/~ and E2F3T/fl mice were provided by Dr. Gustavo Leone (Ohio State University)
[7], and Tie2-Cre mice were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA). All breeding, maintenance, and surgical procedures were approved by the
Institutional Animal Care and Use Committee of Northwestern University and performed at
the University’s Center for Comparative Medicine. Mouse genotypes were determined via
polymerase chain reaction (PCR) with tail DNA.

2.2 Hind-limb ischemia (HLI) model and assessments

Hind-limb ischemia was surgically induced in 10- to 12-week-old male mice as previously
described [6, 8], and perfusion measurements were performed with a Laser Doppler imaging
system (Moor Instruments, Wilmington, DE, USA). Mice received intraperitoneal injections
of 5-bromodeoxyuridine (BrdU) on Days 12 and 13 after injury (1 mg administered every 12
hours, for a total of 4 injections) and were euthanized on Day 14. A portion of mice also
received an intravenous injection of Lectin (50 pL, Vector Laboratories, Inc., Burlingame,
CA, USA) 10 minutes before euthanasia. Tissues were fixed in 4% paraformaldehyde and
serially sectioned; then, immunohistochemical staining was performed with fluorescent anti-
Lectin (Vector Laboratories, Inc.) and anti-BrdU (Abcam, Cambridge, MA, USA)
antibodies as described previously [6]. Capillary densities were assessed in sections of
gastrocnemius muscles stained for the expression of lectin, and 3 sections per ischemic limb
and 6 fields per section were examined [6, 8].
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2.3 Isolation of primary ECs

Primary ECs were isolated from mouse lung tissues as previously described [9]. Briefly,
tissues were minced and digested with collagenase and dispase, and then the mixture was
passed through a 100-um cell strainer to obtain single-cell suspensions. Red blood cells,
granulocytes, nonvital cells, and cell debris were removed via density centrifugation with
Histopaque-1.083 (Sigma-Aldrich Corp., St. Louis, MO, USA); then, the cells were
immunostained with CD31-PE, sorted to >95% purity via flow cytometry, and cultured in
EBM-2 medium (Lonza). The cells were used in subsequent experiments before passage 5.

2.4 In-vitro proliferation and gene expression

The isolated ECs were transduced with adenoviruses coding for GFP alone or both GFP and
Cre (Vector BioLabs, Philadelphia, PA, USA), synchronized by incubation in EBM-2
medium containing 0.1% FBS for 24 hours, and then proliferation was stimulated by the
addition of EBM-2 medium supplemented with 5% FBS. The incorporation of 5-ethynyl-2’-
deoxyuridine (EdU) was measured with a commercially available Click-iT™ EdU flow
cytometry assay kit (Invitrogen, Carlsbad, CA, USA) as directed by the manufacturer’s
instructions. RNA extraction and real-time reverse transcriptase polymerase chain reaction
(RT-PCR) were performed as described previously [6, 9]. Primer sequences are listed in the
Online Supplemental Table S1.

2.5 Statistical analysis

All values are expressed as mean = SEM. Comparisons between two means were evaluated
for significance via the unpaired Student’s ftest. A P value of less than 0.05 is considered
significant.

3. Results

3.1 E2F2 and endothelial specific E2F3 deficient mice

E2F2~/~ mice were generated as described previously [9]. Mice that lacked endothelial E2F3
expression were generated by breeding E2F3f/fl mice with Tie2-Cre (EndoE2F3*/*) mice,
and then crossing the female E2F3f/* and male Tie2-Cre;E2F3fl/* offspring. Mice
homozygous for the Cre-induced, endothelial-specific E2F3-knockout mutation
(EndoE2F32/A mice) were born at approximately 8% of the expected frequency, which is
similar to the live-birth rate of mice homozygous for the global E2F3-knockout mutation
[10] and suggests that the expression of E2F3 by ECs is essential for embryonic
development. The surviving EndoE2F34/A mice developed normally from birth through
adulthood.

