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Cardiac muscle regeneration after injury is limited by "irreversible”
cell cycle exit. Telomere shortening is one postulated basis for
replicative senescence, via down-regulation of telomerase reverse
transcriptase (TERT); telomere dysfunction also is associated with
gdreater sensitivity to apoptosis. Forced expression of TERT in
cardiac muscle in mice was sufficient to rescue telomerase activity
and telomere length. Initially, the ventricle was hypercellular, with
increased myocyte density and DNA synthesis. By 12 wk, cell
cycling subsided; instead, cell enlargement (hypertrophy) was
seen, without fibrosis or impaired function. Likewise, viral delivery
of TERT was sufficient for hypertrophy in cultured cardiac myo-
cytes, The TERT virus and transgene also conferred protection from
apoptosis, in vitro and in vivo. Hyperplasia, hypertrophy, and
survival all required active TERT and were not seen with a cata-
lytically inactive mutation. Thus, TERT can delay cell cycle exit in
cardiac muscle, induce hypertrophy in postmitotic cells, and pro-
mote cardiac myocyte survival.

rreversible cell cycle exit limits the restoration of pump

function after myocardial infarction (cardiac cell death from
ischemia or reperfusion injury) or after chronic myocyte loss to
apoptosis in heart failure (1). Thus, apart from fundamental
interests, mechanisms underlying cardiac cell cycle exit hold
importance given the therapeutic potential of regenerative car-
diac muscle growth, Terminal differentiation involves the reti-
noblastoma family of tumor-suppressor pocket proteins and
cyclin-dependent protein kinases (Cdks) that modulate their
function (2). Although the role of pocket proteins and Cdks has
been substantiated in cardiac cell cycle control (1, 3, 4), neither
suffices to explain and impose the timing of the postmitotic
phenotype in vivo. The likely need for multiple activators acting
in concert and the coexistence of multiple inhibitors together
create a formidable barrier to ventricular myocyte proliferation
beyond the immediate perinatal period.

One mechanism that can cooperate with these, and mediates
replicative senescence in other systems, is down-regulation of
telomerase reverse transcriptase (TERT) and the resulting loss of
telomerase activity (5-8). The telomere is a specialized DNA-
protein complex, in species with linear genomes, that prevents
linear chromosome ends from being sensed as a DNA strand break,
triggering growth arrest and other responses (7-10). In vertebrates,
the telomere comprises a conserved TTAGGG repeat, in a large
duplex loop that buries the 3’ end in a lariat structure (9). As a
putative mitotic clock (5-8), cell division erodes the telomeric
repeat because of incomplete replication of the distal 3' strand (the
“end-replication” problem). During active replicative growth,
TERT utilizes an intrinsic RNA component (TERC) as template,
to restore the repeat and maintain telomere length. Telomere
repeat-binding factors (TRF) 1 and 2 stabilize the lariat structure
(7); TRF2, especially, is important for telomeric signaling to DNA
damage checkpoint controls (10). At least in yeast, telomeric signals
also involve transcriptional silencing of genes positioned near the
telomere (7).

In adult humans, telomerase activity is found predominantly
in germ cells, tumor cells, and stem cells with limitless prolifer-
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ative capacity, but not somatic cells that ultimately senesce. In
adult mice, telomerase activity is more widespread in tissue-
specific patterns that correspond to the potential for sustained
proliferation (11). Failure to express TERT is the principal
mechanism for low levels of telomerase activity seen with
replicative senescence. Telomerase activity can be reconstituted
by ectopic expression of TERT (5, 12); thus, the catalytic subunit
ordinarily is limiting. In mouse embryonic stem cells, even
hemizygosity for TERT leads to telomere erosion (13), However,
prolongation of cell lifespan can require other- alterations in
addition to TERT.

The need for whole-animal studies of telomerase function is
underscored by discrepancies in long-term cell culture, used to
model replicative senescence (8), plus differences among species
in telomere biology (8, 14). The role of telomerase in mice has
been questioned, in part because telomere length is greater in
Mus musculus than in wild-derived species (11) or humans.
Nevertheless, essential roles have been shown for mice, espe-
cially in highly proliferative organs, aging, and pathophysiolog-
ical settings with high cell turnover (14). Of note, defects in mice
lacking the RNA component of telomerase involve apoptosis,
not just proliferation defects (14, 15), and telomerase may
protect cells against at least some causes of programmed cell
death (16).

Given that telomerase activity and TERT expression are
lacking or are markedly decreased in the adult heart (17, 18), we
postulated that preventing the down-regulation of TERT might
delay or prevent the loss of telomerase activity and, if so, delay
or prevent ventricular myocytes’ exit from the cell cycle. To test
this, exogenous TERT was forcibly expressed in mouse myocar-
dium. TERT maintained telomerase activity in the adult heart
and delayed ventricular myocytes’ exit from the cell cycle in the
first month after birth. Less expectedly, cardiac myocyte en-
largement (hypertrophy) was provoked at later ages, without
mechanical dysfunction or fibrosis as initiating factors. Hyper-
trophy also was elicited by TERT in cultured cardiac myocytes
after viral gene transfer, suggesting additional functions of
TERT beyond those reported to date. Consistent with other
evidence for a cytoprotective effect of telomerase, TERT con-
ferred protection from cardiac myocyte apoptosis. All three
functions—delayed cell cycle exit, hypertrophy, and survival—
required active TERT and were not evoked by a catalytically
defective mutation.

Materials and Methods

Northern Blot Analysis. Twenty pig aliquots of cardiac RNA were
size-fractionated in agarose/formaldehyde gels and transferred
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to Hybond-N* membranes (Amersham Pharmacia Biotech).
TERT, atrial natriuretic factor (ANF), myosin heavy chain
(MHC), c-myc, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) probes were amplified by reverse transcription (RT)-
PCR (19-21). Other probes were amplified by PCR, using the
following primers: catalytic subunit of DNA-dependent protein
kinase (DNA-PKcs), forward 5'-ATCAGAAGGTCTAAG-
GCTGGAAT-3', reverse 5'-CGTACGGTGTTGGCTACTGC-
3'; Ku70, forward 5'-GAGCATCCAGTGTATCCAGA-3' and
reverse 5'-CAGCATGATCCTCTTGTGAC-3'; Ku80, forward
5'-TCACAGTGTGCAGACACCTG-3' and reverse 5'-AACT-
GCAGAGAGATGCCAGA-3'; TRF1, forward 5'-CATGGAC-
TACACAGACTTAC-3' and reverse 5'-ATCTGGCCTATC-
CTTAGACG-3'; and TRF2, forward 5'-TGTCTGTCG-
CGCATTGAAGA-3' and reverse 5'-GCTGGAAGACCT-
CATAGGAA-3'.

Telomerase Activity. Telomerase activity was measured by a
modified telomeric repeat amplification protocol (TRAP;
TR APeze; Intergen, Purchase, NY; ref. 22), using 1 ug of cell or
tissue extract, PCR amplification for 28 cycles, and nondena-
turing PAGE.

Telomere Length. Ten ug aliquots of cardiac DNA were digested
with Rsal, which yields 25-30-kbp telomeric fragments in mice
(23), fractionated by 0.5% agarose gel electrophoresis, and
transferred to Hybond-N* membranes. Hybridization was
performed by using a 3?P-labeled (TTAGGG), telomeric
probe (24).

Generation of Active and Inactive TERT Transgenic Mice, The cardiac-
specific TERT transgene was constructed using the human
TERT coding sequence from pGRN145 (25), cloned 3 to the
5.5-kbp mouse aMHC promoter (26) and 5' to the human
growth hormone (GH) polyadenylation sequence. Catalytically
inactive TERT cDNA was produced by site-directed mutagen-
esis (aspartic acid to alanine at codon 868; D868A). Expression
cassettes were released with Kpnl and Notl, and microinjected
into the pronuclei of fertilized FVB/N oocytes. Tail DNA from
3-wk-old mice was subjected to Southern or dot blot analysis with
full-length cMHC-TERT and «aMHC-D868A.

Western Blot and Immune Complex Kinase Assays. Abs against
TERT, Cdks, p70 S6K, JNK1, and ERK1/2 were from Santa
Cruz Biotechnology. Abs for Akt, p38, and phosphorylated
proteins were from New England Biolabs. Fifty ug aliquots were
size-fractionated by SDS/PAGE and transferred to Immo-
bilon-P membranes (Millipore). Membranes were incubated
with primary Abs (1:500-1,000) then horseradish peroxidase-
conjugated second Abs. Protein expression was visualized with
enhanced chemiluminescence reagents (Amersham Pharmacia
Biotech). Immune complex assays for Cdk activity were per-
formed as described (3).

‘Cardiac Function and Structure. Transgenic animals and littermate
controls underwent M-mode and Doppler echocardiography
(27, 28). For histology, hearts were perfused with PBS followed
by 10% (vol/vol) buffered formalin and embedded in paraffin.
Myocardium was sectioned parallel to the plane of the atrio-
ventricular valves at the level of the papillary muscles and was
stained with hematoxylin and eosin or Sirius red.

Immunofluorescence Microscopy. Laminin staining was performed
by using rabbit primary Ab (1:100; Sigma) and FITC-conjugated
Ab to rabbit IgG (Molecular Probes). Nuclei were stained with
2 pg/ml of 4’ ,6-diamidino-2-phenylindole (DAPT). Images were
captured with a Zeiss Axioplan 2 epifluorescence microscope.
Myocyte diameter was measured by using the transnuclear width

Oh et al.

of random myocytes in cross-section at the papillary muscle level
(=300 myocytes, using 2 hearts from each of 2 lines, by 2 blinded
observers; ref. 29).

For phosphorylated histone H3, sections were digested with
0.05% trypsin and incubated with Abs to the Ser-10 phosphopep-
tide (1:1,000; Upstate Biotechnology, Lake Placid, NY; ref. 30)
and sarcomeric MHC (1 ug/ml; MF20; University of Iowa
Hybridoma Bank), then FITC- and Texas-red-conjugated Abs to
rabbit and mouse IgG. BrdUrd (0.1 mg/g body weight) was
administered i.p. 3 h before euthanasia and was detected with
FITC-conjugated primary Ab (Roche Molecular Biochemicals).

Flow Cytometry. Ventricular myocytes were isolated by perfusion
with 0.17% type I collagenase (CL1; Worthington; ref. 4). For
each assay, 1 X 10° cells were fixed, labeled with FITC-MF20 and
propidium iodide (PI) in the presence of RNaseA, and analyzed
by two-color flow cytometry (3), using MODFIT 20 (Verity,
Topsham, ME). DNA histograms were derived from the au-
thenticated cardiac myocytes.

Cardiac Myocyte Culture and Adenoviral Gene Transfer. Ventricular
myocytes from 2-day-old Sprague~Dawley rats were purified as
described (3). Wild-type and catalytically inactive human TERT
cDNAs were subcloned into pAdTrack-cytomegalovirus (CMV)
and pShuttle-CMV (provided by Bert Vogelstein, Johns Hop-
kins Oncology Center, Baltimore), i.e., with and without coex-
pression of green fluorescent protein (GFP). Cardiac myocytes
(106 cells per 60-mm dish) were infected for 6 h at 20 plaque-
forming units per cell with adenovirus encoding wild-type
TERT, D868A TERT, or the empty vector, and then were
cultured for 24 h in serum-free medium, except where indicated.
Infection efficiency was 100%, determined by coexpression of
GFP or immunostaining for exogenous TERT.

