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Telomerase reverse transcriptase (TERT)
contributes to the prevention of aging by
a largely unknown mechanism that is
unrelated to telomere lengthening. The
current study used ataxia-telangiectasia
mutated (ATM) and TERT doubly deficient
mice to evaluate the contributions of
2 aging-regulating molecules, TERT and
ATM, to the aging process. ATM and TERT
doubly deficient mice demonstrated in-
creased progression of aging and had
shorter lifespans than ATM-null mice,

while TERT alone was insufficient to af-
fect lifespan. ATM-TERT doubly null mice
show in vivo senescence, especially in
hematopoietic tissues, that was depen-
dent on p16NK%a and p194RF, but not on
p21. As their HSCs show decreased stem
cell activities, accelerated aging seen in
these mice has been attributed to im-
paired stem cell function. TERT-deficient
HSCs are characterized by reactive oxy-
gen species (ROS) fragility, which has
been suggested to cause stem cell impair-

ment during aging, and apoptotic HSCs
are markedly increased in these mice.
p38MAPK activation was indicated to be
partially involved in ROS-induced apopto-
sis in TERT-null HSCs, and BCL-2 is sug-
gested to provide a part of the protective
mechanisms of HSCs by TERT. The cur-
rent study demonstrates that TERT miti-
gates aging by protecting HSCs under
stressful conditions through telomere
length-independent mechanisms. (Blood.
2011;117(16):4169-4180)

Introduction

Aging is accompanied by a number of pathophysiologic changes in
the hematopoietic system. The etiology of these changes suggests
that loss of homeostatic control and regenerative potential is driven
by diminution of stem cell reserves.! Although growing evidence
indicates that the maintenance of telomere length is important in
aging, these observations raise the question that telomerase might
have major functions that are unrelated to telomere lengthening.>*
Also implying a nontelomere aging-related mechanism, mouse
cells have a massive telomere reserve compared with human cells.
Although previous reports have shown that telomerase reverse
transcriptase (TERT) is essential for the long-term reconstitution
ability of HSCs, they have failed to demonstrate that HSC activities
are fully dependent on the telomere-elongation function of TERT.57
On the other hand, more recent experiments have strongly sug-
gested that TERT may have a telomere-independent role in stem
cell maintenance. The ectopic expression of TERT in the hair
follicle stem cells of mouse epidermis activates stem cell capacities
in the absence of detectable telomere elongation.®1 Moreover,
activation of TERT in cancer-resistant mice extends lifespan.!!-12
Taken together, these previous studies suggest that TERT plays a
critical telomere-independent role in extending lifespan by promot-
ing stem cell activity, at least in mice.

Meanwhile, ataxia-telangiectasia mutated (ATM) is a causative
gene for hereditary progeria syndrome, also known as ataxia-
telangiectasia (AT). AT is characterized by premature aging,
immunodeficiency, progressive cerebellar ataxia, oculocutaneous
telangiectasia, and a high incidence of lymphoma. It has been
shown that impaired ATM function leads to defects in the control of

reactive oxygen species (ROS). It has been reported that oxidative
stress levels are increased in tissues from AT patients, although the
mechanism by which ATM regulates ROS levels is unclear.!?14 We
have previously reported a critical role for ATM in stem cell
self-renewal because of its effects on ROS regulation during
hematopoiesis. Furthermore, treatment with the antioxidative agent
N-acetyl-L-cysteine (NAC) prevents the BM failure observed in
ATM-deficient mice, suggesting that stem cell depletion or dys-
function might contribute to the premature aging that charac-
terizes AT.!>:16

While ATM has well-understood, critical roles in aging that
involve protecting HSCs from ROS elevation and DNA damage
accumulation,'”!8 the precise role of TERT in maintaining stem cell
activity is unclear. TERT activity is restricted to primitive stem
cells and progenitor cells, and we therefore hypothesized that
TERT has important functions that serve to protect stem cells and
progenitor cells from various stresses. As aging is associated with a
rise in the levels of various extra- or intracellular stresses, including
ROS and DNA damage, the function of TERT in aging is suggested
to involve the regulation of cellular stress mitigation by ATM.
Therefore, to investigate the telomere length-independent function
of TERT in aging and stem cell maintenance, we evaluated
TERT-deficient HSCs in an ATM-null background. We demon-
strated that TERT is an important regulator that exerts its influence
on the aging process by maintaining stem cells in an ATM-null
background, namely under various cellular stress conditions,
through telomere length-independent mechanisms.
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Methods
Mice

ATM mutant heterozygous mice!® (a gift from P.J. McKinnon; St Jude
Children’s Research Hospital, Memphis, TN) and TERT mutant heterozy-
gous mice? (a gift from Fuyuki Ishikawa; Kyoto University, Kyoto, Japan)
were mated to obtain ATM~/~TERT '~ mice. Littermates or age-matched
control mice were used as controls in all experiments. C57BL/6 mice
congenic for the CD45 locus (B6-Ly5.1) were purchased from Sankyo-Lab
Service. Animal care in our laboratory was in accordance with the
guidelines for animal and recombinant DNA experiments of Keio Univer-
sity. NAC was administrated orally (40mM in drinking water) for 4 weeks.

SA-B-galactosidase assay

For the SA-B-galactosidase assay, cryosections (10 wm) of OCT frozen
tissue were used. SA-B-galactosidase activity was determined using a
senescence detection kit (Cell Signaling Technology) according to the
manufacturer’s instructions. Senescent cells were identified as blue-stained
cells under an IX70 inverted microscope (Olympus). Images are obtained
with DP70 camera and DP Controller software Version 3.1 (Olympus).