3.2 Recovery of ischemic limbs is improved by the loss of global E2F2 expression and
impaired by the loss of endothelial E2F3 expression

Perfusion was significantly greater in E2F2~/~ mice on Day 14 after injury, and significantly
lower in EndoE2F32/A mice on Days 7 and 14 after injury, than in their littermates with
wild-type levels of E2F2 and endothelial E2F3 expression (Figure 1A). The loss of E2F2
expression also led to improvements in capillary density (Figure 1B-C) and endothelial
proliferation on Day 14 (Figures 1B and 1D), while the EndoE2F3A/A mutation was
associated with declines in both parameters and with toe and limb necrosis in 83% and 50%
of animals, respectively, on Day 7 (Figure 1E).
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3.3 Endothelial-cell proliferation and G1/S-phase gene expression are enhanced by
declines in E2F2 expression and reduced by declines in E2F3 expression

The effect of declines in E2F2 or E2F3 expression on proliferation was also evaluated in
ECs isolated from E2F2~/~ mice and their wild-type littermates that had been transduced
with a vector coding for GFP expression and in E2F3f/fl ECs that had been transduced with
a vector coding for GFP alone (i.e., E2F37/fl ECs) or with a vector coding for both GFP and
Cre expression (i.e., E2F3A/A ECs), to knock out the expression of E2F3. Cells were starved
to quiescence by serum deprivation and then re-stimulated by the addition of serum; cell
counts were significantly higher for E2F2~/~ ECs than for E2F2*/* ECs, and significantly
lower for E2F3A/A ECs than for E2F3f/fl ECs, on Days 4, 6, and 8 after serum addition
(Figure 2A). These results were corroborated by flow-cytometry analyses of EdU
incorporation and by real-time PCR analyses of the expression of E2F-targeted genes that
are associated with cell-cycle progression. Proliferating (i.e., EdU™) cells were more
common in the E2F2~/~ population, and less common in the E2F3A/A population, than in
cells with wild-type E2F2 or E2F3 expression (Figure 2B), and the expression of Cyclin A,
Cyclin D, Cdc2, Cdc6, B-Myb, and dihydrofolate reductase was enhanced in E2F2~/~ cells
and impaired in E2F34/2 cells (Figure 2C); the E2F2-knockout mutation was also
associated with a significant increase in E2F3 expression. Notably, similar changes in EdU
incorporation and the expression of cell-cycle genes were also observed in wild-type ECs in
which E2F2 or E2F3 expression had been knocked down by siRNA technology (Online
Supplemental Figure S1), and knockdown of E2F2 or E2F3 expression did not affect the
tube-formation and migration activities of ECs nor their expression of well-recognized
angiogenic growth factors including vascular endothelial growth factor (VEGF), placental
growth factor (PIGF), and basic fibroblast growth factor (b0FGF or FGF-2) (Online
Supplemental Figures S2-3).

4. Discussion

E2F transcription factors are crucially involved in cell-cycle regulation, and E2F1, E2F2,
and E2F3 are often classified as “activating” E2F members because they are believed to
promote cell-cycle progression and proliferation [7, 11, 12]. However, previously published
experiments from our laboratory demonstrate that E2F1 inhibits angiogenesis and the
proliferation of ECs after ischemic injury by suppressing expression of the pro-angiogenic
cytokines vascular endothelial growth factor and placental growth factor [6]. Here, we show
that perfusion, capillary density, endothelial-cell proliferation, and the expression of G1/S-
phase genes in ECs are enhanced by the loss of E2F2 expression and reduced by the
endothelial-specific loss of E2F3 expression. In a separate study with a mouse model of
myocardial infarction, endothelial E2F3 deletion by VE-cadherin-Cre expression led to a
decreased EC growth at ischemic myocardium and an increased infarct size (unpublished
observations). Thus, of the three “activating” E2F family members, only E2F3 appears to
promote the proliferation, cell-cycle progression, and angiogenic activity of ECs.