Apoptosis. For cell culture, nucleosomal DNA fragmentation was
monitored by electrophoresis in 1.5% agarose (31), and cell
viability was monitored by trypan blue exclusion.

Ligation of the left anterior descending coronary artery was
performed as described (28). The prevalence of myocyte apo-
ptosis in the area perfused by the affected vessel was determined
after 6 h of ischemia, using the in situ ligase reaction (32), which
may be more specific than nick end-labeling for apoptotic strand
breaks, especially when necrosis coexists (28). Twenty-four
hours after ligation, the areas of infarction and ischemic risk
were determined by using 1.5% triphenyltetrazolium chloride
(TTC) staining and 1% Evan blue perfusion (28).

Statistical Analyses. Data are reported as the mean * SE. Com-
parisons were analyzed by ANOVA and Scheffe’s test, using a
significance level of P < 0.05.

Results

Telomerase Activity, Telomere Length, and TERT Gene Expression Are
Developmentally Regulated in Mouse Myocardium, Measured by the
TRAP assay (22), telomerase activity was readily detected in
embryonic (E16.5) and neonatal (2-day) mouse myocardium,
with little or none in adult (8-wk) cardiac tissue (Fig. 14), as
reported for the rat (17, 18). Pretreatment of extracts with
RNaseA, to confirm that the amplified products are attributable
to telomerase, prevented formation of the TRAP ladder. Te-
lomerase activity was down-regulated >65% by day 2 after birth.
Telomeric restriction fragments (24) were analyzed by Southern
blotting of cardiac DNA (Fig. 1B). As expected from the TRAP
assay, cardiac telomere fragments were largest in embryos, and
shortened with age.

Consistent with the loss of telomerase activity and decreased
telomere length, TERT mRNA was most prominent in embry-
onic myocardium, was down-regulated 58% by day 2 after birth,
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Fig. 1. Cardiac-specific overexpression of TERT restores telomerase activity
and maintains telomere length. (A) Telomerase activity. Extracts from embryo
(E16.5), neonate (day 2), and adult (8 wk) heart were assayed by a TRAP
protocol, with (+) or without (=) RNaseA. IC, internal control template. (B)
Telomere length. DNA extracted from myocardium was analyzed by Southern
blotting for the telomeric repeat. (C and D) Northern blot analysis of TERT and
telomerase-related factors during mouse cardiac development. Shown for
comparison is 285 rRNA. (E) Western blot analysis of TERT transgene expres-
sion. TERT-infected cardiac myocytes were used as the positive control, and a
nontransgenic littermate was used as the negative control. Total sarcomeric
plus cytoplasmic actin is shown for comparison. (F) Northern blot analysis of
TERT transgene expression. H, heart; B, brain; Lu, lung; Li, liver; S, spleen; K,
kidney; T, testes; con, nontransgenic littermate. (G) Reconstitution of myo-
cardial telomerase activity by TERT (Left) but not inactive TERT (D868A, Right).
TRAP assays were performed as for A. (H) Restoration of telomere length in
«MHC-TERT transgenic mice. In E, G, and H, numbers 1-4 denote 4 indepen-
dent transgenic lines or the corresponding control littermates.

and was not detected in adult heart by Northern blotting (Fig.
1C). Other telomere-associated factors—the catalytic subunit of
DNA-PK, its teJomere-binding subunits (Ku70 and Ku80), and
TRFs 1 and 2—were expressed even in postmitotic myocardium
(Fig. 1D), as was the RNA component of telomerase (not
shown), although the three components of DNA-PK were re-
duced in adult heart.

TERT Can Maintain Telomerase Activity and Telomere Length in the
Adult Heart. The cardiac-specific «MHC promoter was used to
direct the expression of wild-type human TERT vs. catalytically
inactive TERT (D868A), and four founders were identified for
each genotype. Transgene expression and tissue specificity were
confirmed by Western blotting (Fig. 1 E and F). Telomerase
activity was rescued in all four lines with wild-type TERT, but
not by the D8G68A mutation at comparable levels (Fig. 1G).
Southern blot analysis confirmed that telomere shortening in
adult myocardium was suppressed by TERT (Fig. 1H).
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Fig. 2. TERT induces hypercellular myocardium, followed by cardiac hyper-
trophy. (4, C, and D) Laminin staining at 2 {a~c) and 12 (d~f) wk of age. TERT
increased myocyte density at the younger age, but myocyte diameter at the
older age. [Bar = 10 jsm.] (B) Heart size, at 2 (a-c) and 12 (d-f) wk of age.
Concentric biventricular hypertrophy was seen in 12-wk-old «MHC-TERT mice
(e). B g/ show the lack of interstitial fibrosis in each genotype (Sirius red).
[Bar = 1 mm, a—f; 20 pm, g-i.] () The heart weight per body weight ratio
increased as a late response to TERT. *, P < 0.05 vs. transgene-negative
littermates.

TERT Can Delay Cardiac Myocyte Cell Cycle Exit, Then Leads to
Late-Onset Cardiac Hypertrophy. To delineate cardiac myocyte
boundaries, immunolabeling of laminin was performed (Fig. 24,
C, and D) (29). At 2 wk of age, myocyte density increased by
two-thirds in TERT transgenic mice vs. controls, with myocyte
diameter decreased, reciprocally. Similar conclusions were
reached by using DAPI plus Ab to sarcomeric MHC (not
shown). DB68A transgenic mice were indistinguishable from
transgene-negative animals. Given that cardiac dimensions and
mass were unchanged at this age (Fig. 2 B and E), an increase
in myocyte density suggests an increase in myocyte number (33).

Subsequently, the heart weight to body weight ratio increased,
by one-third at 8 to 24 wk (Fig. 2E), with concentric hypertrophy
in both ventricles (Fig. 2B). Myocyte diameter was likewise
increased by TERT (12 wk; Fig. 2.4, C, and D), without tissue
fibrosis (Fig, 2B g-i) or myocyte disarray (not shown). Echocar-
diography was performed to assess ventricular function (27), as
hypertrophy could occur secondary to mechanical defects; no
difference was seen in heart rate, ventricular performance, or
chamber diameter (not shown). Although myocyte dropout from
apoptosis also can be a cause of compensatory growth, no
increase occurred in terminal deoxynucleotidyltransferase-
mediated dUTP nick end-labeling (TUNEL)-positive cells (not
shown). Thus, the early hyperplastic phenotype was followed by
Jater hypertrophy, with neither cell loss nor discernible mechan-
ical dysfunction as an explanation. Heart weight, wall thickness,
and myocyte diameter were increased only by active TERT, not
the inactive mutation.

Immunocytochemistry was performed for BrdUrd incorpora-
tion and histone H3 phosphorylation on Ser-10, markers of S
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Fig.3. Cardiac myocyte DNA synthesis and mitoses in «MHC-TERT transgenic

mice. (A) Immunofluorescence detection of BrdUrd incorporation {green; a-c)
and mitotic phosphorylation of histone H3 (green; d-f} in cardiac myocytes at
2wk of age, identified with MF20 Ab to sarcomeric MHC (red). Neither BrdUrd
incorporation nor histone H3 phosphorylation was detected in nontransgenic
controls or D868A mice. A cardiac myocyte in late telophase isseen in e (Inset).
[Bar =10 um.] (B) Dissociated cardiac myocytes were analyzed by flow cytom-
etry. Arrows highlight the increase in DNA content by TERT. (C) TERT prolongs
the activity of endogenous Cdké, Cdk2, and Cdc2 in myocardium. Cdk2/4/6
activities were monitored by immune complex kinase assays, and Cdc2 activity
was monitored by Ser-10 phosphorylation of histone H3. Western blots indi-
cate an increase in cyc D2, cyc B1, and Cdc2 but not other Cdks. (D) The shift
from hyperplasia to hypertrophy does not entail down-regulation of TERT
expression (Western blot Bottom) or activity (TRAP assay Top).

phase and mitosis, respectively (Fig. 34; Table 1). Neither was
detected in age-matched littermate controls. Both BrdUrd in-
corporation and histone H3 phosphorylation were seen in
oMHC-TERT ventricular myocytes, with a prevalence of ~4,000
and 3,000/108, respectively, at 2 wk of age (Table 1). Similar
results were confirmed in 3 additional lines (1,800-2,500/109 at
3 wk of age). Less frequently (125/105), myocyte nuclei sugges-
tive of late telophase were seen (Fig. 34 e Inser). The prevalence
of BrdUrd incorporation and histone H3 phosphorylation de-
clined >50% by 4 wk of age; neither was detected at 12wk of age,

in either genotype. Thus, TERT delays, but (by itself) cannot
prevent, cardiac cell cycle exit. All effects were specific to
catalytically active TERT.

By using flow cytometry for DNA content (Fig. 3B), multiple
peaks were seen with wild-type myocardium, as reported (4),
corresponding to 2, 4, 8, or 16 haploid genomes per event. The
prevalence of myocytes in § phase (2 <»n < 4, plus 4 <n < 8)
was increased 3-fold by TERT at 2 wk, with a smaller shift to the
right at 4 wk. Similar results were seen in two independent lines.
By 12 wk, the distribution was no different from littermate
controls.

To test whether TERT affected endogenous cell cycle regu-
lators, myocardinm was studied by Western blot analysis and
immune complex kinase assays (Fig. 3C). Mitotic phosphoryla-
tion of histone H3 was sustained by TERT at 2 but not 12 wk,
as was true by immunocytochemistry; this marker of Cdc2
function was accompanied by increased Cdc2 expression at the
younger age. Cdk6 and Cdk2 activities increased 2- and 4-fold,
respectively, at 2 wk, with no increase at 12 wk. Unlike Cdc2,
these Cdks are ordinarily expressed even in adult myocardium,
and their expression was not increased by TERT. Cyclins B1 and
D2 were expressed at higher levels in «MHC-TERT myocardium
at 2 and 12 wk. TERT did not affect expression of Cdk4, cyc A,
cyc D1, cyc E, retinoblastoma, p21, or p27.

TERT expression and activity were sustained in transgenic
mice at 2-12 wk, with no decrease between the hyperplastic and
hypertrophic stages (Fig. 3D).

TERT Triggers Hypertrophic Growth in Cultured Cardiac Myocytes.
Because cardiac hypertrophy required active TERT but could
not be explained by a described function of the protein, we also
tested whether TERT might acutely induce hypertrophy in a
postmitotic background, using viral gene transfer to neonatal rat
ventricular myocytes. Under the conditions used, these are
already refractory to Gy exit in response to mitogenic serum (3).
Telomerase activity was increased by wild-type TERT but not
D868A TERT (Fig. 44). TERT did not trigger DNA synthesis
(Fig. 4B Top), but did cause myocyte enlargement (Fig. 4B
Middle and Botiom), in agreement with the hypertrophic effect
in vivo. Hypertrophy was produced by two independent TERT
viruses, with and without green fluorescent protein to mark
infected cells.

TERT Activates Molecular Markers and Mediators of Cardiac Hyper-
trophy. As with other triggers of hypertrophy (27, 34), the TERT
transgene provoked ANF and BMHC expression in the heart
(Fig. 4C). Although c-myc can regulate cell size and results from
TERT in some cell types (35), no increase occurred in TERT
transgenic mice, at either 2 or 12 wk (Fig. 4D), which concurs
with the lack of Myc induction by TERT in a recent gain of
function study (36). TERT also induced ANF acutely in culture
(Fig. 4F).

