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Maintenance of mammalian telomeres re-
quires both the enzyme telomerase and
shelterin, which protect telomeres from
inappropriately activating DNA damage
response checkpoints. Dyskeratosis con-
genita is an inherited BM failure syn-
drome disorder because of defects in
telomere maintenance. We have previ-
ously shown that deletion of the shelterin
component Pot1b in the setting of telom-
erase haploinsufficiency results in rapid
telomere shortening and fatal BM failure

in mice, eliciting phenotypes that strongly
resemble human syskeratosis congenita.
However, it was unclear why BM failure
occurred in the setting of Pot1b deletion.
In this study, we show that Pot1b plays an
essential role in HSC survival. Deletion of
Pot1b results in increased apoptosis,
leading to severe depletion of the HSC
reserve. BM from Pot1b*'2 mice cannot
compete with BM from wild-type mice to
provide multilineage reconstitution, indi-
cating that there is an intrinsic require-

ment for Pot1b the maintenance of HSC
function in vivo. Elimination of the p53-
dependent apoptotic function increased
HSC survival and significantly extended
the lifespan of Pot1b-null mice deficient
in telomerase function. Our results docu-
ment for the first time the essential role of
a component of the shelterin complex in
the maintenance of HSC and progenitor
cell survival. (Blood. 2011;118(23):
6068-6077)

Introduction

Mammalian aging is associated with a functional decline in tissues
that require continuous cellular renewal. Increasing evidence
suggest that attenuation of stem cell functions could in part account
for the proliferative defects observed in aging tissues. The acquisi-
tion of an unstable genome and the activation of p53-dependent
DNA damage response pathways have been linked to stem cell
degeneration during the aging process.! Telomeres, protein-DNA
complexes that cap the ends of chromosomes, play important roles
in preventing the activation of DNA damage checkpoints that
induce cell-cycle arrest and apoptosis. Telomeres consist of G-rich
simple repeat sequences that terminate in a single-stranded 3’
G-rich overhang. They are maintained by the enzyme telomerase, a
specialized ribonucleoprotein complex that includes an RNA
template (TERC) and a reverse transcriptase catalytic subunit
(TERT).23 Overexpression of telomerase in fibroblasts extends
telomeres and prevents the onset of replicative senescence, indicat-
ing that telomerase is required for cellular immortalization.?

Although telomerase is specifically expressed in stem and
progenitor cells, telomeres in highly proliferative tissues continue
to shorten with increasing age. In the human hematopoietic system,
progressive telomere shortening is observed in aging HSCs* and
white blood cells.> Increasing evidence suggests that this critical
telomere shortening results in stem cell failure, increased mortality,
and increased incidence of cancer. Dyskeratosis congenita (DC) is
a multisystem disorder characterized in patients by BM failure,
skin abnormalities, and increased risk of cancer. Autosomal forms
of this disease occur as the result of mutations in both components
of telomerase, suggesting that telomerase mutations result in
multisystem stem cell disorder.%’

Disease anticipation, in which offsprings exhibit accelerated
onset of disease phenotypes, is observed in patients with DC who

are haploinsufficient for telomerase,®® consistent with telomere
shortening as a mechanism for anticipation. Dysfunctional telo-
meres also contribute to age-related disease processes in healthy
elderly individuals, as an analysis of telomere lengths of individu-
als older than 60 years of age revealed that patients possessing
shorter telomeres than age-matched control individuals had signifi-
cantly poorer survival, attributed in part to an elevated mortality
rate from heart and infectious diseases.!? mTerc-null mice bearing
dysfunctional telomeres display reduced proliferation of T and
B lymphocytes, splenic atrophy with a reduction in germinal center
function, and the absence of spermatogenesis and a decrease in the
number of oocytes.!!12 Of importance, reconstitution of telomerase
activity in late-generation mTerc ™'~ and mTert~'~ mice increased
telomere lengths, reduced the level of DNA damage signaling, and
rescued most of the pathologies associated with telomere dysfunc-
tion.!3 These results suggest that restoration of telomerase activity
is able to eliminate the genotoxic stress caused by dysfunctional
telomeres, restoring stem cell reserves and the functional status of
highly proliferative organs.'*

Besides telomerase, the proper maintenance of telomeres also
require 6 telomere-specific binding proteins that form a complex,
termed shelterin, which protects telomeres from inappropriately
activating DNA damage response (DDR) checkpoints. Three
sequence-specific DNA binding proteins are recruited to chromo-
somal ends: the duplex telomere binding proteins TRF1 and TRF2
and the single-stranded telomere DNA binding protein POTI.
Adaptor proteins TIN2 and TPP1 link POT1 to TRF1/TRF2.
POT1 homologs have been identified in all eukaryotes, and all
POT1 proteins contain 2 highly conserved oligosaccharide-
oligonucleotide folds to bind to the 3’ terminus of the single-
stranded G-rich telomeric overhang.!> Most vertebrates, including
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humans, possess a single POT! gene, whereas the rodent genome
encodes 2 Potl genes, Potla and Potlb.'%18 Potla is an essential
protein and functions to repress an ATR-dependent DDR at
telomeres, whereas Pot1b protects the C-strand of telomeres from
extensive nucleolytic degradation.'®1%20 Deletion of Porla and
Potlb results in telomere dysfunction that engages a DDR,
suggesting that proper capping of telomeres by both Potl proteins
is critically important to protect telomeres from being recognized
as damaged DNA.