Immunohistochemistry on paraffin sections

Organs were fixed in 4% paraformaldehyde (PFA) overnight and embedded
in paraffin. For antigen retrieval, 4 pm-thick sections of the prepared organs
were deparaffinized and heated by microwave in tris buffer (pH 10.0) with
0.1% Tween for 5 minutes. Sections were stained with anti-p16 (NeoMarkers
1:50), anti-p19 (Abcam 1:100), anti-p21 (Abcam 1:100), anti—phospho-p53
(Abcam 1:25), or anti-yH2AX (Millipore 1:100) antibody. Sections were
examined under an IX70 light microscope (Olympus), and images were
captured with an Olympus digital DP70 camera using DP Controller
software Version 3.1.

Flow cytometry and cell sorting

Monoclonal antibodies (mAbs) recognizing the following markers were
used for flow cytometric analysis and cell sorting (FACS Calibur, FACS
Vantage or FACS Aria; BD Bioscience): c-Kit (2BS8), Sca-1 (D7), CD4
(L3T4), CDS8 (53-6.7), B220 (RA3-6B2), TER-119 (Ly-76), Gr-1 (RB6-
8C5), CD34 (RAM34), CD45.1 (A20), CD45.2(104) Mac-1 (M1/70), CD3
(500A2), and CD19 (1D3). All mAbs were purchased from BD Biosci-
ences. A mixture of mAbs recognizing CD4, CDS, B220, TER-119, Mac-1,
or Gr-1 was used to identify lineage-positive cells.

Immunocytochemistry

Immunocytochemistry was performed as previously described.?! Briefly,
sorted cells were put onto a glass slide, fixed with 4% PFA, and stained with
anti-H3K9Me (Upstate Biotechnology; 1:200), anti-HP1vy (Abcam; 1:200),
anti-yH2AX (Millipore; 1:200), anti-TRF1 (Santa Cruz Biotechnology;
1:50), anti-53BP1 (Novus Biologicals; 1:200), or anti-phospho-p38 (CST,
1:500) antibody. Nuclei were identified by staining with DAPI (Invitrogen)
or TOTO3 (Invitrogen). Subcellular localizations were determined using an
FV1000 confocal laser-scanning microscope and FV10-ASW software
Version 2.0 (Olympus).

Cell-Cycle Analyses

To analyze cell-cycle status, freshly isolated BM-MNCs were first stained
using antibodies against cell-surface markers, and then fixed and stained
using anti-Ki67 antibody (BD Biosciences) and Hoechst 33342, as previ-
ously described.??

BrdU incorporation analysis was performed using a FITC BrdU Flow
Kit (Pharmingen) after intraperitoneal injection of 100 mg of BrdU
(Sigma-Aldrich) per 1 kg of mouse weight twice every 12 hours. At 12 hours
after injection, LSKs were collected from BM, fixed, and stained with
Hoechst 33342 and anti-BrdU antibody (BD Biosciences), as previously
described.?
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BM competitive reconstitution assay

Sorted 2 X 103 lineage-negative, Sca-1", and c-Kit" cells (LSKs) from
donor mice were transplanted into lethally irradiated B6-Ly5.1 congenic
mice with 2 X 10° BM-MNCs from B6-Ly5.1 competitor mice. The
reconstitution of donor-derived cells (Ly5.2) was monitored by staining
peripheral blood (PB) cells or BM-MNCs with mAbs against CD45.2 and
CD45.1. For the serial transplantation analysis, 2 X 10° donor-derived
LSKs were harvested from recipient mice at 16 weeks after the first bone
marrow transplantation (BMT) and transplanted into a second set of lethally
irradiated recipient mice (second BMT).

Quantification of telomere length and telomere FISH

Telomere length was quantified by flow cytometry using flow FISH with a
Telomere PNA Kit/FITC for flow cytometry (Dako Cytomation), according
to the manufacturer’s instructions. Briefly, freshly isolated cells were
divided into 2 aliquots, denatured in hybridization solution with or without
telomere-PNA probes, and hybridized overnight. After washing and DNA
staining, labeled or nonlabeled (as control) samples were analyzed on a flow
cytometer.

For telomere FISH, freshly isolated BM cells were incubated in
nocodazole for 90 minutes and then metaphase spread slides were prepared
with these cells. Telomere FISH was performed with a Telomere PNA
Kit/Cy3 (Dako Cytomation) according to the manufacturer’s instructions.

Intracellular ROS assay

To analyze intracellular ROS levels, cells were incubated with 300nM
CM-H,-DCFDA (Invitrogen) at 37°C for 15 minutes, followed by analysis
of fluorescence by flow cytometry.

Apoptosis analysis

To assay apoptosis, cells stained for cell-surface markers were further
incubated for 15 minutes with annexin V and propidium iodide (PI) as per
the manufacturer’s protocol using the Annexin V-FITC Apoptosis Detec-
tion Kit (Pharmingen).

For the analysis of ROS-induced apoptosis, freshly isolated LSKs were
cultured in SF-O3 medium with 100 ng/mL murine stem cell factor and
100 ng/mL human thrombopoietin, adding buthionine sulfoximine (BSO;
100wM) and/or NAC (100-1000uM) for 12 hours as previously de-
scribed.!® For the experiments involving MAPK inhibitors, we incubated
the BSO-treated LSKs with SB203580 (p38MAPK inhibitor, 10-100pM)
or SP600125 (JNK inhibitor, 1-10uM).

Statistical analysis

P values were calculated using the unpaired Student # test for all data except
survival data. The survival rates of mice of each genotype were analyzed
using a log-rank nonparametric test.

Results

ATM and TERT double deficiency impairs cellular and
whole-organism viability

First, we examined the impact of ATM and TERT double deficiency
at the whole-organism level in ATM~/~TERT /" mice (Figure 1A).
Consistent with a previous report,2>2* WT and TERT /= cohorts
both survived for 2 years, indicating that TERT deficiency by itself
does not influence survival. One-third of the ATM™/~ mice
succumbed to thymic lymphoma, as we have previously reported!;
another third developed solid tumors; and the rest died from
unknown causes. The median latency was 43 weeks. In contrast,
the absence of TERT led to suppression of lymphoma development
in ATM~/~ mice. Despite lymphoma resistance, however, the
median lifespan of the ATM /~TERT '~ mice was significantly
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Figure 1. Cellular and whole-organism viability is
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shorter (35 weeks) than that of the ATM~/~ controls. There was no
immediately obvious reason for this. Specifically, with only
3 exceptions (leukemia in 1 case and abdominal tumor in 2 others)
among the 24 observed mice, there was no discernible prodrome
(no accelerated weight loss, cachexia, reduced food and fluid
intake, or change in activity level). Extensive analysis at autopsy
failed to reveal a definitive cause of death in almost all (21 of 24) of
the ATM~/~TERT /™ mice.