Among potential medijators of hypertrophic growth, marked
phosphorylation was seen for p70 S6K (37, 38), a pivotal

Table 1. TERT induces DNA synthesis and mitotic phosphorylation of histone H3 in postnatal

ventricular myocytes
BrdUrd (+) myocytes per 108

Phospho-H3 (+) myocytes per 108

Age, wk Control aMHC-TERT aMHC-D868A Control aMHC-TERT aMHC-D868A
2 0 3,711 0 0 2,752 0
4 0 1,543 0 0 1,000 0
12 0 0 [V 0 0 0

Transgenic mice and their littermates were analyzed by epifluorescence microscopy, using Abs against BrdUrd or the histone H3 Ser-10
phosphopeptide, plus Ab to sarcomeric MHC, a marker of myocyte identity. No change from the controls was seen in liver or small

intestine (not shown).
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Fig.4. Phosphorylation of p70 S6K and INK during TERT-induced hypertro-
phy in vivo and in vitro. (A) Telomerase activity in rat ventricular myocytes
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template. (B) TERT elicits cardiac hypertrophy, not G exit, in cultured ventric-
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MF20 plus propidium iodide (P1) for flow cytometry. Cells were visualized with
MF20 Ab to sarcomeric MHC (red; Midd/e) or coexpressed green fluorescent
protein (green; Bottom). [Bar = 20 um.] {C) Northern blot analysis of myocar-
dium, showing induction of ANF and BMHC by the TERT transgene. (D)
Northern blot analysis of myocardium, showing no change in c-mycexpression
by TERT. (£) Northern blot analysis of cultured cardiac myocytes, showing
induction of ANF by viral delivery of TERT. (F and G) Western blot analysis
showing phosphorylation of p70 56K and JNK in myocardium of TERT trans-
genicmice (F) and in myocytes 24 h after viral delivery of TERT (G). In G, cardiac
myocytes were treated with serum for 30 min as a positive control, Blots were
reprobed for TERT to confirm equal expression of the wild-type and mutant
proteins.

regulator of translation, at T389, the rapamycin-sensitive residue
(ref. 39; Fig. 4F). Akt activation was not increased, implicating
an alternative p70 S6K kinase or decreased signaling by a p70
S6K phosphatase. Smaller but consistent increases were seen in
activation of JNK and ERK, but not p38. Phosphorylation of p70
S6K and JNK also was increased by viral delivery of TERT (Fig.
4G). Inactive TERT had no effect.

TERT Alleviates Cardiac Apoptosis. Although mechanisms coupling
telomeric signals to cell survival are only beginning to be
understood (10), we tested whether exogenous TERT might have
salutary effects for cardiac muscle. In cell culture, nucleosomal
DNA fragmentation at 24 h and cell death by 48 h were induced
by serum-free insulin-free medium (Fig. 5 4 and B). Protection
was conferred by TERT, measured by both parameters, and
required the active protein. Based on this cell culture result, we
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Fig. 5. TERT inhibits cardiac myocyte apoptosis in vitro and in vivo. (A)
Nucleosomal DNA fragmentation. Cardiac myocytes were infected for 6 hthen
cultured for 18 h. DNA fragmentation induced by serum-free insulin-free
medium was blocked by active TERT. (B) Cardiac myocyte survival. Cardiac
myocytes were infected as shown, cultured in serum-free insulin-free medium
for the indicated times, and analyzed by trypan blue exclusion. (C Left)
Myocardium analyzed by the in situ ligase method 6 h after coronary artery
occlusion, The arrows indicate Apoptotic nuclei (brown); sections were coun-
terstained with nuclear fast red. (Right) Prevalence of myocyte apoptosis 6 h
after coronary occlusion. *, P < 0.01; n = 7. (D) Infarct size in wild-type and
TERT transgenic mice 24 h after coronary ocdusion, expressed as a percentage
of the area at risk. #, P < 0.05; n = 6.

then tested the prediction that TERT might protect against
cardiac myocyte apoptosis in vivo, after ischemic injury (28). The
prevalence of apoptosis after coronary ligation was reduced 50%
by TERT (Fig. 5C), and the subsequent area of infarction was
reduced by 23% (Fig. 5D). Similar results were seen in all four
TERT transgenic lines.

Discussion

Mechanisms that impose a postmitotic phenotype in cardiac
myocytes include decreased expression or function of essential
cell cycle mediators and increased expression of cell cycle
inhibitors (1). Progress toward cardiac myocyte regeneration has
been slow, perhaps because of confounding redundancies among
the cyclins, Cdks, Cdk inhibitors, pocket proteins, and E2F
transcription factors. An alternative explanation may be a re-
quirement for factors outside these alone, and telomerase ac-
tivity thus has become an important focus of research on cell
senescence and immortalization (5-10, 14). Our investigations
establish that forcible expression of TERT, by itself, can prevent
the loss of telomerase activity in postmitotic myocardium, main-
tain telomere length, and delay cardiac cell cycle exit. Prolon-
gation of Cdk2 and Cdk6 activity, yet not Cdk4, conforms to its
respective role in terminal differentiation by erythroid cells (40).
By 3 months of age, however, Cdk activity and proliferation
subsided despite equivalent telomerase activity. This result
suggests the lack of an impetus to G exit in adult myocardium,
or perhaps further inhibitory signals, and concurs with other
evidence for proliferative signaling by TERT only under mito-
genic conditions (36). Overcoming senescence can require not
just TERT, but also inactivation of pocket proteins or loss of
INK4 Cdk inhibitors (12, 41). It will be intriguing to test whether
such synergy exists in postmitotic cardiac muscle and whether
endogenous TERT is induced by genes that promote cardiac
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hyperplasia, like Myc (33), which activates TERT transcription
directly (7).

Less expected was the later hypertrophy induced by TERT,
also produced by viral delivery in cultured cardiac myocytes. A
feature common to both settings was phosphorylation of p70
S6K at the key rapamycin-sensitive residue. p70 S6K controls the
translation of mRNAs containing a 5’ oligopyrimidine tract, and
the predominant effect of S6K in Drosophila is on cell size not
cell number (39). In cardiac myocytes, p70 S6K is activated
during diverse forms of hypertrophy (37, 38): inhibition by
rapamycin underscores its essential function in hypertrophic
growth but also that transcriptional “reprogramming” in hyper-
trophy occurs by an independent means (37). The concurrent
activation of JINK by TERT, in vitro and in vivo, suggests one
explanation for this observation (29). We have not detected
reactivation of endogenous TERT in several mouse models of
hypertrophy (not shown), but these do not emulate the increase
in ploidy found in human heart failure.

In summary, preventing the down-regulation of TERT delays
the timing of cardiac cell cycle exit and the postmitotic pheno-
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type. Subsequent hypertrophy elicited by TERT was well tolet-
ated, unlike many forms of induced cardiac growth (27, 34).
Directly or indirectly, TERT also protected cardiac myocytes
from apoptosis, consistent with evidence that telomerase or
associated proteins promote cell survival (15, 16) at least in some
settings (35). Relief of growth arrest could be independent of
relief from apoptosis or might be linked, e.g., by components of
a DNA damage-checkpoint pathway (10). For mice, where
telomere length is much greater than for humans, alternatives to
telomere length per se are attractive to explain effects of TERT
on cell growth and survival, such as acting via telomere structure
instead. A second, potentially related possibility would be the
existence in mammals of telomeric silencing, as in yeast (7).
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The “postmitotic” phenotype in adult cardiac muscle exhibits
similarities to replicative senescence more generally and consti-
tutes a barrier to effective restorative growth in heart disease.
Telomere dysfunction is implicated in senescence and apoptotic
signaling but its potential role in heart disorders is unknown. Here,
we report that cardiac apoptosis in human heart failure is associ-
ated specifically with defective expression of the telomere repeat-
binding factor TRF2, telomere shortening, and activation of the
DNA damage checkpoint kinase, Chk2. In cultured cardiomyocytes,
interference with either TRF2 function or expression triggered
telomere erosion and apoptosis, indicating that cell death can
occur via this pathway even in postmitotic, noncycling cells; con-
versely, exogenous TRF2 conferred protection from oxidative
stress. In vivo, mechanical stress was sufficient to down-regulate
TREF2, shorten telomeres, and activate Chk2 in mouse myocardium,
and transgenic expression of telomerase reverse transcriptase
conferred protection from all three responses. Together, these data
suggest that apoptosis in chronic heart failure is mediated in part
by telomere dysfunction and suggest an essential role for TRF2
even in postmitotic cells.

he emerging concept of heart failure as a myocyte-deficiency

disease is predicated on the limited regenerative capacity of
mammalian cardiac muscle, which is inadequate to maintain
pump function after cell death (1-4). Conceptually, approaches
to augment cardiac myocyte number include cell grafting (5),
driving nonmuscle cells to a cardiac “fate” (6), potentiating
repair by endogenous stem cells (7), and alleviating apoptosis
(8). A rational approach to such interventions encompasses
identifying endogenous molecules that contribute to cell survival
in the heart (9-12).

Telomere maintenance is one mechanism through which cell
viability is preserved (13-21). Telomeres consist of tandem
T2AG3 repeats at chromosome ends, maintained by telomerase
reverse transcriptase (TERT), and bound by specific telomere
repeat-binding factors (TRFs) including TRF1 and TRF2 (17,
20, 22, 23). We have shown that TERT and telomerase activity
are down-regulated in adult mouse myocardium [unlike some
other adult tissues in the mouse (24)], and that forced expression
of TERT in transgenic mice can delay the timing of the cell cycle
exit of cardiac myocytes (3). At later ages, continued expression
of TERT at the level found in embryonic hearts had two other
effects with possible therapeutic significance. First, TERT in-
duced myocyte enlargement {(hypertrophic growth), after the
cessation of cycling. Second, TERT suppressed cardiac myocyte
apoptosis both in vitro (serum starvation) and in vivo (ischemia-
reperfusion injury).

In end-stage human heart failure, myocyte apoptosis increases
typically to an incidence of 0.5-1% (25) but surprisingly little is
known of the instigating or signal transducing events for cell
death in this remarkably common disorder. We demonstrate
here that failing human hearts have telomeres that are 25%
shorter on average than age-matched controls, with decreased
expression of TRF2 and marked activation of the DNA damage
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kinase, checkpoint kinase 2 (Chk2). Suppressing TRF2 function
in cultured cardiac myocytes provoked telomere erosion, Chk2
kinase activation, and apoptosis, and an antisense “knockdown”
of TRF2 did the same. Conversely, exogenous TRF2 conferred
protection from oxidative stress. In mouse myocardium, bio-
mechanical stress (partial aortic constriction) reduced telomere
length within 1 week, provoked the loss of TRF2, and triggered
Chk2 activation, all as seen in failing human hearts. Forced
expression of telomerase prevented telomere erosion, down-
regulation of TRF2, activation of Chk2, and myocyte apoptosis.
Togethet, the results suggest a role for telomere dysfunction in
heart failure via stress-induced down-regulation of TRF2.

Materials and Methods

Patient Samples and Controls. Human myocardium was obtained
through the Methodist DeBakey Heart Center and the Human
Heart Tissue Transplant Core of the Cleveland Clinic. Tissue
procurement was based on patient-informed consents and ap-
proved by the respective institutional review boards. Heart
failure tissue (idiopathic and ischemic dilated cardiomyopathy)
was obtained from explanted hearts at the time of therapeutic
transplantation. Normal hearts were obtained from unmatched
organ donors and victims of motor vehicle accidents. Hypertro-
phic obstructive cardiomyopathy (HOCM), a heterogenous pri-
mary disorder of heart growth without ventricular pump failure,
was also used for comparison.