Most of the known DC mutations have been found to affect core
components of the telomerase holoenzyme. However, in recent
studies, investigators have revealed that mutations in the shelterin
component TIN2 result in a very severe form of DC. Patients with
TIN2 mutations have very short telomeres, which culminate in
premature failure of BM.2!:22 These data suggest that DC could also
arise as a consequence of perturbation of components of the
shelterin complex. We and others have previously shown that Pot1b
deletion coupled with telomerase haploinsufficiency results in mice
that display phenotypes strongly resembling human DC, including
rapid telomere shortening, cutaneous syndromes, and fatal BM
failure.!®20 However, it was not known why BM failure occurred in
this mouse model because BM failure was never observed in mice
lacking telomerase!’!'> and was not apparent in 11-month-old
Pot1b-null mice.?

In the current study, we uncover a critical role for Potlb in
maintaining HSC homeostasis. We show that Pot1b by itself, even
in the setting of wild-type telomerase activity, is required for the
survival of HSCs. In the absence of Potlb, a DDR is activated at
telomeres, resulting in the severe depletion of the HSC reserve via
p53-dependent apoptosis. PotI1b** BM cells are unable to compete
with BM isolated from wild-type mice to provide multilineage
reconstitution, indicating that there is an intrinsic requirement for
Pot1b in the maintenance of HSC function in vivo. The elimination
of the p53-dependent apoptotic functions in Potlb-null mice
significantly extended the organismal lifespan, suggesting that
Potlb is required to repress a DDR at dysfunctional telomeres that
would otherwise initiate p53-dependent apoptosis to inhibit HSCs
proliferation. Our results therefore reveal a novel and essential role
for Pot1b in the maintenance of HSC self-renewal capacity.

Methods
Mice

The generation of Potlb2, p53R172P and mTerc~'~ mice were described
previously.!1:20.23 JCR severe combined immunodeficiency (SCID) mice
were purchased from The Jackson Laboratory. All mice were maintained
according to Yale University Institutional Animal Care and Use Committee-
approved protocols.

Isolation of total BM cells

For every animal, BM was isolated from the hind limb bones. The bones
were dissected, and the marrow was flushed through a 21-gauge needle into
HBSS* (Invitrogen), 2% FBS (Invitrogen), and 10mM HEPES. The cells
were passed through 25-gauge needle twice and filtered (45-pm filter) to
ensure single-cell suspension. Nucleated cells were counted manually after
the lysis of RBCs with 3% acetic acid in methylene blue (StemCell
Technologies).

5-Fluorouracil treatment

We used 5-fluorouracil (5-FU; 75 mg/kg intraperitoneally) for myelosuppres-
sion. Recovery of hematopoiesis was monitored by serial peripheral blood
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counts every 6days for each mouse. Retro-orbital peripheral blood
(< 50 pL per mouse) was obtained from anesthetized mice and collected
into EDTA-coated capillary tubes for analysis.

Flow cytometry analysis

A total of 1 X 107 total BM cells was centrifuged and resuspended in
200 L of HBSS™. Cells were stained for 15 minutes with a cocktail of
antibodies that included 9 lineage markers: Ter-119, CD3, CD4, CDS,
B220, CD19, IL-7Ra, GR-1, and Mac-1 (eBioscience) conjugated to
APC-Cy-7 (47-4317; eBioscience). In addition, the cocktail also contained
anti—Sca-1-PE (12-5981; eBioscience) and anti—c-Kit-APC (17-1171; eBio-
science). After staining, cells were washed, resuspended in HBSS*, and
analyzed by flow cytometry (Calibur or LSRII; BD Biosciences). LSK
populations were selected on the basis of low or negative expression of the
mature lineage markers and dual-positive expression for Sca-1 and c-Kit.
To determine the proliferative status of LSK cells, BrdU was injected into
mice (intraperitoneally) at the dosage of 150 mg/kg 2 hours before they
were killed.

An analysis of BrdU incorporation was performed with the FITC BrdU
flow kit (BD Biosciences). To quantitatively determine the percentage of
cells that are actively undergoing apoptosis, BD Pharmingen’s annexin
V-PE Apoptosis Detection Kit was used. For cell-cycle parameters mea-
sured by Pyronin Y and Hoechst, BM cells were first stained for the lineage
cell surface markers as well as Sca-1 and c-Kit antibodies. Cells were then
resuspended in HBSS, 20mM HEPES, 1 g/L glucose, 10% FCS, and 1.7uM
Hoechst 33342 and incubated for 1 hour at 37°C. After a single wash, BM
cells were incubated in the same buffer containing Pyronin Y (1 pg/mL) for an
additional hour at 37°C before analysis. FlowJo was used for all data
analysis.

Competitive BM transplantation

Because our mouse cohorts are kept in a mixed genetic background,
competitive BM transplantations were performed with the use of irradiated
SCID recipients. Nucleated cells isolated from the BM were prepared as
described previously, with male and female donor cells mixed together at a
ratio of 1:1. A total of 1 X 107 mixed cells were injected retro-orbitally into
5.0-Gy—irradiated SCID recipient mice. Irradiated control mice that were
not injected were used in every experiment, and these mice died within
10 days of treatment. To assess reconstitution, BM cells from recipient
mice were analyzed by FISH with a Y-chromosome probe 3 months after
transplantation. A minimum of 3 mice per genotype were used for
reconstitution experiments.