To elucidate the cause of death for ATM~~TERT~/~ mice, we
evaluated senescence-associated endogenous [3-galactosidase (SA
3-gal) activity in 5 organs in young mice and aged mice (Figure

20 40 60 80 100 weeks

ATMF ATM-TERT"

TERT*

WT TERT-" ATM

1B, and supplemental Figure 1A-B, available on the Blood Web
site; see the Supplemental Materials link at the top of the online
article). Thymus, spleen, kidney, liver, and intestine tissue sections
from young and aged WT, TERT /-, ATM~/~, and ATM ~/~TERT /-
littermate mice (12 weeks of age and 43 weeks of age) were stained
with SA B-gal. Young ATM/"TERT /= animals demonstrated
marked increases in SA (-gal staining in thymus, spleen, and
intestine, equivalent to the levels in aged mice, but there were no
differences in SA (3-gal staining in kidney and liver sections among
the 4 groups. In the intestine, especially within intestinal crypts,
cells showed high SA B-gal activity. On the other hand, aged
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animals demonstrated comparable SA [-gal staining among the
4 groups in all 5 of these organs.

To further clarify the mechanisms of aging, we assessed several
senescence marker proteins in these organs in aged mice by
immunohistochemical analysis. Paraffin sections of 5 organs from
aged WT, TERT/~, ATM~~, and ATM ~~TERT /'~ mice (36 weeks
of age) were stained using anti-p16, p19, p21, phospho-p53, and
vYH2AX antibodies. Expression of pl6 and pl19 demonstrated
increases in TERT/~, ATM~/~, and ATM~/~TERT/~ mice in
thymus and spleen (Figure 1C and data not shown). In contrast to
these proteins, p21 was decreased in these mutant mice. The levels
of phospho-p53 were comparable among all groups. YH2AX increased
in these mutant mice, especially in ATM~/~ and ATM~/~TERT /-
mice. In contrast, all of these senescence markers were expressed
equally among the 4 groups in kidney, liver, and intestine (supple-
mental Figure 1C). In intestine, these proteins were weakly positive
in villus epithelial cells but not in cells within intestinal crypts. This
indicates that SA 3-gal activity in cells within intestinal crypts may
not reflect senescent status. There was also no histologic abnormal-
ity in these 5 organs of young mice by H&E stain (supplemental
Figure 1D).

These results suggested that TERT or ATM deficiency contrib-
utes to in vivo senescence in the hematopoietic system especially in
young mice, and also generally influences aging at the whole-
organism level.

Aging phenotypes in the hematopoietic systems of
ATM~/-TERT~/~ mice

Aging is accompanied by a number of pathophysiologic changes in
the hematopoietic system. Histologic analysis of femurs showed
progressed hypoplastic fatty marrow in aged TERT /'~ mice and
this condition was even more progressed in aged ATM /" TERT "/~
mice. It was not seen in young mice (Figure 2A). SA-$3-gal staining
of BM is mildly enhanced in aged TERT/~, ATM /-, and
ATM/~TERT /=~ mice in cells near the proximal metaphysis
(supplemental Figure 2A).