Cell Culture and Viral Gene Transfer. Ventricular myocytes from
2-d-old Sprague-Dawley rats were purified and cultured (3, 26).
By this age, ventricular myocytes become refractory to serum-
induced G1 exit, after initial serum starvation in vitro (26).
Plasmids for human TRF1, TRF2, and the corresponding dom-
inant-negative truncations (TRF12M and TRF2482M) were pro-
vided by T. de Lange (The Rockefeller University, New York;
ref. 17). Adenoviruses coexpressing enhanced GFP were gen-
erated by using pAdTrack-cytomegalovirus and pShutile-
cytomegalovirus (provided by B. Volgelstein, Johns Hopkins
Oncology Center, Baltimore; refs. 3 and 27). Myocytes were
infected at a multiplicity of infection of 20. To visualize TRF1/2
after gene transfer, myocytes were fixed in 70% ethanol then
incubated sequentially with tetramethyl rhodamine isothiocya-
nate-conjugated MF-20 Ab to sarcomeric myosin-heavy chains
{MHCs) to confirm cell type (University of Iowa Hybridoma
Bank, Jowa City), rabbit Abs to TRF1 and TRF2 (1:500; nos.
581420 and 581425, Calbiochem), and FITC-conjugated goat Ab
to rabbit IgG (1:1,000, Sigma). Nuclei were stained with 4',6-

This paper was submitted directly (Track I} to the PNAS office.

Abbreviations: MHC, myosin heavy chain; Chk2, checkpoint kinase 2; HOCM, hypertrophic
obstructive cardiomyopathy; PARP, poly (ADP-ribose) polymerase; TERT, telomerase re-
verse transcriptase; TRF, telomere repeat-binding factor.
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Telomere dysfunction in human heart failure. (A) Cardiomyocyte apoptosis, shown by terminal transferase-mediated dUTP-biotin nick end-labeling and

sarcomeric MHC staining, was comparable to the incidence in recentreports (25). *, P = 0.0001. (Bar = 10 um.) (B) Cardiac telomere erosion. (Left) Southern blot
using a telomere-specific probe. (Center) Telomere length as a function of age. *, P = 0.0001. (Right) Telomere erosion occurred without overt change in cardiac
TERT or RNA component of telomerase (TERC) mRNA levels. (C} Loss of cardiac TRF2 protein in heart failure, shown by Western blot. *, P = 0.0001. (D) Activation
of Chk2 (Thr-68 phosphorylation) in heart failure. », P = 0.002. {Lower) Patient no. 6 illustrates the one counterexample without Chk2 activation despite

decreased TRF2.

diamidino-2-phenylindole (DAPI). Images were captured with a
Zeiss Axioplan 2 epifluorescence microscope.

Antisense Oligonucleotides. Three antisense phosphorothioate oli-
gonucleotides for mouse TRF2 were generated (Molecula Re-
search Laboratories, Herndon, VA), one of which inhibited
endogenous TRF2 expression effectively in NIH 3T3 cells (data
not shown). The sequences used were antisense TRF2 (asTRF2),
5'-CCTGGGCTGCCGGCTCGAGC-3'; sense TRF2 (sTRF2),
5'-CGAGCTCGGCCGTCGGGTCC-3'; and antisense GFP
(28), 5'-CGTTTACGTCGCCGTCCAGC-3'. Oligonucleotides
were transfected into 1- to 2-d-old C57BL/6 mouse cardiomy-
ocytes, cultured as above, with Oligofectamine (Invitrogen).

Animal Models. Cardiac-specific TERT transgenic mice (aMHC-
TERT,; ref. 3) and wild-type littermates (10-12 weeks old and
18-22 g) were subjected for 1 week to partial occlusion of the
transverse aorta (2). The control “sham” operation comprised
anesthesia, thoracotomy, and ligature placement without con-
striction. The presence and severity of obstruction were corrob-
orated by Doppler flow studies; only mice in which severe load
was confirmed (a right to left carotid artery velocity ratio >3.5)
were analyzed further. Doppler echocardiography and staining
with Sirius red were performed 7 d after surgery (3).

Oh et al.

Apoptesis. For myocardium, terminal transferase-mediated
dUTP-biotin nick end-labeling assays were performed with the
Oncor ApopTaq Direct In Situ Apoptosis Detection kit (2),
MF20 Ab to sarcomeric MHC, and Texas red-conjugated Ab to
mouse IgG. For cultured cardiomyocytes, hypodiploid DNA was
detected with two-color flow cytometry by using propidium
iodide for DNA content and FITC-conjugated MF20 (3, 26).

Telomere Length. DNA was digested with Rsal, resolved by
electrophoresis in 0.5% agarose, transferred to Hybond-N*
membranes (Amersham Biosciences), and hybridized with a
32p.labeled (TTAGGG), telomeric probe (3, 29). Mean telo-
mere length was ascertained by PhosphorImager scanning
(Molecular Dynamics).

Telomerase Expression and Activity. Telomerase activity was mea-
sured by a PCR-based telomerase repeat amplification protocol
assay and 1 pg of cell or tissue extract (3). TERT, the RNA
component of telomerase, and GAPDH were analyzed by RT-
PCR in the log-linear range of amplification (30-32).

Western Blot and Immune Complex Kinase Assays. Proteins were

resolved by electrophoresis in 10% SDS-polyacrylamide gels and
transferred to membranes by electroblotting. Abs were human
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Fig.2. Dominant-negative TRF2 triggers telomere dysfunction and apoptosis in cardiomyocytes. (4} Viral vectors. (Upper Left) TRF1 and TRF2 tagged with FLAG
and myc epitopes, respectively (17). Dominant-negative TRF1 (TRF14M) lacks the Myb telomere-binding domain; dominant-negative TRF2 (TRF24BAM) facks the
Myb domain and N-terminal basic domain (17). (Lower Left) Western blots confirming expression of the exogenous proteins in cardiomyocytes. dnTRF2 is
detected with Ab H-300 (against amino acids 49-300) but not Ab C-16 (against the C terminus). (Right) Immunocytochemistry for the exogenous proteins in
cardiomyocytes. TRF1/2, FITC; MF20, tetramethyl rhodamine isothiocyanate; nudlei, 4',6-diamidino-2-phenylindole (DAP)). (Bar = 5 pm.) (B) Telomere
shortening, shown by Southern blot. %, P = 0.002. (C) Activation of Chk2, shown by immune complex kinase assays. (D} Apoptosis, shown as hypodiploid DNA

by flow cytometry. n = 7; ¥, P = 0,0001. (£) PARP cleavage, shown by Western blotting.

and mouse TRF2 (Calbiochem), human and mouse TRF1
(Calbiochem), phospho-Chk2 (Thr-68; Cell Signaling Technol-
ogy, Beverly, MA), sarcomeric a-actin and myc (Sigma), FLAG
epitope (M2, Kodak), GFP (CLONTECH), Chk2 (Santa Cruz
Biotechnology), and poly (ADP-ribose) polymerase (PARP,
Oncogene). To detect exogenous TRF2 in virus-infected cardi-
omyocytes, goat and rabbit Abs to TRF2 were used (C-16, H-300;
Santa Cruz Biotechnology), and endogenous rat TRF2 was
detected by using rabbit Ab to TRF2 (Alpha Diagnostic Inter-
national, San Antonio, TX). After blocking with 5% nonfat milk
plus 0.1% Tween 20, blots were incubated with primary Abs
(1:500), horseradish peroxidase-conjugated secondary Abs
(1:3,000; Amersham Biosciences), and enhanced chemilumines-
cence reagents (Amersham Biosciences).

To assay Chk?2 activity, samples were lysed in 20 mM Tris-HCI
(pH 8.0), 0.1% Triton X-100, 10 mM NaF, 1 mM NaVa;VQy, 10
ug/ml of aprotinin, and 1 mM PMSF and then incubated for 1 h
with Ab to Chk2 and protein A/G-Sepharose (Amersham
Biosciences). Immunoprecipitates were washed and assayed in
the presence of 30 uM CHKtide substrate peptide (KKKVSRS-
GLYRSPSMPENLNRPR,; Upstate Biotechnology, Lake Placid,
NY), 40 uM adenosine triphosphate, and 15 pCi [y-*?P]ATP for
30 min at 30°C (1 Ci = 37 GBq). Proteins were resolved by
electrophoresis in SDS-polyacrylamide gels and visualized by

5380 | www.pnas.org/cgi/doi/10.1073/pnas.0836098100

autoradiography. Aliquots of Chk2 immunoprecipitates were
also used for Western blotting, allowing activity and content to
be compared in the same samples.

Statistical Analysis. Data, reported as the mean * SE, were
analyzed by ANOVA and Scheffé’s test using a significance level
of P = 0.05.

Results

Telomere Attrition, Loss of TRF2, and Checkpoint Kinase Activation in
Human Heart Failure. To address the expression and function of
telomeric proteins in human heart disease, we analyzed cardiac
muscle from patients with end-stage heart failure at the time of
transplantation, HOCM undergoing therapeutic partial resec-
tion of the septum, and normal myocardium. The prevalence of
apoptosis (Fig. 14) increased markedly in heart failure (0.70 =
0.04% by terminal transferase-mediated dUTP-biotin nick end-
labeling assay; normal <0.005%, P = 0.0001; HOCM 0.04 *
0.001%, P = 0.0001; n = 8 for each group), comparable to recent
reports (25). We next examined telomere length, telomerase
activity, and TRF1/2 expression using heart samples well
matched for age and sex. Mean telomere length (Fig. 1B Left)
was reduced 25% in failing hearts (6.5 = 0.2 kb), compared with
normal samples (7.8 = 0.2 kb, P = 0.0001) or patients with
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Down-regulation of endogenous TRF2 in cardiomyocytes by antisense (as) oligonucleotide or oxidative stress. (A-E) Mouse cardiomyocytes were

transfected as indicated for 48 h. (A) Reduction of TRF2 specifically by asTRF2 (Western blot). Adenoviral delivery of GFP was used for all myocytes (Upper). (B}
Chk2 activation (immune complex kinase assay). (C) Telomere shortening (Southern blot). (D) Cardiomyocyte apoptosis (flow cytometry). n = 5; P = 0.0001. (£)
PARP cleavage (Western blot). (F-/) Rat cardiomyocytes infected with the viruses shown were treated 48 h later with 100 uM H,0; for 8 h. (F) Western blot showing
rapid down-regulation of TRF2 by H,0,. Telomere shortening (G), PARP cleavage (H), and apoptosis (/) were each induced by H,0; and rescued by viral delivery

of TRF2 or TERT. n = 6; P < 0.02.

HOCM (7.7 = 0.1 kb, P = 0.0001). Although the RNA com-
ponent of telomerase was present in all three groups without
significant difference, neither telomerase activity nor TERT
expression was detected, in any of the three groups, by using a
telomeric repeat amplification protocol (data not shown) and
RT-PCR for 30 cycles, respectively (Fig. 1B Right). The paucity
of telomerase activity in adult human myocardium concurs with
our prior findings in mice (3) and suggests a mechanism other
than defective telomerase activity for the loss of telomere length
in failing hearts.