Colony-forming assay and long-term culture-initiation cell
assay

For short-term culture, 1 X 10* BM mononucleated cells were cultured in
35-mm dishes containing MethoCult 3434 (StemCell Technologies) follow-
ing the manufacturer’s protocols. Colonies were counted on day 12. For
long-term culture-initiation cell assay assays, serial 2-fold dilutions were
performed on initial isolates of 30 000 BM mononucleated cells/well;
12 replicates per BM were performed. After 4 weeks of weekly replenish-
ment with MethoCult 5300 (StemCell Technologies), cells were trypsinized
and plated on media MethoCult 3434 and cultured for 10 days before the
percentage of negative wells per dilution was scored. Frequencies were
calculated with the use of Poisson statistics (L-cal program from StemCell
Technologies).

Microscopy

Metaphase chromosomes from BM were prepared 1-2 hours after treatment
with colcemide, as previously described,'® and subjected to Giemsa staining
and/or telomere-peptide nucleic acid-FISH staining to label telomeres.
Depending on the quality of metaphase spreads, 20-40 metaphases from
each sample were analyzed in detail. FISH with a Y-probe was performed as
previously described.?* To quantitate dysfunctional telomeres in LSK cells,
dysfunctional telomere-induced DNA damage foci (TIF) analysis was
performed as previously described.?
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Figure 1. Defective hematopoiesis in Pot1b’A mice. (A) The long-term culture-initiation cell assay was used to enumerate primitive BM progenitor cells in 2-month-old
wild-type and Pot1b** mice (n = 4 mice per genotype, P = 1.0 X 10~4). (B) Numbers of total BM nucleated cells isolated from 6-month-old Pot1b~ mice compared with age-
and sex-matched wild-type controls (n = 7 mice per genotype, P = 2.2 X 10~4). Error bars represent SEM. (C) Numbers of colonies arising from 10* mono-nucleated wild-type
(WT) and Pot1b*2 BM cells seeded in methylcellulose. Results are mean from 5 experiments (P = 3.7 X 10-3). Error bars represent SEM. Representative images were
obtained after 12 days in culture. (D) BM morphology of bone diaphysis of a pair of a 15-month-old wild-type and Pot1b* mice (magnification X20). (E) Expression of Sca-1
and c-Kit in multilineage-negative BM cells from wild-type (WT) and Pot1b** mice. Results were expressed as percentage of total nucleated BM cells for each fraction. The
bottom panel shows data from 4 wild-type mice and 9 Pot1b*'2 mice (P = 1.2 X 1077). (F) Annexin V/7-AAD FACS profiles of BM derived from aged wild-type and Pot1b~2
mice. Bottom panel shows data from 4 wild-type and 4 Pot1b%'2 mice (P = 2.9 x 1073).

Reverse transcriptase—coupled real-time PCR

Total RNA was prepared by the use of the QTAGEN RNeasy Micro kit
(n0.740 04) according to manufacturer’s instructions. For first-strand
cDNA synthesis, 1 pg of total RNA, 20 pmol of Oligo(dT)12-18, and
200 units of SuperScript Il Reverse transcriptase (Invitrogen) were mixed in
a final volume of 20 pL. Then, 1 L of synthesized cDNA was added to
20 pL of PCR mixture containing 1 X TagMan Gene Expression Assay
primers (Applied Biosystems) and 1 X TagMan Universal PCR Master Mix
(4324018; Applied Biosystems). Each sample was amplified in triplicate.
PCR consisted of 40 cycles of denaturation at 95°C for 15 seconds and
annealing and amplification at 60°C for 60 seconds in an ABI7900HT
Sequence Detection System Machine (Applied Biosystems). The specific
primers for TagMan Gene Expression Assay primers were PUMA:
MmO00519268_m1; Bax: Mm00432050_m1; and p27: Mm00432448_ml.
18S rRNA primers (4319413E) were used as internal control.

Results
Loss of Pot1b provokes proliferative defects in HSCs

The role of the shelterin component Pot1b in HSC function has not
been previously addressed. Although deletion of Pot/b resulted in
minimal impact on BM cellularity in 2-month-old Potl1b** mice
(8.22 X 107 wild-type cells vs 7.5 X 107 PotIb* cells, P = .30;
supplemental Figure 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article), a
significant decrease in the proliferative capacity of primitive

progenitors was revealed in these mice by long-term culture-
initiation cell assays (Figure 1A). By 6 months of age, the total BM
nucleated cells count in all PotIb¥® mice was significantly
decreased compared with those from age-matched wild-type con-
trol mice (8.39 X 107 for wild-type vs 5.44 X 107 for PotI1b** BM;
P =22X10"% n =7, Figure 1B). These Potlb-null BM cells
also formed fewer colonies in an in vitro colony-forming assay
(68 = 13 CFUs for wild-type vs 45 =8 for Potlb** BM,
P = 3.7 X 1073, n = 5), demonstrating a defect in the proliferation
of myeloid progenitor cells (Figure 1C).