Extensive evidence indicates that HSC numbers increase sub-
stantially with advancing age in common strains of laboratory
mice.?*?” As is typical in aged individuals, in the BM of aged
ATM~/~TERT™/~ mice, there was an apparent increase in the
population of LSKs. This was more obvious in CD34~ LSKs. We
also demonstrated that the population of CD150", CD48~ and
CD41~ LSKs was increased in the BM of ATM ~/~TERT /™ mice.
Although this population increase was already seen in young
ATM~/~TERT /= HSCs, the increase was greater in the HSCs of
aged mice (Figure 2B and supplemental Figure 2B). The HSC
population increase in these animals was accompanied by a marked
myeloid lineage bias. Namely, large increases in the populations of
myeloid lineage cells harboring Gr-1 and Mac-1 were seen in the
BM of ATM~/~TERT /'~ mice. In addition, decreases in lymphoid
lineages, including B and T cells, were seen, especially in aged
ATM~'~ and TERT/~ BM samples. These changes were even
more obvious in ATM '~ TERT/~ mice. Regarding T cells, CD4*
helper T cells and CD8" cytotoxic T cells were both decreased in
ATM~/~TERT "/~ mice.?® This “myeloid shift” was also greater in
aged BM (Figure 2C and supplemental Figure 2C). The myeloid
lineage bias seen in aged HSCs may result from clonal expansion
of stem cells with a myeloid bias during aging.”*3! We next
addressed lineage differentiation in thymus and spleen in aged
mice, and this analysis revealed no apparent difference except for a
decrease in CD3 expression in ATM~/~ and ATM ~/~TERT ~/~ mice
(supplemental Figure 2D).
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To evaluate the cytologic status of HSCs in these mice, we
further performed immunocytochemical analyses. DAPI staining
elucidated that CD34-negative LSKs isolated from TERT/~ or
ATM~/~TERT /" mice formed a characteristic chromatin conden-
sation. These cells were stained with anti-methylated histone H3 at
Lys9 (H3K9me) and anti-heterochromatin protein 1y (HP1vy)
antibodies, because H3K9me and HPlvy are proteins typically
detected in heterochromatin. The DAPI-stained chromatin foci
merged with both the H3K9me and HP1vy loci, suggesting that
these foci represent heterochromatin (Figure 3A). It has been
previously reported that senescent cells show characteristic hetero-
chromatin foci called senescence-associated heterochromatic foci
(SAHFs).3%33 H3K9me is reported to be enriched at proliferation-
promoting gene promoters, specifically in senescent cells showing
SAHFs. This results in decreased expression of some of these
genes, especially the E2F1 target gene.’> We therefore measured
the expression of the E2F1 target genes, cyclin A2 and proliferating
cell nuclear antigen (PCNA). Transcription of cyclin A2 was
suppressed in aged ATM/"TERT/~ HSCs and PCNA was
suppressed in aged TERT '~ and ATM ~/~TERT '~ HSCs, which
was about the same degree in young mouse HSCs of all genotypes
(Figure 3B). SAHFs have not been described in vivo and it is not
clear whether the chromatin foci we observed in TERT ™/~ and
ATM~/~TERT /= HSCs are defined as SAHFs. However, the
observations do seem to be consistent with a state of senescence.
Hence, we next evaluated the cell-cycle status of LSKs in native
LSKs in these mice. The population of Ki67-negative (cell
cycle—arrested) TERT '~ or ATM~/~TERT ~/~ LSKSs was increased
relative to that of wild-type controls, whereas the population of
ATM~/~ arrested LSKs was significantly decreased (Figure 3C).
A BrdU short-labeling assay also revealed that BrdU-negative
LSKs were relatively increased in TERT~/~ or ATM '~ TERT /" mice.
Meanwhile, BrdU-low/positive cells in TERT/~ or ATM /- TERT /-
mice decreased compared with wild-type controls, whereas cycling
ATM '~ LSKs significantly increased (Figure 3D). These findings
indicate that the cell cycle in TERT/~ and ATM ~/~TERT /= HSCs
is likely to be in a state of cell-cycle arrest and is likely to be
regulated in a TERT-dependent manner that is independent of
coordination between ATM and TERT. Our findings comprise the
first reports that show that cell cycle in aged HSCs is arrested,
because the cell-cycle status in HSCs of such exceedingly aged
mice has not been observed. Hence, further studies about aging
status of HSCs will be needed. To clarify whether the inactivation
of the cell cycle in TERT '~ and ATM ~/~TERT ~/~ HSCs is related
to aging in these cells, we measured the expression of pl16NK4a,
p19ARF "and p21 as senescent markers in LSKs in aged mice (37 weeks
of age: Figure 3E). Transcription of pl6™K4 and pl9ARF was
elevated in TERT/~ and ATM/~TERT /- HSCs. Although we
previously demonstrated that pl6™K42 and pl9ARF expression
increased in 24-week-old ATM /= HSCs,!> we found that the
transcription level of these proteins was comparable between WT
HSCs and ATM '~ HSCs in 37-week-old mice in this study. This
may have resulted from the intensive elevation of the levels of
these proteins that accompanies stem cell aging especially in WT
HSCs. On the other hand, the transcription of p21 was suppressed
in TERT/~, ATM~/~ and ATM ~/~TERT/~ HSCs. These results
are consistent with the expression of these senescent proteins in
thymus and spleen except for the increase in p16 and p19 proteins
in ATM '~ mice (Figure 1C). Further, considering our observation
in TERT/~ and ATM/"TERT '~ HSCs, the effects can be
reasonably classified as cell-cycle inactivation accompanied by
stem cell aging regulated by p16™&42 and p194RF, and not by p21.

20z aunr 60 uo 3senb Aq Jpd 6917001 1 9108UZ/L8LIEEL/69L¥/9L/LL L/pd-BJoIIE/POO|qARU SUOREDIGNdYSE//:d]IY WOl papeojumog



BLOOD, 21 APRIL 2011 - VOLUME 117, NUMBER 16 TERT PROTECTS HSCS FROM STRESS-INDUCED AGING. 4173

A WT _ TERT ATM- ATM*TERT

young
(12w)

aged
(36w)

B cD150"41748°LSK (young: 11w) CD34™ LSK (young: 11w)
*

WT TERT" ATM™ ATMTERT
.33

L * * (g:}
S3
2 3
'U;J 2
E
2 2 2
E -
o 1 =
2 ! ey i
% 0 | 0.024
e U = g -
ATM- O ATM L D150
WT TERT* ATM 1 WT TERTH ATMA- 21T
TERT TERTS = wr TERT-  ATM*  ATMFTERT*
CD150%41748°LSK (aged: 37w) CD34" LSK (aged: 37w) ;’ 0.23 | —— 020 0.27
* p I |
'é 3 ] *
£ 2) 3
= == Sra-i
£ 2 S R i
=1 1 C H
= v [V T
: - e | |® |
S 11 G007 505 5001 006
2
% 1 CD34 o
=0 WT TERTH AT ATME 00 e e A ATM
TERT TERT" 2 WT TERT" ATM*-  ATMTERT*
C 8 8] 232|} | 295

COwT
young BM (12w) e

8

W ATM

*
*
* *
W ATMTERT
* ] £ w
*

Myeloid  Becell T(CD3+) T(CD4+) T (CD8+)

Bone marrow frequency
(percentage of WT)
Qo
o

o

ATM*TERT
373

TERT" ATM

16.9

L]
i=]
(=]

aged BM (38w)

IR

Myeloid  Bcell T(CD3+) T(CD4+) T (CD8+)