To test one alternative mechanism for telomere dysfunction
(17, 33), TRF1 and TRF2 were examined (Fig. 1C). Both
proteins were readily detected in normal adult human myocar-
dium, with no change in HOCM. By contrast, in patients with
heart failure, TRF2 was down-regulated 50 * 8% (P = 0.0001;
range 25-75%). Interference with endogenous TRF2 activates
apoptosis via the ataxia-telangiectasia mutated (ATM) protein
kinase (17), and partial loss of TRF2 is the earliest event in some
forms of telomere shortening (33). Consistent with this reported
pathway, phosphorylation of Chk2 at Thr-68, the principal
site for activation by ATM (34), was apparent in 12 of 14 failing
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hearts but in none of the normal controls or patients with
HOCM (Fig. 1D and data not shown). Chk2 levels were
unaffected.

Interference with Endogenous TRF2 Triggers Telomere Dysfunction
and Apoptosis in Postmitotic Cardiomyocytes. To ascertain whether
the inferred pathway from TRF2 to Chk2 is operative in
postmitotic cardiomyocytes (which might differ from cycling
cells), we expressed epitope-tagged dominant-negative and wild-
type TRF2 and TRF1 in primary culture using adenoviral vectors
(Fig. 24). At the stage tested, cardiomyocytes are already
growth-arrested in vivo and refractory to mitogenic serum (3,
26). All four constructs were expressed uniformly. Staining was
most intense in the nuclei, with a heterogenous intranuclear
distribution similar to that of endogenous TRF1/2 (Fig. 24).
Myc-tagged dominant-negative TRF2 induced telomere erosion
(Fig. 2B), accompanied by Chk2 activation (Fig. 2C), PARP
cleavage (indicative of caspase-3 activity; Fig. 2E), and apoptosis
(Fig. 2D). Myc-tagged wild-type TRF2, FLAG-tagged wild-type
TRF1, and FLAG-tagged dominant-negative TRF1 had no
effect (Fig. 2 B-E).
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Because dominant-negative mutations are not formally equiv-
alent to reduced expression, we confirmed the above findings by
using an antisense oligonucleotide for TRF2 vs, the sense strand
TRF2 control and an irrelevant antisense oligonucleotide against
GFP. In cardiomyocytes, TRF2 and GFP were specifically
reduced by the respective antisense oligonucleotides (Fig. 34).
Reduction of endogenous TRF2 provoked the same responses as
did the dominant inhibitor: telomere shortening, Chk?2 activa-
tion, PARP cleavage, and apoptosis (Fig. 3 B-E). Thus, inter-
ference with TRF2 causes apoptosis and activation of Chk2 even
in postmitotic, noncycling cells.

TRF2 and TERT Protect Cardiomyocytes from Pathophysiclogical
stress. Endogenous TRF2 in cardiomyocytes decreased within
2 b of oxidative stress (100 uM H,O; Fig. 3F). Compared with
a viral control expressing GFP alone, either TRF2 or TERT
rescued the adverse effect of H,O, on telomere length, PARP
cleavage, and apoptosis (Fig. 3 G-I), consistent with earlier
evidence for cardioprotection by TERT (3). Dominant-negative
TRF2 markedly potentiated the effect of H,O, on apoptosis
(Fig. 3]) but not on telomere length (Fig. 3G); thus, telomere
attrition does not simply reflect the extent of apoptosis.
Mechanical load activates signaling cascades including oxida-
tive stress (35), predisposes cardiac muscle to late-onset apo-
ptosis (36), and can trigger apoptosis acutely, especially in
susceptible backgrounds (9, 11). To test whether mechanical
load might induce telomere dysfunction in myocardium, adult
mice were subjected to severe aortic constriction. By comparison
to littermate controls undergoing the control procedure, telo-
mere length was reduced 3 kbp by increased load for 7 d (r =
4; P = 0.01; Fig. 44). Under the conditions tested, mechanical
load also triggered down-regulation of TRE2 by 52 = 2% (P =
0.001; Fig. 4B), induced Chk2 kinase activity (P = 0.002; Fig.
4C), and induced apoptosis (0.32 = 0,06%; P = 0.0003; Fig. 4D).
In culture, TERT largely prevented the loss of endogenous
TRF2 provoked by oxidative stress (Fig. 3H). Forced expression
of TERT in adult myocardium maintains telomere length and
confers protection from apoptosis after ischemia-reperfusion
injury (3). Hence, we tested whether TERT might attenuate or
rescue telomere dysfunction induced by severe mechanical load.
As reported previously (3), telomere length was 21.5 = 0.5 kbp
in the «MHC-TERT mice and 3 kbp longer than the length in
wild-type littermates (n = 4; P = 0.01; Fig. 44). By contrast to
the sequelac of biomechanical stress in wild-type animals,
aMHC-TERT mice were refractory to telomere erosion (Fig.
4A4), loss of TRF2 (Fig. 4B), Chk2 kinase activation (Fig. 4C),
and apoptosis (Fig. 4D). Consistent with the inhibition of
cardiomyocyte death, eMHC-TERT mice had less replacement
fibrosis after banding and better preservation of left ventricular
ejection velocity, a measure of systolic function (Fig. 4D).

Discussion

In summary, telomere shortening and down-regulation of the
telomere end-capping protein, TRF2, occur in end-stage human
heart failure. Neither telomere erosion nor loss of TRF2 was
observed in normal hearts at the ages tested, and neither
occurred in hypertrophy if failure was absent. Thus, telomere
dysfunction in myocardium is not, at least overtly, a feature of
normal aging, as in proliferating cells, and is not a mere result
of hypertrophic growth. The fraction of actively cycling myocytes
in adult myocardium is minuscule at best (1, 4), and the
prevalence of apoptosis in failing hearts was six to seven per
thousand. Hence, the 25% loss of telomere length here can
neither be explained by the “end-replication” problem nor by
generalized DNA fragmentation (37). In cultured cardiac myo-
cytes, interference with endogenous TRF?2 triggered rapid telo-
mere shortening, activation of Chk2, and apoptosis, without cell
cycle reentry. Importantly, antisense reduction of endogenous
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Fig. 4. TERT protects adult mouse myocardium from telomere shortening,
apoptosis, fibrosis, and systolic dysfunction after biomechanical stress. «MHC-
TERT mice and nontransgenic littermates (ntg) were analyzed 7 d after severe
aortic constriction. Telomere length (A), TRF2 levels (B), and Chk2 kinase
activation (C) were measured as in Fig. 2. *, P < 0.01 vs. ntg without banding;
t, P = 0.0001 vs. ntg with banding. (D Upper) Representative terminal trans-
ferase-mediated dUTP-biotin nick end-labeling and Sirius red staining, in
banded mice. (D Lower) Mean results = SE are shown for apoptosis (Left),
fibrosis (Center), and peak aortic ejection velocity by Doppler echocardiogra-
phy (Right). ¥, P = 0.0001. (Bar = 20 um.)

TRF2 had comparable adverse effects, and exogenous TRF2 was
protective against oxidative stress, at least in culture. In adult
mouse myocardium, severe mechanical load for just 1 week
down-regulated endogenous TRF2, shortened telomeres, and
activated Chk2. Forced expression of TERT, at levels normal for
the embryonic heart, rescued all three responses. Our results
suggest the likelihood of active telomere erosion in human heart
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failure, possibly contingent on the down-regulation of TRF2 in
diseased myocardinm, and implicate oxidative stress as one
signal for this loss. Interestingly, telomere loss is likewise asso-
ciated with heart failure in fifth-generation mice lacking the
RNA component of telomerase (38).

Preservation of TRF2 levels and suppression of Chk2 activity
by TERT, after mechanical stress, together provide further
genetic. evidence for the potential use of telomerase in cardiac
protection and repair (3). Telomere structure, not length per se,
is the prerequisite for normal telomere function (23), and a
decrease in TRF2 is thought to be the rate-limiting step for some
forms of apoptosis (33). TRF2 is essential to form the lariat-like
loop at chromosome ends that protects the 3’ single-stranded
overhang from degradation (23, 39). One pathway that might be
expected to promote telomere shortening in this context is the
unopposed action of TRF1 and TRF1-binding proteins. Also,
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TRF2 recruits a number of proteins to the telomere including Ku
(the regulatory component of DNA-dependent protein kinase),
Nijmegen breakage syndrome 1 (a component of the Mrell
DNA repair complex), and the Werner syndrome helicase, which
all are required for telomere maintenance (40, 41). Predisposi-
tion to apoptosis is a known consequence of defects in each of
these proteins, whose importance in heart failure is untested.
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Angiopoietin-like protein (Angptl) 1 and Angptl2, which are con-
sidered orphan ligands, are highly homologous, particularly in the
fibrinogen-like domain containing the putative receptor binding
site. This similarity suggests potentially cooperative functions
between the two proteins. In this report, the function of Angptl1
and Angptl2 is analyzed by using morpholino antisense technology
in zebrafish. Knockdown of both Angpti1 and Angptl2 produced
severe vascular defects due to increased apoptosis of endothelial
cells at the sprouting stage. In vitro studies showed that Angptl1
and Angptl2 have antiapoptotic activities through the phosphati-
dylinositol 3-kinase/Akt pathway, and coinjection of constitutively
active Akt/protein kinase B mRNA rescued impaired vascular de-
velopment seen in double knockdown embryos. These results
provide a physiological demonstration of the cooperative interac-
tion of Angptl1 and Angpti2 in endothelial cells through phospha-
tidylinositol 3-kinase/Akt mediated antiapoptotic activities.

|
angiogenesis | morpholino | phosphatidylinositol 3-kinase | Akt |
apoptosis

Development of the vascular system occurs as two distinct

processes, vasculogenesis and angiogenesis. In vasculogen-
esis, hemangioblasts derived from the lateral plate mesoderm
form tubular structures of the primary vasculature. In angio-
genesis, new vessels sprout from preexisting vasculature and are
further remodeled to form mature blood vessels. Angiogenesis
consists of several activities of endothelial cells, such as migra-
tion and apoptosis. Angiopoietin signaling through the Tie2
receptor is widely known to play a key role in angiogenesis (1-7).

Angiopoietin (Ang) 1 and all members of the angiopoietin
family possess two characteristic structures: a coiled-coil do-
main, which likely contributes to oligomerization, and a fibrin-
ogen-like domain, thought to contain the receptor binding site.
Recently, we (8-10) and others (11-15) identified several genes
encoding proteins containing both the coiled-coil domain and
the fibrinogen-like domain. Although these factors were initially
predicted to function as ligands for Tie receptors, they bound
neither Tiel nor Tie2. Therefore, they are currently orphan
ligands and designated angiopoietin-like proteins (Angptls) or
angiopoietin-related proteins (ARPs). Several studies show that
Angptl/ARP family proteins possess potent activities in the
vascular system (8—16). Angptll and Angptl2 have been reported
to possess weak endothelial cell-sprouting activities (11, 12);
however, there is little information as to their physiological
functions.