By 15 months of age, leucopenia, anemia and thrombocytope-
nia were readily apparent in the peripheral blood of Potl/b-null
mice (supplemental Figure 2). BM hypocellularity was also readily
detected in the femurs of these mice (Figure 1D), suggesting that
the defect in BM proliferation might be because of progressive loss
of the HSC population. To investigate this possibility, we examined
the number of LSK (Lin~, Sca-1", c-kit™) cells, a population
enriched in HSCs and multipotent progenitors (hematopoietic
progenitor cells), and Lin~ Sca-1~ ¢-Kit" (LK) cells, a population
enriched in hematopoietic progenitor cells, in 15-month-old Pot1b*2
mice and age-matched wild-type controls. FACS analysis revealed
that both LSK (0.26% in wild-type controls vs 0.02% in Potlb>*
mice) and LK (2.2% vs 0.25%) populations were profoundly
depleted in PotIb*® mice (Figure 1E). 7-Aminoactinomycin
(7-AAD)/annexin V staining revealed that both the BM and the
peripheral blood of 15-month-old Pot1h** mice displayed a 9-fold

20z Aey g1 uo ysanb Aq ypd-8909001 L6708UZ/Z0YSYE L/8909/€2/8 L L AAPd-8]oiE/POO|G/8U suoedlqndyse//:diy wouy papeojumoq



BLOOD, 1 DECEMBER 2011 - VOLUME 118, NUMBER 23

A

- ~WT
© ~Pot1btt

w0 P=7.8x10"3, n=6

WBC (%of baseline

o 3 12 18 P 3
days after 5-FU injection

8
= 7
g TTTWT
%
25 — Pot1b2/A
-
o 4
=
g P=2.3x103, n=7
£
3 2
z
1
1 2 3 4 5
months after first 5-FU injection
., . 80
> Umer | 1551% 37y 45.92% i
E G S+G2+M I G1 | S+G2+M
8 = " = 60
g @k e =
[ @ - (=]
B ! 8
i R
! Go “Tao
44.43% 035%  oM271% L 000%

Hoechst
WT Pot1b2/2

Pot1b IN HSC SELF-RENEWAL AND SURVIVAL 6071

Cc

Pot1b2/2

™) P=2.4x10% n=6

WT  Pot1b**
Pot1b2/A

P=1.0 x 104, n=6
1

WT Pot1b%*

Figure 2. HSC exhaustion in the absence of Pot1b. (A) Serial peripheral blood count was used to monitor 2-month-old wild-type (WT) and Pot1bA mice injected with a
single dose of 5-FU (75 mg/kg, intraperitoneally). WBC counts are shown as a percentage of the initial baseline values for each group of mice (n = 6 mice per genotype,
P = 7.8 x 1078). Error bars represent SEM. (B) BM morphology (magnification x20) before and 18 days after 5-FU injection for wild-type (WT) and Pot1b** mice.
(C) Representative FACs analysis of multilineage negative cells 12 days after 5-FU injection. Results are expressed as percentage of total nucleated BM cells for each fraction.
(D) Survival outcome of sequentially 5-FU—injected wild-type (WT) and Pot1b* mice. Results were analyzed with a log-rank nonparametric test and expressed as
Kaplan-Meier survival curves (n = 7 mice per genotype, P = 2.3 x 10-3). (E) Representative cell-cycle analysis on LSK cells isolated from both wild-type (WT) and Pot1bA/2
mice. Data from the 6 experiments are shown in the right panel (P = 2.4 X 1073). (F) LSK cells were stained for DNA (Hoechst 33 342) and RNA (Pyronin Y) to assess the
relative proportions in the Go, G1 phases of the cell cycle. Data from 6 experiments are shown in the right panel (P = 1.0 X 1074).

increase in the number of apoptotic cells compared with age-
matched wild-type controls (BM: 34.6% vs 3.52%, P = 2.9 X 1073,
PB: 54.6% vs 6.5%, P = 1.6 X 1073; Figure 1F, supplemental
Figure 3), suggesting that an increase in apoptosis in the absence of
Potl1b directly contributes to the proliferative defects observed in
HSCs. Taken together, these results suggest that Potlb plays a
critically important role in maintaining HSC proliferation.

HSC exhaustion in the absence of Pot1b

The LSK HSCs in wild-type mice exist predominantly in a
quiescent, Ki67-negative state?® and are resistant to the antiprolif-
erative agent 5-FU. Wild-type mice survive repeated treatments
with 5-FU because dormant, drug-resistant HSCs can be induced to
cycle, rapidly generating new cells to replenish depleted reserves.
Proliferating HSCs, however, are extremely sensitive to 5-FU. We
hypothesize that because of homeostatic response to the depletion
of HSC:s in the BM, the LSK population is likely actively cycling in
Pot1b null mice, resulting in exhaustion of stem cell function.

To test this hypothesis, we administered a single dose of 5-FU to
both 2-month-old wild-type and PotIb™* mice and performed
serial peripheral bleeds to monitor for leucopenia. Compared with
wild-type controls, severe leucopenia, followed by a delayed
recovery in leukocyte numbers, was observed in 5-FU treated
Pot1b** mice (Figure 2A). Whereas BM from wild-type mice
exhibited hyperproliferation 18 days after the administration of
5-FU, BM of 5-FU treated PotIb™* mice remained markedly
hypocellular (Figure 2B). Examination by FACS analysis of the LK
population 12 days after treatment with 5-FU revealed that BM

derived from wild-type mice possessed almost 9 times more LK
cells than BM isolated from Pot/b** mice (6.2% vs 0.7%; Figure
2C). Although the total number of LSK cells appear similar
between wild-type and PotIb** mice (0.55% vs 0.44%), it is
important to note that in wild-type mice most of the LSK cells are
c-Kithigh (0.5%), whereas those in Pot1b%* mice are c-Kit'*¥ (0.4%:;
Figure 2C). It has been shown that the c-Kithi¢" fraction of LSK
cells includes long-term repopulation HSCs and that the c-Kit'o¥
fraction does not have this repopulation capacity.’’” To further
investigate the consequences of hematopoietic defects in Potlb2
mice, monthly 5-FU injections were administered to 2-month-old
wild-type and Porlb** mice. After 4 cycles of 5-FU treatment,
100% of PotIb** mice died, whereas all wild-type mice survived
(P =23 X 1073, n = 7, Figure 2D).