Bone marrow frequency
(percentage of WT)
3

Figure 2. Pathophysiologic aging-related changes in the hematopoietic systems in ATM and TERT doubly null mice. (A) H&E staining of sections of decalcified femur,
near the proximal metaphysis, from young mice (12 weeks of age: top) and aged mice (36 weeks of age: bottom). Progression of hypoplastic fatty marrow is apparent in aged
TERT~/~ mice, and significantly further progression in aged ATM~/~TERT~/~ mice, and is absent in young mice. (B) The numbers of CD150* CD41~ CD48~ LSKs and CD34~
LSKs from ATM~/~TERT '~ mice are increased compared with those of other genotypes. Relative numbers of the indicated fractions of BM cells from young (11 weeks of age:
top) and aged (37 weeks of age: bottom) WT (white bar), TERT /- (light-gray bar), ATM~/~ (dark-gray bar), or ATM~/~TERT~/~ (black bar) mice (left). Representative FACS
analyses of BM-MNCs in aged mice are also shown (right). Total cell numbers of indicated populations are compensated with body weight of each mouse and data shown are
frequencies relative to those of WT, with each value representing the mean = SD of 3 experiments (*P < .05). (C) Myeloid shift is observed in the BM of TERT /-, ATM~/~, and
ATM~/~TERT~/~ mice. The shift is most obvious in ATM~/~TERT~/~ mice and is also greater in aged mice (38 weeks of age: bottom) than in young mice (12 weeks of age: top).
Frequency of each lineage (expressed as a percentage of WT: left) and representative FACS patterns of B-cell lineage and myeloid lineage (right) are shown for the indicated
genotypes (*P < .05, **P < .01,n = 3).

20z aunr 60 uo 3senb Aq Jpd 6917001 1 9108UZ/L8LIEEL/69L¥/9L/LL L/pd-BJoIIE/POO|qARU SUOREDIGNdYSE//:d]IY WOl papeojumog



4174  NITTAetal BLOOD, 21 APRIL 2011 - VOLUME 117, NUMBER 16

A ; : ATM-
WT TERT™ ATM"™  TERT-- young HSCs
cyclin A2 PCNA

relative quantity
OO0 00 s
o N &0 ON

o ATM* o ATM*
WT TERTATM TERT™ WT TERTATM TERT
: ; M- aged HSCs
WT  TERT" ATM”  TERT- cyclin A2

relative quantity
o o Sk ok
o N B o oM
——
*

o aer p ATM e . AT
WT TERT*ATM 1 WT TERT*ATM [
C KiB7 Ki67-negative
— *
TERT" ATM- ATM/-TERT-" 2:: 3 4
' 3
%2
-
£
31
L]
3
or
£ St ATM
D WT TERTATM TERT"
2 BrdU-negative __ BrdU-low/positive
- - - S B * * B
TERT ATM ATMTERT 2 80 ¥ X i - *
8.15 414 12.9 8 2
4 ) = v 60 v
4 9
3.02 7 890 £40 = L
|80.95 | [417 £ g
Hoechst WT TERTHATMHATM WT TERT*ATMATM
E p16INK4a p1gARF P21
x 1.6
*
z >8 > 14
£ * = £ 12
g2 g 6 S 10 *
g g 4 * T 0.8 &
€ 1 2 2 06 *
% % 2 % 0.4
2 1= 2 02
o ATM- 0 ATM- 0 ATM-
i - - A L - A :
WT TERT-ATM TERT- WT TERT" ATM" TERT- WT TERT" ATM TERT-

Figure 3. Cell-cycle arrest and increase of aging-related genes in TERT-deficient HSCs. (A) Foci of chromatin condensation in TERT /- and ATM~/~TERT~/~ murine
HSCs. CD34-LSK cells from the indicated genotypes were stained with anti-H3K9Me Ab (top) or anti-HP1y Ab (bottom). Nuclei were detected using DAPI staining
(magnification x1800). (B) qPCR analysis of proliferation-related genes in CD34~ LSKs from mice of the indicated genotypes. Reduced expression of cyclin A2 in aged
TERT~/~ murine HSCs and PCNA in aged TERT~/~ and ATM~/~TERT ~/~ murine HSCs (bottom), which is not seen in young HSCs (top). Data shown are the mean ratio (= SD)
of mMRNA to B-actin levels (*P < .05, n = 4). (C) Cell-cycle status of freshly isolated LSKs from mice of the indicated genotypes, assayed by Ki67 staining. TERT~/~ and
ATM~/-TERT~/~ LSKs showed increased Ki67-negative populations, whereas ATM~/~ LSKs showed a reduced Ki67-negative population. Data shown are representative
FACS patterns derived from 3 independent experiments (left); graphs show the mean (+ SD) percentage of Ki67-negative cells (right; *P < .05). (D) Cell-cycle status of LSKs
of each murine genotype, as evaluated by BrdU short-labeling assay. BrdU was administered for 24 hours to mark cells that entered S phase, and Hoechst was administered to
detect DNA content. Representative FACS patterns derived from 3 independent experiments (left) and graphs showing the mean (+ SD) percentage of BrdU-negative or
BrdU-low/positive cells (right) are shown (*P < .05). TERT/~ and ATM~/"TERT /- LSKs showed relatively increased BrdU-negative populations and reduced
BrdU-low/positive populations, whereas ATM~/~ LSKs showed reduced BrdU-negative populations and increased BrdU-low/positive populations. (E) gPCR analysis of
p16/NK4a p19ARF and p21 in LSKs from aged mice of the indicated genotypes (37 weeks of age). Increased expression of p16'N<4a and p19ARF in TERT~/~ and ATM~/-TERT "/~
murine HSCs and reduced expression of p21 in these HSCs. Data shown are the mean ratio (= SD) of mRNA to B-actin levels (*P < .05, n = 3).
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Figure 4. Hematopoietic stem cell capacities are A .
abrogated in ATM and TERT doubly null mice. . 1
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HSCs exhibit abrogated self-renewal capacity in the absence of
ATM and TERT