Zebrafish offer several advantages as a model system for
analyzing vascular development. One reason is that rapid exter-
nal development of a transparent embryo permits visual analysis
of phenotypic defects. Not only vascular structures but also
apoptotic cells can be clearly visualized in whole-mount speci-
mens (17, 18). Indeed, zebrafish has been used to investigate
several vascular processes, particularly commitment of heman-
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gioblasts (19, 20) and arterial-venous identification (21-24).
Recently, we cloned the zebrafish orthologues of Angptll and
Angptl2 (Zangptll and Zangptl2, respectively) (25). Based on the
results of a syntenic search by using the genome database and
comparing expression patterns between zebrafish and mammals
in adult tissues, we determined our isolated Zangptll and
Zangptl2 are the orthologues of their mammalian counterparts,
respectively. In that report, we also described their embryonic
expression patterns, Both Zangptll and Zangptl2 are expressed
mainly in the caudal part of the corpus at ~24 h after fertilization
(hpf) when angiogenesis manifested by sprouting of intersomitic
vessels (ISVs) occurs. Zangptll is expressed in the myotome, and
Zangptl2 is predominantly expressed in the yolk sac extension,
especially in the yolk syncytial layer and the spinal cord, sug-
gesting that both factors might act on endothelial cells of ISVs
sprouting toward such structures. To examine the physiological
functions of both genes simultaneously, we used a loss-of-
function strategy by using morpholinos, an antisense technology
widely used to knockdown multiple genes predicted to act
cooperatively (26, 27). Our studies indicate that both Angptll
and Angptl2 possess antiapoptotic activity through the phospha-
tidylinositol 3-kinase (PI3-K)/Akt pathway and that their coop-
erative activities are required for vascular development in ze-
brafish embryogenesis.

Materials and Methods

Zebrafish Maintenance. Zebrafish were kept at standard condi-
tions (28). Embryos >24 hpf were raised in 0.2 mM 1-phenyl-
2-thio-urea (Sigma) to prevent pigment formation.

Morpholine Sequences. Morpholinos (Gene Tools, Philomath,
OR) were targeted to 25 bases around the start codons or
5'-UTR of Zangptll and Zangpil2. They have the following
sequences: the first Zangptll morpholino, (Angptllmo), 5'-
CCATGCACCACGTTACACCTCTCAT-3' (antisense for the
start codon is underlined); 5-base mismatch morpholino of
Angptlimo (Angptl1d5), 5'-CCATcCAgCACCTTACACETCT-
gAT-3' (mismatched bases are indicated by small letters); the
second Zangptll morpholino, (Angptllmo2) designed in the
5'-UTR of Zangptll, 5'-TACTTCTGTTATCACCTCA-
CAGGGT-3'; the first Zangptl2 morpholino, (Angptl2mo), 5'-
CTAGTGAAGGAACATCCATGACCAC-3' (antisense for the
start codon is underlined); 5-base mismatch morpholino of
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Angptl2mo (Angptl2dS), 5'-CTAGTcAAcGAAgATCCAT-
cACgAC-3' (mismatched bases are indicated by small letters);
and the second Zangptl2 morpholino, (Angptl2mo2) designed in
5'-UTR of Zangptl2, 5'-CACCAGATGATCCCAGGCTATT-
GCA-3'.

Microinjections. Morpholinos and/or mRNA were diluted to the
indicated concentrations with Danieau buffer (58 mM NaCl/0.7
mM KCl1/0.4 mM MgSO,/0.6 mM Ca(NOs),/5.0 mM Hepes, pH
7.6) and =2 nl were injected into the yolk of one- to four-cell
stage embryos. The standard control morpholino available from
Gene Tools was used as an injection control.

Microangiography. Microangiography was performed as de-
scribed in ref. 29. Briefly, FITC-Dextran in Danieau buffer at 2
mg/ml was injected into the sinus venosa/cardinal vein of
anesthetized embryos. Photographs were taken during observa-
tion under a Leica MZFL III dissection microscope equipped
with the standard FITC filter set.

Whole-Mount in Situ Hybridization (ISH). Probes for flk-1, fli-1,
myoD, and nkx2.5 genes were cloned by PCR amplification. PCR
products were subcloned into the pGEM T-easy vector. Digoxi-
genin (DIG)-labeled antisense RNA probes were synthesized by
using a DIG RNA labeling kit (Roche Diagnostics, Mannheim,
Germany). Whole-mount ISH was performed as described in
ref. 30.

Whole-Mount TUNEL Staining. Embryos were fixed in 4% parafor-
maldehyde at 4°C overnight before staining by using the Ap-
opTag Peroxidase In Situ Apoptosis Detection kit (Chemicon,
Temecula, CA) according to the manufacturer’s instructions,
essentially as described in refs. 17 and 31.

Synthesis of Recombinant COMP-Angpti1 and -Angpti2 Proteins. To
investigate the role of Angptll and Angptl2 directly, we gener-
ated their recombinant proteins. Notably, we designed the
Angptll variant, COMP-Angptll, in which the fibrinogen-like
domain of mouse Angptll was fused to the coiled-coil domain of
rat cartilage oligomeric matrix protein (DLAPOMLRELQET-
NAALQDVRELLRQQVKEITFLKNTVMECDACG) to
avoid aggregation and insolubility of Angptll. COMP-Angptll
and the native form of mouse Angptl2 fused at the amino
terminus to the FLAG epitope were subcloned into pCEP4
(Invitrogen, Groningen, The Netherlands), and recombinant
FLAG-tagged proteins (COMP-Angptll-FLAG and Angptl2-
FLAG) were purified as described in refs. 8 and 10. The proteins
obtained were visualized by Western blotting with horseradish
peroxidase-conjugated anti-FLAG antibody (M2) (Sigma) (see
Supporting Materials and Methods, which is published as sup-
porting information on the PNAS web site).

Cell Culture. Human umbilical vein endothelial cells (HU VECs)
were cultured in EGM-2 medium obtained from Cambrex (East
Rutherford, NJ) as described in ref. 32. The murine pro-B cell
line BaF/3 was maintained in RPMI medium 1640 (GIBCO/
BRL, Grand Island, NY) supplemented with 10% FCS
(GIBCO) and 1 ng/ml IL-3 (Wako, Osaka). The hepatoma line
Fao was maintained in low glucose-DMEM (GIBCO/BRL)
supplemented with 10% FCS.

Binding Assay. Cells were resuspended and incubated in PBS with
5% FCS including either FLLAG-tagged or biotinylated COMP-
Angptll and Angptl2 for 30 min on ice. In some experiments,
cells were preincubated in PBS with 5% FCS including indicated
proteins at the same concentration for 15 min on ice before the
primary incubation. Immunodetection of cells bound by COMP-
Angtll or -Angptl2 was accomplished with FITC-conjugated

Kubota et al.

anti-FLAG antibody or Streptavidin. Stained cells were analyzed
by using a FACScan cytometer and CELLQUEST software (Becton
Dickinson, Franklin Lakes, NJ), and the mean fluorescent
intensity was monitored and calculated as the ratio in compar-
ison with the vehicle-treated cells.

Phosphorylation Assay of Extracellular Signal-Regulated Kinase
(ERK)1/2 and Akt. Cells were starved in their respective mainte-
nance medium without serum and growth factors for 12 h
(HUVECs and Fao) or 4 h (BaF/3) and stimulated with 0.5
pg/ml COMP-Angptll or -Angptl2 proteins for various times.
Phosphorylation assays of ERK1/2 and Akt were performed as
described in ref. 32.

TUNEL Assay of HUVECs. For TUNEL assays, HUVECs were
cultured in serum-free medium in the presence of either vehicle
(PBS) or 0.5 pg/ml COMP-Angptll or -Angptl2. In some
experiments, cells were incubated with the MEK inhibitor,
PD980059 (Biomol, Plymouth Meeting, PA) (5 ug/ml) or the
PI3-K inhibitor, 1.Y294002 (Calbiochem, San Diego) (5 ug/ml).
As controls in the inhibitor experiments, equivalent amounts of
DMSO vehicle were added to the medium. Apoptotic adherent
cells were stained by using an ApopTag Fluorescein In Situ
Apoptosis Detection Kit (Chemicon). Nuclear staining was done
by TOTO3. Cells were observed under a fluorescent microscope.

Synthesis of Myristoylated Akt/Protein Kinase B (PKB) mRNA. To
prepare the active form of Akt-1/PKBa mRNA, myristoylated
human AKT-1/PKBa ¢cDNA (kindly provided by Dr. Kenneth
Walsh, Boston University, Boston), which has been reported to
have high homology with a zebrafish orthologue and function in
zebrafish in vivo (17), was linearized at the 3’ end, and capped
RNAs were in vitro transcribed by using the Message Machine
Kit (Ambion, Austin, TX) as described in refs. 17 and 33.

Results

Loss of Angptl1 and Angpti2 Promotes Vascular Defects. To evaluate
the physiological effect of Angptll and Angptl2, we undertook
loss-of-function experiments in zebrafish by using morpholinos.
Our first observation was embryonic lethality at 72 hpf caused
by pericardial effusion. Although the number of embryos with
pericardial effusion showed a dose-dependent increase in the
Angptlimo- (AngptlIMO) and Angpti2mo- (Angptl2MO) in-
jected group compared with the standard morpholino-injected
group (St), the group injected with both Angptlimo and
Angptl2mo (double morpholino, DMO) showed remarkable
increases in the number of embryos with pericardial effusion
(Fig. 14; see also Fig. 5, which is published as supporting
information on the PNAS web site). To determine whether
defects in heart development occurred at earlier stages, we
examined expression of nkx2.5 and found normal expression in
DMO embryos (Fig. 6, which is published as supporting infor-
mation on the PNAS web site). At 48 hpf, when the heartbeat can
be easily observed, the DMO group showed a normal heartbeat
similar to the St group (Movies 1 and 2, which are published as
supporting information on the PNAS web site). To determine
whether pericardial effusion was attributable to defects in vas-
cular development, we observed blood flow in the same em-
bryos. Interestingly, although we detected blood flow in two
major trunk vessels, the dorsal aorta (DA) and postcardinal vein,
in both St and DMO groups, we could not detect blood flow in
ISVs and the dorsal-longitudinal anastomosus vessel in the
DMO group as detected in the St group (Movies 3 and 4, which
are published as supporting information on the PNAS web site),
suggesting that vascular defects precede heart defects. To visu-
alize blood vessel formation at this stage, we performed angiog-
raphy (Fig. 1B) and ISH for fli-1 (Fig. 1C). Although the major
trunk vessels were clearly detected, ISVs and dorsal-longitudinal

PNAS | September 20,2005 | vol. 102 | no.38 | 13503

. DEVELOPMENTAL



&t AngptliMO An pti2Mo DGO

72hpf

48hpf
{angiography}

(fi-1)

48hpf

Fig.1. Vascular defects observed in Angptl1 and Angptl2 double knockdown embryos. (A) Representative photographs of simple microscopic observation of
72 hpf embryos St, Angptl1MO, Angptl2MO, and DMO groups. The lower four photographs are high magnifications of the upper four. A closed arrowhead
indicates pericardial effusion seen especially in DMO groups (Scale bar: 400 um.). (B) Representative photographs of angiography at 48 hpf. The lower four
photographsare high magnifications of the upper four. Open arrowheads indicate the absence of blood flow in ISVs and dorsal-longitudinal anastomosus vessels.
(C) Representative photographs of whole-mount ISH of fli-1 at 48 hpf. Filled arrowheads indicate absence of ISVs and dorsal-longitudinal anastomosus vessels

in DMO.

anastomosus vessels was undetectable in the DMO group inboth ~ DMO group showed impaired sprouting (Fig. 7, which is pub-
experiments. These findings suggest that impaired vascular - lished as supporting information on the PNAS web site). To
development is the primary defect seen when Angptlliand  confirm the specificity of these findings, we analyzed defects of
Angptl2 activity is lost. sprouting vessels by using second morpholinos or morpholinos
with five mismatched bases as negative controls (Fig. 8 and 9,
Loss of Angptl1 and Angptl2 Promotes Impaired Sprouting of ISVs and  which are published as supporting information on the PNAS web
Increased Numbers of Apoptotic Cells Around DA, To determine the  site). In both experiments, we obtained results similar to those
initiation of vascular defects in DMO, we examined vasgular  seen with the first set of morpholinos.