To test the hypothesis that LSK cells derived from Potlb™2
mice are actively cycling, in vivo BrdU injections were performed
to label hematopoietic cells. The percentage of LSK cells in
S phase was significantly greater in PotIb*2 cells compared with
wild-type control mice (P = 2.4 X 1073, n = 6; Figure 2E). To
determine whether BrdU incorporation in PotIb* LSK cells
correlated with a decrease in the quiescent Gy LSK population, we
used a combination of DNA (Hoechest 33342) and RNA (Pyronin
Y) staining to distinguish between the G, and G cell populations.
A significant reduction in quiescence was observed in Potlb2
LSK cells. In wild-type mice, 44.4% of LSK cells were quiescent
(Hoechest and Pyronin Y double-negative) compared with 12.7%
in PotIb® cells (P =1.0X 1074, n = 6; Figure 2F). Taken
together, these results suggest that in the absence of Potlb, HSCs
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actively proliferate and are extremely sensitive to the presence of
5-FU. The delayed recovery in both peripheral blood count and BM
cells after the administration of 5-FU is likely due to acute
depletion of HSCs, resulting in defective stem cell renewal
capacity, BM exhaustion, and early death.

An intrinsic requirement for Pot1b in the maintenance of HSC
survival in vivo.

Because the deletion of Potlb removes this protein from all cell
types in the mouse, it is important to determine whether Potlb
plays a cell autonomous role in hematopoiesis. To address this
question, we performed 1:1 competitive BM transplantation, in
which male Pot/b** donor BM was mixed with age-matched
female wild-type BM and then injected into lethally irradiated
SCID mice. The converse experiment, in which male wild-type
BMs were mixed with female PotIb*® donor BMs, also was
performed. SCID mice were used as recipients for transplantation
experiments because our mouse cohorts were maintained in a
mixed genetic background. Three months after stable BM transplan-
tation, FISH was used to quantify the number of the Y chromo-
somes present in cells prepared from the reconstituted BM. In
100% of experiments, BM from wild-type donors irrespective of
sex always out competed BMs derived from PotIb** mice (Figure
3; Table 1). These results indicate that there is an absolute and
intrinsic requirement for Pot1b in the maintenance of HSC survival
in vivo that cannot be attributed to stromal defects.

Elevated DNA damage response, chromosomal fusions, and
apoptosis in HSCs devoid of Pot1b

Studies in human and mouse cell cultures and organ systems have
shown that dysfunctional telomeres can engage classic DDR
pathways.?® There is now strong evidence that global activation of
the DNA damage machinery by dysfunctional telomeres through-
out proliferating cellular compartments initiates cellular check-
point responses, which in turn lead to defects in cellular prolifera-

Table 1. Summary of competitive BMT with BM nucleated cells from
WT and Pot1b~* mice

Study groups 1 [}

Male donor genotype Pot1pAA WT

Female donor genotype WT Pot1bAA
Results: Y chromsome % in recipients 0,0,2.8, 3.1 90, 91, 93, 86

BMT indicates BM transplantation; and WT, wild-type.
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Figure 3. Intrinsic defect in Pot1b*’A mice hematopoi-
etic cells. (A) Scheme of competitive BM transplantation
experiment. Two-month-old male and female wild-type or
Pot1b™> mice were used as marrow donors. Female
SCID recipient mice were lethally irradiated with 5 Gy of
radiation. A total of 10 million mixed nucleated cells (50%
from each genotype) were injected intravenously into the
lateral tail veins of recipient mice. Recipients were killed
after 3 months, and BM cells were analyzed with FISH for
the presence of Y chromosomes. (B) Representative

Il images of Y-probe FISH results in 2 different study
groups. Group I: male Pot1b** male donors, wild-type
female donors. Group II: wild-type male donors, Pot1bA/A
female donors. Green: FITC labeled Y-FISH probe; blue:
DAPI nuclear staining.

tion.?>3% To test the hypothesis that dysfunctional telomeres
activate the DDR in LSK cells devoid of Potlb, we used the TIF
assay to quantitatively determine the association of DNA damage
proteins to dysfunctional telomeres.?!-32

As expected, the DNA damage protein y-H2AX did not
associate with telomeres in wild-type LSK cells, with no wild-type
cells displaying > 3 TIFs. In contrast, Pot/b deletion resulted in the
dramatic induction of a DDR in LSK cells, with at least 3 TIFs
observed in 38% =+ 10% of PotIb** BM cells examined (Figure
4A-B). Deletion of Potlb also resulted in elevated p53 levels and
the phosphorylation of Chk2 in BM multilineage negative cells,
suggesting that the ATR-dependent DDR is activated in a cell
population enriched with HSCs on Potlb deletion (supplemental
Figure 4). BM cells isolated from Pot/b** mice also displayed
chromosomes with telomere-free ends and end-to-end chromo-
some fusions that increased with age, both hallmarks of severe
telomere dysfunction (Table 2; Figure 4C-D).