Models of aging often presuppose that the loss of homeostatic
control and the regenerative potential of tissues are driven by the
diminution of stem cell reserves. The proliferative and regenerative
capacity of HSCs has also been suggested to diminish with age in
an intrinsic and extrinsic manner. To assess whether these typical
aging-related changes, which have been attributed to the attenua-
tion of stem cell capacities, are seen in ATM~/~TERT ~/~ mice, we
performed a competitive reconstitution assay. In this assay, LSKs
from WT, TERT /=, ATM~/~, or ATM~/"TERT~/~ mice (Ly5.2)
competed against BM-MNCs from a congenic (Ly5.1) mouse to
reconstitute the hematopoietic compartment of an irradiated recipi-
ent mouse (Ly5.1). At 16 weeks after transplantation, flow cytomet-

ric analysis of PB and BM-MNCs of the transplant recipients
revealed that ATM /" TERT '~ LSKs showed a severely impaired
repopulating ability compared with ATM~/~ LSKs, whereas wild-
type and TERT '~ LSKs were equally capable of hematopoietic
reconstitution (Figure 4A). A second competitive transplantation
also showed that fewer hematopoietic cells were derived from
ATM~/~TERT /= LSKs compared with ATM '~ LSKs at 16 weeks
after the second BMT (Figure 4B). These data suggested that
ATM~/~TERT/~ HSCs had a diminished long-term repopulating
capability and were eventually outcompeted by wild-type HSCs.
Nevertheless, the proportion of ATM ~/~TERT ~/~ LSK-derived
cells at 16 weeks after the second BMT was reduced compared with
that at 16 weeks after the first BMT (Figure 4C). This deficit is
presumably caused by decreased repopulating capacity in the donor
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cells on repeated BMT, whereas competitor BM cells continue to
accumulate. These data confirm that TERT exerts a critical impact
on the ability of HSCs to repopulate in an ATM-null background.
Further, this observation suggests that many aging-related changes
in the hematopoietic system are driven by HSC diminution in
ATM~/~TERT /= mice.

Decreases in the HSC pool in ATM and TERT doubly deficient
mice are independent of telomere length shortening or
telomere dysfunction

Whereas TERT deficiency per se has little influence on in vivo
aging or on normal hematopoietic stem cell function, there is little
doubt that TERT plays a critical role in the activity of ATM-null
HSCs. To investigate possible mechanisms for this, we first
evaluated accumulated damage in these HSCs by measuring
vYH2AX foci in CD347LSKs in these mice. While YH2AX foci
were only mildly increased in young ATM '~ and ATM~/~TERT "/~
mice, the numbers of YH2AX foci were increased in aged ATM ™~ and
TERT/~ LSKs, and were even further increased in ATM ~/~TERT /~
LSKs (Figure 5A). Although yH2AX foci generally represent DNA
damage, controversy has recently arisen regarding the significance
of YH2AX accumulation in HSCs.**3 However, as YH2AX is
known to increase in senescent cells, yYH2AX accumulation should
represent aging status also in HSCs.3637

Next, we measured the telomere length of WT, ATM~/~,
TERT /'~ and ATM ~/~TERT/~ LSKs by flow FISH. No alteration
in telomere length was seen following the loss of TERT, ATM, or
the combination of ATM and TERT (Figure 5B).

Further, to evaluate whether accumulated damage in aged HSCs
in these mutant mice arises from telomere dysfunction, we
measured telomere free ends by telomere FISH (Figure 5C) and
telomere dysfunction-induced foci (TIFs; Figure 5D). Telomere
FISH using a metaphase spread revealed that telomere loss was not
detected in the cells of mice of any of the genotypes. To detect more
precise damages to the telomere, we stained LSKs isolated from
BM with anti-TRF1 and anti-53BP1 antibodies, and then counted
merged signals as TIFs.?3° No increase of TIFs were detected in
TERT/~, ATM~/~ and ATM ~/~TERT '~ LSKs than in WT LSKs.
These results indicated that telomere dysfunctions are not also
associated with the loss of TERT, ATM or the combination of TERT
and ATM in HSCs.

Apoptosis is induced in ATM and TERT doubly null HSCs as a
result of ROS fragility and is regulated by p38MAPK and BCL-2
family proteins

We previously reported that the reduced repopulating capacity of
ATM~/~ HSCs is accompanied by elevation of intracellular ROS.!°
Therefore, we next evaluated ROS levels in LSKs in these mice.
We found that ROS levels in ATM/"TERT /-~ LSKs were
markedly higher than those in WT or TERT/~ LSKs, and were
comparable to those in ATM~/~ LSKs (Figure 6A).

Some evidence suggests that apoptosis may play a critical role
in the regulation of HSCs,*#! although the precise nature of this
role remains largely unknown. To address the mechanisms through
which ATM~/~TERT/~ HSCs impair stem cell capacity, we
analyzed apoptosis in LSKs in these mice using annexin V and PI
staining. Interestingly, ATM~/~TERT~/~ LSKs demonstrated pro-
nounced increases in apoptosis compared with LSKs of the other
genotypes (Figure 6B). Strikingly, this increase in apoptosis was
detected only in CD34~ or CD150* LSKs, representing HSCs, but
not in CD34* or CD150~ LSKs, representing progenitor cells.
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Because ATM single deficiency did not contribute to an increase in
apoptosis despite comparable ROS levels to those in ATM~/~TERT '~
LSKs, we hypothesized that the TERT protein may play a critical
role in the protection of ATM ~/~ HSCs from apoptosis induced by
intracellular stresses. While antiapoptotic roles for TERT have been
demonstrated in human cancer cell lines,*>* such roles in physi-
ologic systems in vivo are not yet clear. To address this question,
we evaluated the effect of ROS on HSCs in these mice. Treatment
in vitro with BSO, an oxidant, for 12 hours significantly increased
apoptosis in TERT/~, ATM /=, and ATM~/~"TERT /= LSKs, in
contrast to that BSO treatment did not induce apoptosis in WT LSKs. In
addition to the apoptosis induced by BSO, culture in vitro without BSO
did also lead to some apoptosis in ATM~/~TERT /= LSKs. The
substantial apoptotic effect by BSO was rescued by adding NAC,
an antioxidant, in a dose-dependent manner to these LSK cultures
(Figure 6C). These data indicated that the TERT protein contributes
to the survival of ATM~/~ HSCs by acting against apoptosis
induced by ROS. To replicate this rescue from the ROS-induced
apoptotic effect by NAC in vivo, we decreased the ROS in cells of
8-week-old WT, TERT/~, ATM~/~, and ATM ~/~TERT/~ mice
by orally administering NAC for 4 weeks. We found that treatment
of ATM~/"TERT/~ mice with NAC rescued their HSCs from
apoptosis (Figure 6D).