The mechanism responsible for the upregulation of G1/S-phase genes in E2F2~~ ECs is
unknown; however, the loss of E2F2 expression significantly increased E2F3 levels in
cultured ECs, and E2F3 appeared to be a much more prominent activator of cell-cycle
progression in our experiments with ECs than in previous studies with other cell types [5,
13-15]. Our ongoing studies also suggest that loss of E2F2 expression could enable E2F3 to
bind E2F2-targeted DNA regulatory elements and activate genes that are normally
suppressed (or weakly activated) by E2F2 (Online Supplemental Figure S4). Whether E2F2
also suppresses proliferation and cell-cycle progression in other vascular-cell lineages (e.g.,
vascular smooth muscle cells) will be investigated in subsequent studies. One of the
limitations of our study is associated with the use of E2F2~/~ mice in which E2F2-deficiency
is not limited to endothelial compartment. Whether the loss of E2F2 in other cell types
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within the ischemic limb also contribute to the accelerated angiogenesis and blood flow
recovery remains to be determined in our future investigations.

In conclusion, the results presented here show that E2F2 and E2F3, two members of the
“activating” subfamily of E2F transcription factors, have distinctly different roles in the
angiogenic response to ischemic injury. Thus, the successful development of E2F-targeted
angiogenic therapies will likely require knowledge of the specific regulatory role played by
each E2F factor, rather than the E2F family as a whole.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Vascular recovery is improved in E2F27/~ mice and impaired in EndoE2F34/A mice
HLI was surgically induced in E2F2~~ mice and their wild-type littermates (E2F2*/*) and in
EndoE2F32/A mice and their littermates with wild-type endothelial E2F3 expression
(EndoE2F3*/*). (A) Perfusion was evaluated before injury and for up to 14 days afterward
via Laser Doppler imaging; measurements in the ischemic limb were normalized to
measurements in the uninjured contralateral limb. (n=6 for EndoE2F32/2 group at Days 7
and 14; n=12 for the rest groups and time points). (B-D) The animals were injected with
BrdU and lectin before sacrifice and then tissue sections were stained with anti-BrdU and
anti-lectin antibodies after sacrifice (B). Capillary density was quantified as the number of
lectin+ cells (C), and endothelial proliferation was quantified as the number of cells positive
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for both lectin (red) and BrdU incorporation (green) (D). n=6 randomly selected animals in
each group. Six sections per mouse and 3 high power fields (HPFs) per section were
evaluated and averaged for each animal. (E) The number of mice with evidence of toe or
limb necrosis was evaluated 7 days after the induction of HLI. n=12 mice per

group. TP<0.01 versus EndoE2F3*/*: *P<0.01 versus E2F2*/*.
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Figure 2. Proliferation and G1/S-phase gene expression are enhanced in E2F27/~ ECs and

impaired in EndoE2F34/A ECs
ECs were isolated from the lungs of E2F2~/~ mice, their wild-type littermates (E2F2*/*), and
E2F3M/T mice; then, the E2F27/~ and E2F2*/* ECs were transduced with an adenovirus

coding for GFP expression, and the E2F37/fl ECs were transduced with an adenovirus

coding for GFP expression (E2F3f/fly or with an adenovirus coding for both GFP and Cre
(E2F34/A) to knock out E2F3 expression. (A) Quiescent cells were stimulated with serum
addition, and cell counts were monitored for 8 days (n=4). (B) After serum stimulation for
16 h, cells were treated with EAU and cultured for additional 4 h; then, proliferation was
evaluated via flow cytometry and quantified as the proportion of cells stained positively for
EdU incorporation (representative results from 2 analyses per experimental group). (C) The
expression of E2F2, E2F3, and the G1/S-phase genes Cyclin A, Cyclin D, Cdc2, Cdc6, B-
Myb, and dihydrofolate reductase (DHFR) was determined via quantitative RT-PCR and
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normalized to18S rRNA levels (n=4). TP<0.01, TTP<0.001 versus E2F3/fl: *p<0.05,
**p<().01 versus E2F2+/*,
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