We hypothesized that dysfunctional telomeres activate a DDR
that initiates pS3-dependent apoptosis and/or cellular senescence
pathways, resulting in impaired HSC renewal and function. To test
this hypothesis, we used real-time PCR analysis to monitor for the
expression of downstream genes involved in pS3-dependent apopto-
sis, including PUMA and Bax. Potlb** LSK cells displayed a
4.2 * 1.3-fold increase in PUMA expression (P = 7.0 X 1073) and
a 2.1 = 0.64-fold increase in BAX expression (P = 2.0 X 1072
Figure 4E). Consistent with these gene expression changes, 7-AAD/
annexin V staining revealed that PorIb** LSK cells exhibited
consistently increased apoptosis (22.5% vs 7.8%, P = 2.0 X 1074,
n = 6; Figure 4F). Because telomere dysfunction can also induce
the onset of cellular senescence in highly proliferative compart-
ments,’” we examined the expression level of p21 in Pot1h** LSK
cells. p21 plays a critical role in mediating pS3-dependent cellular
senescence.?>3> However, compared with wild-type controls, no
significant change in p2/ expression was detected in LSK cells
devoid of Potlb (P = .36; Figure 4E). Collectively, these results
suggest that Potlb plays a critical role in HSC telomere end
protection, preventing the activation of a p53-dependent DDR at
telomeres that would otherwise result in the initiation of an
apoptotic response in HSCs.

Depletion of hematopoietic stem cells in Pot1b*2; mTerc*/~
mice precedes BM failure

Potlb is thought to protect the C-strand of telomeres from
nucleolytic degradation, because mice lacking Potlb have short
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Figure 4. Elevated DNA damage response in HSCs lacking Pot1b. (A) Colocalization of y-H2Ax (green) and TRF1 (red) to telomeres in sorted LSK cells isolated from
wild-type (WT) and Pot1b~2 mice. Six 4-month-old mice per genotype were used for this experiment. (B) Quantification of colocalization of y-H2Ax and TRF1 to telomeres in
wild-type (WT) and Pot1b%A LSK cells. A total of 300 nuclei were scored per genotype. Error bars represent SEM. (C) BM metaphases isolated from Pot1b*2 BM show
chromosome end-to-end fusions (arrows), whereas wild-type (WT) metaphases show minimal abnormalities. (D) End-to-end chromosome fusions (arrows) and telomere
signal-free ends (arrowheads) are elevated in Pot1b~2 BM cells. Not all telomere-free chromosome ends are indicated. (E) Representative real-time PCR quantification of
mRNA expression levels of p21, PUMA, and BAX in sorted wild-type (WT) and Pot1b* LSK cells is shown. Each experiment was repeated in triplicate. Error bars represent
SEM. (F) Histograms showing annexin V profiles of mice bone marrow LSK cells isolated from wild-type (WT) and Pot1b2/2, Data from 6 mice per genotype are shown in the

right panel (P = 2.0 X 1074).

telomeres but very long 3’ G-overhangs.!®!%20 Qur data suggest
that the HSCs of mice lacking Potlb possess dysfunctional
telomeres, resulting in profound defects in BM proliferation. In
contrast, aberrations in the hematopoietic system are not readily
observable even in late-generation telomerase knockout mice,
suggesting that Potlb loss impacts upon HSC proliferative func-
tions more severely than deletion of telomerase. Because telomer-
ase is essential for telomere elongation, we hypothesized that
deletion of both Pot/b and telomerase will result in accelerated
telomere shortening, leading to rapid HSC proliferative decline and
complete BM failure at an early age.

Indeed, the PotIb** mice heterozygous for telomerase
(mTerc™™) experience accelerated telomere shortening and de-
velop complete BM failure as early as 6 months of age.?’ However,

Table 2. Chromosome fusions in Pot1b*2 mice

Mouse Sex Age, mo Meta-analyzed Fusion/meta
4172 F 2 32 0

4314 M 2 32 0.03
8363 = 10 35 0.2

8367 F 12 34 0.8

7312 M 14 33 0.57
7245 F 14 33 1.1

6590 M 16 33 24

2510 M 16 34 2.0

F indicates female; M, male; and meta, metaphases.

it was not clear mechanistically why BM failure occurred in this
setting. To understand the impact of accelerated telomere shorten-
ing on the HSC compartment, we examined LK, LSK cells, and
BM cells derived from wild-type and Potlb®®; mTerc™’~ mice
during a period of 6 months. Compared with wild-type mice at
2 months of age, a dramatic decrease in the number of LSK and LK
cells were observed in Potl1b*2; mTerc™~ mice (LSK, 0.28% vs
0.12%; LK, 2.04% vs 1.04%; Figure 5A; supplemental Figure 5).

Although at this early age the BM still appeared relatively
normal in vivo (Figure 5B), a reduction in the number of total
BM cells was observed (7.4 = 1.3 X 107 for wild-type vs
5.3 = 0.7 X 107 for Potlb*®; mTerc*™’~ BM,; Figure 5C). At
4 months of age, the frequency of the LSK population in
Pot1b¥*;mTerc*’~ mice was reduced ~ 8-fold compared with
wild-type controls (0.25% vs 0.03%), whereas the LK popula-
tion was reduced ~ 4.5-fold (1.75% vs 0.39%; Figure 5A;
supplemental Figure 5). This time point was also characterized
by the appearance of a hypocellular BM (Figure 5B) and a 5-fold
decrease in total BM cells (8.2 = 1.2 X 107 vs 1.6 = 0.2 X 107,
Figure 5C). By 6 months of age, LSK and LK cells were
completely absent in Potlb**;mTerc™~ mice, and only
~ 2.5 X 10° nucleated cells were found in their BM (Figure
5A-C; supplemental Figure 5). These results suggest that the
BM failure phenotype observed in 6-month-old Potlb*/2;
mice is because of progressive loss of the HSC
population.