We next investigated the nature of the molecular mechanism
underlying the action of TERT on ROS-induced apoptosis. To
address this issue, we focused on 2 MAPKSs, p38MAPK and JNK,
as we have previously reported that the ROS-p38MAPK pathway
is involved in stem cell dysfunction in ATM~/~ HSCs.'® We first
determined the activation status of p38MAPK in LSKs in mice
with or without NAC treatment. We observed activation of
p38MAPK in TERT/~, ATM ~/~, and ATM ~/~TERT /- LSKs, and
this p38MAPK activation was completely abolished after in vivo
treatment with NAC (Figure 6E). Further, treatment of LSKs with
the p38MAPK inhibitor SB203580 blocked apoptosis induced
by ROS, although it was a partial effect in TERT/~ and
ATM~/~TERT /= LSKs (Figure 6F). This indicated that the
p38MAPK pathway forms a part of the TERT-based protective
mechanism for HSCs. However, INK inhibitor SP600125 failed to
rescue ROS-induced apoptosis in any of the HSCs. These results
suggested that activation of p38MAPK causes ROS-induced apo-
ptosis in TERT/~ HSCs, as well as in ATM~/~ HSCs.

The fact that treatment with a p38MAPK inhibitor could not
completely rescue ROS-induced apoptosis in TERT-deficient HSCs
suggests that mechanisms other than p38MAPK exist through
which TERT protect HSCs from ROS stress. The most well-known
candidate for this is p53-mediated apoptosis.** This may in turn be
mediated by B-cell lymphoma-2 (BCL-2) family proteins, such
as PUMA or BAX, while these proteins can also regulate
p53-independent apoptosis. Hence, we measured the activation of
these molecules in WT, TERT /—, ATM~/~, and ATM~/~TERT/~
LSKs. While there was no difference in the transcription of p53,
BAX and BCL-XL among LSKs of all genotypes, the expression of
PUMA was elevated in ATM~/~ and ATM~/~TERT/~ LSKs, and
BCL-2 was decreased in TERT /= and ATM/~TERT /'~ LSKs
(Figure 6G and data not shown). These data indicate that PUMA is
dependent on ATM/~ for activation and BCL-2 expression is
maintained by TERT, and that these are regulated p53-independent
manner. Moreover, BCL-2 is suggested to be involved in the
regulation of apoptosis by TERT in HSCs, and PUMA and BCL-2
are suggested to act synergistically to enhance apoptosis in
ATM~/"TERT /- LSKs.
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Figure 5. Alteration of telomeres is unlikely to be responsible for the impairment of the HSC pool seen in ATM and TERT doubly deficient mice. (A) Increased yH2AX
foci in aged ATM~/~ and TERT '~ LSKs, and significantly further increased yH2AX foci in aged ATM~/~ TERT~/~ LSKs (bottom). In young ATM—/~ and ATM~/~TERT '~ mice,
yH2AX foci are only mildly increased (top). LSKs from mice of the indicated genotypes were stained with anti-yH2AX Ab (red), and TOTOS staining was used to detect nuclei
(blue; left: magnification X600). The numbers of yH2AX foci in each cell were counted (right; *P < .05, **P < .01). (B) Relative telomere length of LSKs (left), measured by flow
FISH. There are no apparent differences in telomere length among the different genotypes. Original FACS plots of flow FISH are shown (right). The 2 peaks in each plot are
correspondent to signals in cells labeled with the telomere PNA probe and in unlabeled cells as a control. (C) Telomere FISH analysis of cells in metaphase. Representative
pictures (top: magnification X5000) and frequencies of telomere signals per cell (bottom) are shown. No alteration of telomere signals was detected in cells from mice of any of
the genotypes. (D) No significant increase of TIFs in LSKs of all genotypes. LSKs from the indicated genotypes were costained with anti-TRF1 Ab (green) and anti-53BP1 Ab
(red), nuclei were detected using DAPI staining (blue: left: magnification X7000). The mean frequency (= SD) of merged yellow signals in each cell was determined by
counting (right; *P < .05).
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Figure 6. Apoptosis is induced in ATM and TERT doubly deficient HSCs as a result of ROS fragility and is regulated by p38MAPK and BCL-2 family proteins.
(A) ROS levels in LSKs of the indicated genotypes. Comparable ROS levels in WT and TERT/~ LSKs, compared with elevated ROS in ATM~/~ and ATM~/~TERT /- LSKs, were
observed. Representative FACS analysis profiles derived from 3 experiments (left) and fluorescence intensity relative to WT (mean =+ SD; right) are shown (*P < .05, n = 3).
(B) Native apoptosis of CD34*/CD34~ LSKs or CD150~/CD150* LSKs. Freshly isolated CD34+/CD34~ LSKs or CD150-/CD150* LSKs from mice of each genotype were
stained with annexin V and PI. CD34~ LSKs and CD150* LSKs in ATM~/~TERT /- mice showed significantly higher apoptosis rates compared with the other genotypes. Data
shown represent the mean percentage (= SD) of annexin V—positive cells out of total analyzed cells (n = 3). (C) Apoptosis following ROS induction. LSKs from WT, TERT /-,
ATM~/=, or ATM~/~TERT '~ mice were cultured with or without BSO and/or NAC. After 12 hours of culture, harvested cells were stained with annexin V and PI. Apoptosis was
induced in TERT/~, ATM~/~, and ATM~/~TERT /- LSKs by BSO, and was rescued by adding NAC in a dose-dependent manner in all groups. Note: apoptosis was already
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Discussion

Growing evidence suggests that TERT has major functions contrib-
uting to the prevention of aging by maintaining stem cell activity,
and that these functions are unrelated to telomere lengthening.!?
However, it has been difficult to clarify the role of TERT in
individual aging because of the length of time required for
knockdown effects to become apparent and for oncogenesis to take
place in response to overexpression. In this study, by examining the
function of TERT in ATM-deficient mice, we have now success-
fully revealed that TERT plays a critical telomere-independent role
in in vivo organismal aging.