development at early developmental stages by whole-mount ISH The formation of hemangioblasts is a very early step in the
of endothelial markers. Vascular defects were first observed as  development of the vascular system. Hemangioblasts form in
impaired sprouting of ISVs as detected by ISH of fIk-1 at 28 hpf.  the lateral plate mesoderm at 12 hpf, and tubular structures of
The DMO group showed complete loss of sprouting of ISVs (Fig.  the primary vasculature formed by the hemangioblasts at 18 hpf
2A). Defects of impaired sprouting vessels were quantitatively  can be visualized by ISH of fli-1 and fik-1. Formation of such
analyzed as described in refs. 18 and 27. A high percentage of the  structures was normal in DMO embryos, suggesting normal

>
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28hpf {fik-1)
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Fig.2. Impaired sprouting of ISVs and elevated apoptotic cells around the DA are seen in DMO embryos. (A) Representative photographs of whole-mount ISH
of fIk-1 at 28 hpf in St and DMO embryos. High magnification images of head portions indicated by dotted grids in the upper left are shown in the lower left.
Normal vasculature in head portion is seen in both St and DMO. High nagnification images in the trunks indicated by closed grids in the upper left are shown
in the right images. Filled arrowheads indicate 1SVs with impaired sprouting in DMO. (B) Representative photographs of whole-mount ISH of fli-1 at 12 hpf and
flk-1 at 18 hpf in St and DMO embryos. Normal vasculogenesis occurs in DMO-injected embryos. (C) Representative photographs of whole-mount TUNEL assay
at 28 hpf. High magnification images of the trunk indicated by dotted brids in Upper are shown in Lower. Open arrowheads indicate increased apoptotic cells
in the area of major trunk vessels in DMO. (D) A sagittal section of DMO? embryos stained with TUNEL. Open arrowheads indicate apoptotic cells around the DA,
and open arrows indicate naturally occurring apoptosis in the neural tube. NC, notochord. (Scale bar: 50 um.). (E) Representative photographs of somites
examined by whole-mount ISH of myoD at 12 hpf, simple microscopi¢ observation at 18 hpf, hematoxylin/eosin staining of sagittal sections at 72 hpf, and

whole-mount ISH of vegf at 24 hpf. Somitogenesis and vegf expressior‘l are not impaired in DMO embryos. (Scale bar: 100 pm.).

\
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Fig. 3.

Angptl1 and Angpti2 bind to endothelial cells, and possess antiapoptotic activity through the PI3-K/Akt pathway. (A) Western blotting analysis with

an anti-FLAG antibody with (Left) or without (Right) 2-mercaptoethanol (2ME). (B and C) Binding of COMP-Angptl|1-FLAG and Angptl2-FLAG to HUVECs. The
FITC intensity indicates cells bound by FLAG-tagged proteins. With both COMP-Angptl1 (Left) and Angptl2 (Right), intensities increased in a dose-dependent
manner with saturation at ~2 pg/ml. (D) Phosphorylation assay of ERK1/2 and Akt. HUVECs were treated with COMP-Angpti1 or -Angptl2 proteins.
Immunoblotting was performed with anti-pERK1/2 or anti-pAkt antibody. Total amounts of ERK1/2 or Akt proteins were monitored by reprobing membranes
with anti-ERK1/2 antibody and anti-Akt antibody. () TUNEL assay. HUVECs were cultured in the presence of either vehicle (PBS) or 0.5 ug/m! of COMP-Angptit
or -Angptl2. In some experiments, cells were incubated with DMSO or 5 ug/ml PD980059 or LY294002. Data shown Is the average of 6 fields each in six
independent experiments (n = 36). *, P < 0.03 (compared with PBS in each group).

vasculogenesis can occur in the absence of Angptll and Angptl2
(Fig. 2B).

To investigate the mechanism underlying impaired sprouting, we
examined apoptotic cells in vivo by whole-mount TUNEL assay.
Apoptotic cells around the DA were markedly increased in the
DMO group compared with the control group (Fig. 2 C and D). On
the other hand, there was no significant difference in the number
of physiological apoptotic cells in neural tube (31) between St and
DMO groups when we counted TUNEL-positive cells in the neural
tube within rostral and caudal ends of yolk sac extension (17.9 +
5.34 and 19.8 =+ 5.3, respectively: n = 7, P = 0.53).

Because somitic cells secrete angiogenic factors such as
VEGF, normal development of somites is essential for angio-
genesis in zebrafish. Thus, we examined somitogenesis and
VEGTF expression in the DMO group. Somitogenesis appeared
normal and no alteration in VEGF expression was observed in
the DMO group (Fig. 2E). These results show that the loss of
Angptll and Angptl2 promotes impaired sprouting of ISVs and
increased apoptotic cells around the DA.

Angpti1 and Angptl2 Bind to Endothelial Cells. To clarify the mech-

anism underlying the in vivo phenotype seen in zebrafish after -

DMO treatment, we performed in vitro studies by using
HUVECs. First, we generated FLAG-tagged mouse COMP-
Angptll and -Angptl2 proteins. Although we successfully syn-
thesized the native form of Angptl2, we failed to purify that of
Angptll because of its unique tendency to aggregate and become
insoluble. Although similar difficulties purifying Angl have been
reported, by replacing the N-terminal portion of Angl with a
minimal coiled-coil domain from cartilage oligomeric matrix
protein (COMP), Koh et al. (34, 35) have succeeded in gener-
ating a soluble, stable, and potent Angl variant, COMP-Angt
protein. Using the same strategy, we succeeded in generating a
soluble and stable Angptll variant, COMP-Angptll. First, we
observed monomeric forms of COMP-Angptll and -Angptl2 in
the presence of reducing agents, 2-mercaptoethanol (2ME), and
multimeric forms in nonreducing conditions without 2-mercap-
toethanol by Western blotting with an anti-FLAG antibody (Fig.
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34). Moreover, we found that COMP-Angptll and Angptl2
bound neither Tiel nor Tie2 (data not shown).

Next, we found that COMP-Angptll and Angptl2 show specific
binding to HUVECs by FACS analysis. Dose-response binding
curves, saturation of binding at a concentration (Fig. 3 B and C),
and greatly decreased binding to other cefl types like BaF/3 and Fao
(Fig. 10, which is published as supporting information on the PNAS
web site) suggested that binding between HUVECs and both
proteins was specific, and that the affinity of Angptl2 for HUVECs
was greater than that of COMP-Angptll.

The amino acid sequences of Angptll and Angptl2 are very
similar between mammalian and zebrafish proteins. Homology
is particularly high in the fibrinogen-like domain (Fig. 11, which
is published as supporting information on the PNAS web site).
Such homology, combined with the fact that the in vivo pheno-
type in zebrafish was particularly robust in double knockdown
embryos, suggested a cooperative role of Angptil and Angptl2,
most likely through a putative common receptor. When
HUVECs were pretreated with Angptl2-FLAG, binding of
biotinylated COMP-Angptll on HUVECs was completely in-
hibited. In parallel, similar, but partial, inhibition of binding
between COMP-Angptll-FLAG and HUVECs was observed
when the converse experiments were performed, (Fig. 12, which
is published as supporting information on the PNAS web site).
These findings may support a possibility of the cooperative
function of Angptil and Angptl2 through a common receptor,
although further analysis for identifying their cognate receptor
will be necessary.

Angptl1 and Angptl2 Possess Antiapoptotic Activity Through the
PI13-K/Akt Pathway. When HUVECs were treated with COMP-
Angptll or Angptl2, phosphorylation of ERK1/2 and Akt was
observed, peaking 10 min after treatment (Fig. 3D). No effect on
BaF/3 and Fao cells was detected (Fig. 13, which is published as
supporting information on the PNAS web site). Furthermore, no
effect on p38 MAPK and JNK in HUVECs was seen (data not
shown). We next examined the biological activities of COMP-
Angptll and -Angptl2 on HUVECs. Because the ERK1/2
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Coinjection of myristoylated Akt rescues vascular defects in DMO embryos. (A) Representative photographs of whole-mount ISH of flk-1 at 28 hpf,

whole-mount TUNEL assay at 28 hpf, angiography at 48 hpf, and ISH of fli-1 at 48 hpf. Fifty picograms of EGFP mRNA or myr-Akt mRNA was coinjected into DMO
(2 ng each of Angpti1mo and Angptl2mo). As a control, we coinjected 50 pg of EGFP mRNA with 4 ng of the standard morpholino (St plus EGFP). Rescued blood
vessels are indicated by filled arrowheads and open arrowheads. (8} Percentages of embryos with impaired sprouting of iSVs in five independent experiments
(n = 31-42 in each experiment) *, P < 0.01. {C) EGFP activity in the EGFP coinjected group (Left) and the myr-Akt coinjected group (Right) at 24 hpf and 48 hpf.
Open arrowheads indicate abundant EGFP expression in the trunk of an embryo at 24 hpf.

pathway is a major intracellular signaling pathway activated by
factors that promote endothelial proliferation, we examined
proliferative activity by BrdUrd incorporation. Although VEGF
used as a control significantly promoted BrdUrd incorporation,
neither COMP-Angptil nor Angptl2 stimulated significant in-
creases in BrdUrd incorporation (Fig. 14, which is published as
supporting information on the PNAS web site). We next exam-
ined antiapoptotic activity of COMP-Angptll and -Angptl2 on
HUVECs. The numbers of apoptotic cells were significantly
decreased in both COMP-Angptll and -Angptl2-treated groups
based on TUNEL assays (Fig. 3E) and Annexin V assays (Fig.
15, which is published as supporting information on the PNAS
web site). Finally, to evaluate whether MEK or PI3-K is involved
in the antiapoptotic activity of COMP-Angptll and -Angpt]2, we
reexamined apoptotic activity in the presence of their respective
inhibitors, PD98059 or 1.Y294002, As compared with controls
treated with equivalent amounts of DMSO, LY294002, but not
PD98059, significantly inhibited antiapoptotic activity of Comp-
Angptll and Angptl2 as seen in TUNEL and AnnexinV assays
(Figs. 3E and 15). These findings suggest that antiapoptotic
activity on HUVECs induced by COMP-Angptll and -Angptl2
is mediated by the PI3-K/Akt pathway.

Coinjection of Constitutive Active Akt Rescues Vascular Defects In-
duced by Loss of Angptl1 and Angptl2. Based on our in vitro studies,
we examined whether activation of Akt by coinjection of myr-
istoylated Akt-1/PKBa mRNA (myr-Akt) rescued the vascular
defects seen in DMO embryos. First, by titration experiments, we
found a 50-pg injection was the appropriate dose for rescue
experiments. Higher doses of Akt mRNA produced severe
defects leading to early lethality (data not shown). At the optimal
dose, up-regulated Akt/PKB activity rescued impaired angio-

genesis seen in the DMO group. As a control, coinjection of the -

equivalent amount of EGFP mRNA did not rescue defects (Fig.
4 A and B). Although coinjected EGFP activity was almost
undetectable at 48 hpf, we detected abundant EGFP expression
in the trunks of embryos at 24 hpf (Fig. 4C), suggesting that
myr-Akt mRNA is likely active at 24 hpf when sprouting of ISVs
occurs.