mTerct’~
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Figure 5. HSC exhaustion in Pot1b*2;mTerc*/~ mice precedes BM failure. (A) FACs analysis of multilineage negative population in aging Pot1b*2; mTerc*/~ mice.
Numbers are the percentage of LSK and LK cells in total BM. Each age group represents a minimum of 4 mice. Lin—: muiltilineage negative. (B) BM morphology in the
diaphysis of the bone of wild-type and Pot1b*; mTerc*/~ mice at the indicated ages (20 magnification). Each image corresponds to the above flow cytometric analysis.
(C) Quantification of total BM nucleated cell counts for wild-type (WT) and Pot1b*2; mTerc*/~ mice at the indicated ages. Each age group represents a minimum of 4 mice.

Error bars represent SEM.

Reduction of p53-dependent apoptotic function rescues the
proliferative defects observed in Pot1b*2; mTerct'- HSCs

The activation of p53-dependent genes involved in the apoptotic
pathway, and the markedly elevated number of apoptotic HSCs
observed in PotIb* mice, suggested that increased apoptosis
because of the activation of the p53 DDR pathway by dysfunctional
telomeres was responsible for the depletion of HSCs. We therefore
reasoned that abrogation of the apoptotic function of p53 will result
in at least partial rescue of HSC proliferative capacity. To test this
hypothesis, we used the p53%!/72P/RI72P knock-in mouse (abbreviated
as p537P).2 This point mutation substitutes the wild-type p53
alleles with mutant p53, in which arginine at position 172 is
replaced with proline. p53R172P ig the ortholog of a human p53
mutant that is completely defective for apoptosis but still able to
mediate cellular senescence/cell cycle arrest.>° By using the 1:1
competitive BM transplantation assay, we compared the ability of
PotIb®2; p53°% BM cells versus Potlb*2; p53*/* BM cells to
reconstitute lethally irradiated SCID mice.

Three months after stable engraftment, we found that 75%-85%
of engrafted BM cells originated from Porlb*%; p53¥® donors
(Table 3). These results indicate that Pot/b*2; p53°» BM cells are
able to out compete PotIb™2; p53+/* BM cells to multilineage
reconstitute lethally irradiated mice, most likely because of abroga-
tion of the apoptotic function of p53 to enhance cellular survival
and increased HSC proliferative capacity. Indeed, compared with
age-matched Pot1b*2; mTerc™~; p53*/* mice, Pot1b¥*; mTerc™~;
p53PP mice displayed increased numbers of LSK (0.08% vs
0.03%) and LK (0.75% vs 0.18%) cells, and a more robust
trilineage BM that yielded 4-fold more colonies in an in vitro

colony-forming assay (35 =8 vs 9 =5, P =9.6 X 1073, n = 3;
Figure 6A-D). Taken together, these results suggest that elimina-
tion of the p53 apoptotic function in the setting of severe telomere
dysfunction improved the proliferative capacity of HSCs.

Finally, we examined the overall survival rate of our mouse
cohorts. The median survival of Pot1b*2; mTerc*’~; p53¥/F mice
was significantly longer than that of Potlb*2; mTerc*/~; p53*+/*+
mice (210 days vs 135 days, P = 1.5 X 1072). Pot1b™*; mTerc™'—;
p53PP mice also lived significantly longer than Pot1b»*; mTerc~'~;
p53™/* mice (33.5 days vs 17.5 days, P = 1.8 X 1073; Figure 6E).
These results suggest that abrogation of the p53-dependent apopto-
tic response significantly increased the lifespan of Potlb*™;
mTerc*/~ and PotIb*®; mTerc™'~ mice by promoting HSC sur-
vival. However, compared with wild-type and p5377 controls,
Potlb¥A;mTerc™'~; p53PF mice still died earlier. This is most likely
because of the fact that telomere dysfunction continues to persist in
the setting of Pot1b deletion, as revealed by the elevated number of
end-to-end chromosome fusions observed in the BM of Pot1b*A;
mTerc™~; p53PP mice (Table 4).

Table 3. Competitive BMT results for Pot1b*/A and Pot1b*; p53F/P
BM cells

Study groups 1 [}
Male donor genotype Pot1pAA Pot1b2A; p53P/P
Female donor genotype Pot1bAA; p53FPF  Pot1bAA

FISH results: chromosome Y% in each mouse 8, 6, 4 75, 84, 85

BMT indicates BM transplantation.
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Figure 6. Abrogation of p53-dependent apoptotic function partially rescues the proliferative defects observed in Pot1bA/A;mTerc*/~ HSCs. (A) Frequency of LK and
LSK cells isolated from age-matched wild-type, p53°/P, Pot1b*2; mTerc*/~, and Pot1b2; mTerc*/~; p53° BM. (B) BM morphology of age-matched wild-type (WT) p537/7,
Pot1b2A; mTerc*/~, and Pot1b*2; mTerct/~; p53FF mice (X20 magnification) in the diaphysis of the bone. (C) Representative in vitro colony-forming assays of 10* BM
mononucleated cells isolated from age-matched wild-type, p537%, Pot1b~4; mTerc*/~;p53FP, and Pot1b*'4; mTerc*/~ mice. (D) Quantification of the number of colonies shown
in panel C. The average colony numbers for wild-type (WT) p53FF, Pot1bAA; mTerc*/~, and Pot1b*2; mTerc*/~; p53FF mice are 73 = 12, 84 + 15,9 = 5, and 35 * 8,
respectively. Results are from 3 independent experiments. Error bars represent SEM. (E) Kaplan-Meier survival analysis of Pot1b*2; mTerct/~; p53FF intercrosses and
wild-type (WT), p537F mice as control. For clarity, not all genotypes generated are shown. P values are indicated for selected comparison groups.