Pathophysiologic aging of tissues is caused by decreasing stem
cell activity, especially in tissues with high turnover, such as blood,
gut, and skin. Perhaps as a mechanism to counter this, telomerase
activity is primarily restricted to primitive stem and progenitor cell
compartments.*> Corresponding to this aging dogma, here we have
demonstrated important roles for TERT in maintaining the stem
cell activities in the hematopoietic system in an ATM-null back-
ground. We demonstrated in the current study that TERT-mediated
aging in hematopoietic systems is regulated by pl16™K42 and
p194RF but not by p21. We previously found that ATM is also
regulated by these same proteins.'> Cellular senescence triggered
by telomere shortening is mediated through a pathway involving
ATM, p53, and p21, but not pl16™NK4 3839 Therefore, these results
also indicated that aging in ATM- or TERT-null HSCs is mediated
through mechanisms other than telomere alteration. In support of
this, telomere FISH and TIFs analysis also revealed that no
telomere shortening or telomere dysfunction is mediated by the
loss of TERT or the combination of ATM and TERT.

Aging is associated with a rise in intracellular ROS levels.*647
Increased ROS within HSCs caused by ATM deficiency results in
the activation of the p38MAPK pathway.'® Here, we clarified that
TERT-deficient HSCs are vulnerable to the threat of apoptosis via
ROS stress; hence, it was clearly indicated that TERT can protect
HSCs from apoptosis induced by ROS stress. Various mechanisms
of apoptosis induction in response to ROS stress are known.
Current study showed that p38MAPK activation is also involved in
ROS-induced apoptosis in TERT-deficient HSCs.

Although it is clear that TERT can partially protect HSCs from
ROS-induced apoptosis via p38MAPK activation, our results
suggest other mechanisms through which TERT regulates apopto-
sis in HSCs. BCL-2 family proteins, which include PUMA, BAX,
and BCL-2, are reported to mediate apoptosis in HSCs.484% While
PUMA is known to enhance apoptosis in response to DNA damage,
BCL-2 regulates apoptosis negatively. These proteins are reported
to respond to ROS by regulating the release of cytochrome C from
mitochondria, which in turn leads to apoptosis.’® Here we showed
that ATM deficiency activates PUMA and that TERT deficiency
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diminishes the expression of BCL-2. Loss of ATM may cause DNA
damage in HSCs, and this may in turn activate PUMA. Mainte-
nance of BCL-2 expression is suggested to be another mechanism
besides p38MAPK-based regulation through which TERT protects
HSCs from ROS stress (Figure 6H).

The present study has shown that the aging-related regulation of
stem cells is mediated by apoptosis under ROS stress, and that
TERT provides protection against this response. As ATM is
responsive not only to ROS but also to DNA damage and a variety
of other stresses, the telomere-independent, protective roles of
TERT against extrinsic aging-related stresses may also include
responses not only to ROS but also to a variety of other stresses,
such as extracellular damaging agents or mitochondria-dependent
cell death. Thus, both ATM and TERT contribute to the mitigation
of aging by maintaining stem cells, albeit through separate
mechanisms. These findings will prove to be valuable assets for
understanding the regulation of hematopoietic stem cells, espe-
cially under conditions of stress.
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Figure 6. (continued) induced in ATM~/~TERT /= LSKs in culture without BSO to some extent. The data shown represent the mean percentage (= SD) of annexin V—positive
cells (n = 4). (D) Native apoptosis of CD34*/CD34~ LSKs or CD1507/CD150" LSKs in NAC-administered mice. Freshly isolated CD34"/CD34~ LSKs or CD150~/CD150*
LSKs from mice treated with NAC were stained with annexin V and PI as for panel B. Native apoptosis of CD34~ LSKs or CD150* LSKs seen in ATM~/~TERT /- mice is
completely rescued. (E) Activation of p38MAPK in TERT/~, ATM~/—, or ATM~/~TERT '~ murine LSKs (top), which is completely rescued in LSKs from NAC-treated mice in
vivo (bottom). LSKs from the indicated genotypes were stained with anti-phospho-p38MAPK Ab (red) and DAPI for nuclear stain (blue: magnification x400). Representative
pictures (left) and the mean ratios (+ SD) of phosphorylated p38MAPK-positive cells in untreated LSKs (right) are shown. (F) Rescued ROS-induced apoptosis in LSKs by a
p38MAPK inhibitor. LSKs from WT, TERT/~, ATM~/~, or ATM~/~TERT~/~ mice were treated with BSO, and then, for rescue, with a p88MAPK inhibitor, SB203580, or a JNK
inhibitor, SP600125. Annexin V staining assays were performed as for panel C. While apoptosis induced in ATM~/~ LSKs by BSO was completely rescued by adding
SB203580, in a dose-dependent manner, rescue was only partial in TERT~/~ and ATM—/~TERT ~/~ LSKs. The addition of SP600125, on the other hand, did not result in rescue.
(G) Expression of apoptosis-related genes in aged murine HSCs. gPCR analysis of p53, PUMA, and BCL-2 in LSKs from mice of the indicated genotypes. While p53
expression was comparable among all groups, elevated PUMA expression in ATM~/~ and ATM~~TERT /- LSKs and decreased BCL-2 expression in TERT~/~ and
ATM~/~TERT /- LSKs were seen. Data shown are the mean ratio (+ SD) of mRNA to B-actin levels (*P < .05, n = 4). (H) Schematic summarizing the role of ATM and TERT
in HSCs.
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