Discussion

In previous reports, Angptll and Angptl2 were shown to possess
pro- or antiangiogenic activity. However, there are few reports
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regarding the physiological role of either protein in vivo. In this
report, a morpholino antisense strategy in zebrafish showed that
Angptll and Angptl2 function cooperatively in embryonic an-
giogenesis through antiapoptotic activity. In addition, both An-
gptll and Angptl2 activate PI3-K/Akt and inhibit apoptosis in
cultured endothelial cells. Furthermore, we showed that activa-
tion of Akt could rescue the vascular defects induced by loss of
Angptll and Angptl2.

Recently, we showed that in zebrafish Zangptll is expressed in
the myotome, and Zangptl2 is expressed mainly in the spinal cord
and yolk syncytial layer at the time angiogenesis occurs (25). In
this report, we demonstrate that loss of function of both proteins
leads to vascular defects, specifically in the sprouting of ISVs,
ISVs sprout and extend toward the dorsal side of embryos
between the myotome and spinal cord. Therefore, one hypoth-
esis is that Angptll and Angptl2 secreted from nearby structures
acts together on endothelial cells of ISVs as survival factors
through activation of the PI3-K/Akt pathway.

Ininitial reports, Kimet al. (11, 12) reported that both Angptil
and Angptl2 have significant but weak endothelial cell-sprouting
activities in vitro. Later, it was reported that Angptll inhibited
VEGF-induced angiogenesis, and it was thus named “Angioar-
restin” (16). These authors also proposed that not only Angptll
but Angptl2 might be antiangiogenic factors, In our hands,
Angptll stimulated phosphorylation of ERK1/2 and Akt and
had significant antiapoptotic activity on HUVECs. Angptll may
function as either a pro- or antiangiogenic factor, depending on
cell context, and it is possible that the primary function of
Angptll on endothelial cells is an antiapoptotic activity, not an
effect on proliferation and sprouting. Our in vivo results ob-
tained in zebrafish support that hypothesis: minor vascular
defects were seen in Angptl2 knockdown embryos, whereas
Angptil knockdown embryos showed few vascular abnormali-
ties. Based on the severe defects seen in double knockdown
embryos, we suggest that Angptll may play a regulatory role for
the dominant function of Angptl2 in the process of angiogenesis;
Angptll may exhibit proangiogenic activity particularly in the
absence of Angptl2.

Angiopoietins have been shown to play critical antiapoptotic
roles in mammals, similar to findings reported here concerning
zebrafish Angptll and Angptl2. Our findings prompted us to
initiate comparative studies between Angiopoietins and Angptl
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families. The genes encoding zebrafish Angl (Zangl) and Ang2
(Zang2) are expressed in the mesenchyme surrounding major
trunk vessels (36). Notably, zebrafish Tie-2 is abundantly ex-
pressed in postcardinal vein, but not in the DA (37), whereas
differences of expression patterns of Tie2 between the DA and
postcardinal vein are not seen in mammals. Our data in zebrafish
shows that the effect of loss of Angptll and Angptl2 was
predominantly in arterial angiogenesis. It is important to deter-
mine whether Angiopoietin and Angptl signaling are transduced
differentially in arterial and venous angiogenesis in zebrafish.
In conclusion, we have shown that the cooperative interactions
of Angptll and Angptl2 are required for vascular development
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of zebrafish in vivo. We have also shown that Angptll and
Angpt]2 bind to the endothelial cells and both have antiapoptotic
activities through the PI3-K/Akt pathway in vitro. Identification
of a receptor of Angptll and Angptl2 is essential for the further
analysis of the functional relationships between Angiopoietins
and Angptls.
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Angiopoietin-related growth factor antagonizes obesity

and insulin resistance

Yuichi Oike!, Masaki Akao!, Kunio Yasunaga2, Toshimasa Yamauchi?, Tohru Morisadal, Yasuhiro Ito!,
Takashi Uranol, Yoshishige Kimura!, Yoshiaki Kubota!, Hiromitsu Maekawa!, Takeshi Miyamoto!, Keishi Miyata®,
Shun-ichiro Matsumoto?, Juro Sakai?, Naomi Nakagatas, Motohiro Takeyaﬁ, Haruhiko Koseki’, Yoshihiro Ogawa?,

Takashi Kadowaki® & Toshio Suda!

Angiopoietin-related growth factor (AGF), a member of the angiopoietin-like protein (Angpti) family, is secreted predominantly
from the liver into the systemic circulation. Here, we show that most (>80%) of the AGF-deficient mice die at about embryonic
day 13, whereas the surviving AGF-deficient mice develop marked obesity, lipid accumulation in skeletal muscle and liver, and
insulin resistance accompanied by reduced energy expenditure relative to controls. In parallel, mice with targeted activation of
AGF show leanness and increased insulin sensitivity resulting from increased energy expenditure. They are also protected from
high-fat diet-induced obesity, insulin resistance and nonadipose tissue steatosis. Hepatic overexpression of AGF by adenoviral
transduction, which leads to an approximately 2.5-fold increase in serum AGF concentrations, results in a significant (P < 0.01)
body weight loss and increases insulin sensitivity in mice fed a high-fat diet. This study establishes AGF as a new hepatocyte-
derived circulating factor that counteracts obesity and related insulin resistance.

Obesity is an increasingly prevalent medical and social problem with
potentially devastating consequences because it clusters with type 2
diabetes, hypertension and hyperlipidemia in the metabolic syndrome
or syndrome X12. The molecular mechanisms underlying obesity have
not been fully clarified, and effective therapeutic approaches are cur-
rently of general interest. Inhibition of weight gain requires that we
burn more calories than we take in. From this perspective, adaptive
thermogenesis, which is the process of heat production in response
o diet or environment temperature, is an important defense against
obesity™?,

Recently, we and several groups independently identified several mol-
ecules containing a coiled-coil domain and a fibrinogen-like domain,
motifs structurally conserved in angiopoietins>®. Because these mol-
ecules do not bind the angiopoietin receptor, Tie-2, they were named
angiopoietin-like proteins (Angptl). We identified angiopoietin-related
growth factor (AGEF, also known as Angptl6 and encoded by the gene
Angptl6) as a member of the Angptl family and showed that it is a
circulating orphan peptide secreted by liver that induces angiogenesis
and proliferation of skin cells, and thereby promotes wound healing®2.
Furthermore, several eatly reports have indicated that there are addi-
tional members of the Angptl family, which are currently considered
orphan ligands, as angiogenic factors in the vascular system® 11, On
the other hand, several reports indicate that Angptls have biological

effects on nonvascular cells. For example, Angptl4 (refs. 12,13; also
known as PGAR and FIAF) and Angptl3 (refs. 14,15) regulate fat and/or
lipid metabolic homeostasis in addition to controlling angiogenesis' L.
These findings suggest that Angptls exert multiple biological functions;
however, the physiological and pathological roles of each member of
the Angptls have not been fully clarified.

Here we show that most (>80%) of the mice with mutations in AGF
(Angptl6 '~ mice) die at about embryonic day 13, with apparent cardio-
vascular defects including poorly formed yolk sac and vitelline vessels.
Notably, the surviving Angptl6-/~mice become markedly obese and have
obesity-related metabolic disorders. In parallel, mice with targeted acti-
vation of AGF in vivo (Angptl6-transgenic mice) show markedly reduced
adiposity and insulin sensitivity. Furthermore, Angptl6-transgenic mice
are completely resistant to high-fat diet—induced obesity and impaired
insulin sensitivity. Moreover, we found that hepatic overexpression
of AGF by adenoviral transduction, which leads to an approximately
2.5-fold increase in serum AGF concentrations, results in a significant
(P < 0.01) body weight loss and ameliorates insulin sensitivity in mice
fed a high-fat diet. Based on these findings, we report here that AGF
is a new hepatocyte-derived circulating factor counteracting high-fat
diet—induced obesity and related insulin resistance through increased
energy expenditure, thereby suggesting a therapeutic potential in coun-
teracting obesity and diabetes.
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Figure 1 Obesity in Angpt/6-~ mice on a normal diet. (a) Gross appearance of Angpt/6”- mice and wild-type control mice. (b) Body weight of each genotype
(n=8). {e-g) Abdominal cavity (¢}, CT findings at a level of 8 mm above the top of the iliac bone (d), visceral fat (n = 5) and subcutaneous fat (n = 5) weight/
body weight, and histological analysis (e) and distribution of cell size {f) of WAT of Angpt/6~~ mice and wild-type mice. (g) Triglyceride levels in liver (n = 5) and
gastrocnemius muscle (n = 6), and hematoxylin and eosin-stained sections of BAT of Angpt/67-and wild-type mice. Data are mean + s.d. Bars in histological
sections indicate 50 pm. *P <0.05, **P < 0.01, between the two genotypes indicated. Female mice 8 months after birth were used for all experiments.

RESULTS

Disruption of Angptl6 in vivo

To investigate the physiological role of AGF, we generated mice
with mutations in Angptl6 (Supplementary Fig. 1 online). Most
(>80%) of Angptl6~'~ mice die at approximately embryonic day 13
(Supplementary Fig. 1), with apparent cardiovascular defects includ-
ing poorly formed yolk sac and vitelline vessels (data not shown).
Notably, the surviving Angptl6 ™~ mice become markedly obese even
on a normal chow diet, suggesting that AGF has a crucial role in regu-
lating adiposity in adulthood (Fig. 1a). We therefore focused on how
AGF functions in the pathogenesis of obesity and associated disor-
ders.

Obesity in Angpti67'- mice

Twelve weeks after birth, Angptl6 7~ mice showed increases in body
weight that surpassed those seen in wild-type (Angptl6*+) mice on
a normal chow diet (Fig. 1b). There were no phenotypic differences
between male and female mice. Macroscopic and computed tomo-
graphic (CT) analyses taken 8 months after birth showed that both
visceral and subcutaneous fat depots were significantly increased in
Angptle™= mice compared to wild-type mice (Fig. 1c-e). Sections of
white adipose tissue (WAT) from Angptl6™~ mice showed increased
adipocyte size relative to controls (Fig. 1e,f). A large amount of lipid

accumulation in liver, skeletal muscle and brown adipose tissue (BAT)
was observed in Angptl6 ™~ mice compared with Angptl6*~ and wild-
type mice (Fig. 1g).

Metabolic disorders in Angpi/6-- mice

To address alternative causes of increased body weight in Angptls™~
mice, we compared lipid metabolism, rectal temperature, basal meta-
bolic rate and food intake of Angptl6~~ and wild-type mice. Significant
increases were observed in serum cholesterol and free fatty acid (FFA)
concentrations in Angptl6™~ mice, whereas there were no significant
differences in serum triglyceride concentration between genotypes
(Fig. 2a). Angptl6™ mice also showed significant decreases in rectal
temperature and whole-body oxygen consumption rates compared
with wild-type mice (Fig. 2b). A small, statistically insignificant increase
was observed in daily food intake in Angptl6”~ mice compared with
controls (Fig. 2b).

Adipose tissue has a substantial influence on systemic glucose
homeostasis through secretion of adipocytokines®'®17, Angptl6™'~
mice showed mild hyperglycemia and severe hyperinsulinemia
(Fig. 2c). To investigate this point further, we performed intraperi-
toneal glucose and insulin tolerance tests (IGTT and IITT, respec-
tively). Both hyperglycemia and hyperinsulinemia were detected
in Angptl6™~ mice throughout the time course of the experiment
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