Discussion

In this study, we show for the first time that the shelterin component
Potlb is critically important for the self-renewal function of HSC
and progenitor cells. Potlb is required for maintenance of HSC
telomere stability because deletion of Pot1b results in the formation
of dysfunctional telomeres that results in HSC proliferative defects.
We show that there is an absolute and intrinsic requirement for
Pot1b in the maintenance of HSC survival because BM cells from
PotIb™* mice cannot compete with wild-type BM to long term
reconstitute lethally irradiated recipients. In the absence of Potlb,
dysfunctional telomeres activate a p53-dependent DDR in HSCs,
initiating a p53-dependent apoptotic response that ultimately
results in a progressive decrease in the number of HSCs. Removal
of Pot1b in the setting of telomerase haploinsufficiency accelerated
telomere erosion, resulting in the rapid depletion of HSCs and
complete BM failure in vivo. Finally, when the p53-dependent
apoptotic response was genetically abrogated in vivo in the setting
of both Potlb deletion and telomerase haploinsufficiency, HSC

Table 4. Chromosome fusions in Pot1b*/2; mTerc*/-; p53°/ cells
No. of Meta

Mouse meta analyzed with fusions, % Fusion/meta
6767 32 100 4.9
5998 35 65.7 2.6
6850 33 100 7.2
7035 34 97 3.9

Meta indicates metaphase.

proliferative defect was markedly reduced, resulting in a significant
extension of organismal lifespan. Our results document mechanisti-
cally for the first time that p53-dependent apoptotic response is
primarily responsible for compromised HSC self-renewal function
when Potlb is deleted in mice.

Defects in telomere maintenance contribute directly to a
spectrum of acquired and inherited human hematopoietic disor-
ders.3%3 Shortened telomeres and mutations in TERC and TERT
are present in BM failure syndromes, including aplastic anemia,
myelodysplastic syndrome, and DC.*>*! Recently, mutations in the
shelterin component TIN2 have been identified in DC patients who
do not possess mutations in the genes encoding components of the
telomerase complex.?'?> The prevalence for these mutations has
been estimated to be as high as 11% of all DC patients.?> Another
shelterin component, TPP1, is required to recruit telomerase to
telomeres,*>*> and this recruitment is augmented by TPP1’s
interaction with TIN2.#% Of importance, telomerase recruitment
is disrupted by TIN2 DC mutations.**

These results suggest that DC could arise not only from defects
in telomerase function per se but through the failure of telomerase
to properly localize to and repair dysfunctional telomeres due to
mutations in components of the shelterin complex. The results
presented here present additional evidence for the importance of
the shelterin complex in maintaining hematopoietic function.
Proliferative defects in BM arise even in the setting of fully
functional telomerase when Potlb function is compromised. A
particularly important question is why deletion of Pot/b resulted in
proliferative BM defects, whereas late-generation mTerc™/~ mice
lacking telomerase activity bearing critically shortened telomeres
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do not display this phenotype.*® When Potlb is deleted in mice in
the setting of telomerase haploinsufficiency, accelerated telomere
shortening is accompanied by phenotypes characteristic of human
DC, including cutaneous phenotypes and fatal BM failure.!*2° The
PotIb*®; mTerc™~ mouse thus represents a useful model to
understand the roles of shelterin components and telomerase in the
maintenance of HSC telomeres, observations that will likely shed
light on the pathogenesis of BM failure syndromes.

Most vertebrates, including humans, possess a single POTI
gene, whereas 2 Potl genes exist in the mouse genome. Although
both Potl proteins display a high degree of sequence conservation
and form heterodimers with the shelterin component TPP1, knock-
out mouse models reveal that Potla and Potlb display divergent
functions. The Potla-TPP1 complex primarily mediates telomere
end protection by repressing the activation of an ATR-dependent
DNA damage checkpoint via the exclusion of RPA binding to
single-stranded telomeric DNA.?54748 This complex is also re-
quired to repress the alternative-nonhomologous end joining DNA
repair pathway at telomeres.** The Potlb-TPP1 complex is also
involved in repressing the ATR-dependent DNA damage pathway
at chromosome ends.? However, the major function of Potlb
appears to be its role in protecting the C-rich telomeric DNA from
nucleolytic processing. Deletion of Pot/b results in the formation
of very long G-rich overhangs because of unrestrained nucleolytic
processing of the 5’ end of the C-rich strand by as yet unknown
nucleases, with progressive loss of total telomere length.!%? The
elongated overhang could serve as a substrate for the recruitment of
RPA, resulting in the activation of an ATR-p53—dependent check-
point response to compromise HSC function. Given the high
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degree of sequence conservation present in all POT1 genes, and the
observation that the human POT1 protein possess functions found
in both Potla and Potlb, analysis of patients with BM failure
syndromes should include genetic analysis of the POT1 gene.
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