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Introduction

Aplastic anemia is a rare and potentially fatal bone marrow
disease which can develop at any stage of life and is character-
ized by peripheral cytopenia in at least two of the three blood
lineages and marrow hypoplasia.1 Aplastic anemia can be
acquired or inherited. The acquired form is mainly caused by
T-cell triggered autoimmune processes against the hematopoi-
etic stem cell compartment.2 In contrast, inherited forms of
aplastic anemia can be caused by more than 30 mutations in
genes involved in biological pathways such as DNA repair,
ribosome biogenesis and telomere maintenance.3

Telomeres are specialized nucleoprotein structures located at
the end of linear chromosomes.4 They are composed of long
stretches of repetitive TTAGGG sequences that are bound by
an array of proteins known as shelterins (TRF1, TRF2, TIN2,
RAP1, TPP1 and POT1)5 which are important for telomere pro-
tection by preventing telomere fusions and telomere fragility.
Telomerase is the enzyme capable of de novo synthesis of
telomeric repeats. Telomerase activity is high at the blastocyst
stage during which telomere length is determined for a given
individual.6,7 Thereafter telomeres progressively shorten
throughout life due to the down-regulation of telomerase and
the loss of telomeric sequences associated with the replication
of DNA ends with every cell division. Consequently, cells
reaching a critical short telomere length enter into cellular
senescence.8-11 In contrast to most somatic cells, adult stem cells
retain basal telomerase activity which leads to decelerated
telomere attrition in these compartments, although eventually
these cells also show telomere shortening associated with the
aging process.12 Conversely, impaired telomerase function, for
instance by virtue of Tert haploinsufficiency, leads to accelerat-
ed telomere shortening in the stem cell compartments which

prematurely limits the potential for hematopoietic stem cell
proliferation and tissue renewal capacity, leading to the onset
of different diseases. Thus, tissues with a high proliferative
index such as the hematopoietic system are particularly affect-
ed by lower than normal telomerase levels.13 One of the most
frequent telomere syndromes is dyskeratosis congenita, clini-
cally defined by a triad of abnormal nails, reticular skin pig-
mentation, and oral leucoplakia.14,15 The most severe complica-
tion however, in ~80% of patients with dyskeratosis congeni-
ta, is the development of severe aplastic anemia14,16 (since we
exclusively studied effects in the hematopoietic compartment,
we will use the term aplastic anemia hereafter). Interestingly,
both dyskeratosis congenita and aplastic anemia are character-
ized by premature telomere shortening. This is caused either
by impaired telomere maintenance due to mutations affecting
proper telomerase function or, in the case of autoimmune-
mediated aplastic anemia, by increased cell turnover and
hyperproliferation to compensate for hematopoietic stem cell
depletion. Treatment options for aplastic anemia include stem
cell transplants and immunosuppressive therapy.17

Interestingly, for more than five decades already, testosterone
derivatives such as danazol and oxymetholone have been
given to patients with aplastic anemia and such hormone ther-
apies frequently induce remission.18,19 The mechanism underly-
ing the response to treatment in autoimmune-triggered aplastic
anemia has remained unclear to date. Interestingly, recent stud-
ies demonstrated that sex hormones act on the Tert gene to
increase telomerase expression in vitro.20,21 With this in mind,
here we set out to test the hypothesis that hormone therapies
may induce remissions in patients with aplastic anemia
because increased telomerase expression in this setting delays
telomere shortening and disease.
To this end, we used a mouse model that faithfully recapitu-
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lates the bone marrow phenotype observed in patients with
aplastic anemia.22 In this model, which we recently generat-
ed, conditional Trf1 gene deletion specifically in the
hematopoietic system causes acute telomere uncapping and
persistent activation of a DNA damage response at telom-
eres, leading to fast elimination of those hematopoietic
stem cells and progenitor cells lacking Trf1. Because Trf1
deletion is not complete, the remaining non-Trf1 deleted
hematopoietic stem cells undergo extra rounds of compen-
satory proliferation leading to rapid telomere shortening.
Thus, incomplete depletion of the stem cell compartment
by Trf1 deletion recapitulates the high turnover and hyper-
proliferation observed in patients with aplastic anemia of
autoimmune origin, as well as the presence of very short
telomeres owing to mutations in telomere maintenance
genes. 
Interestingly, in our mouse model we can experimentally

set the frequency of induction of Trf1-mediated stem cell
depletion, thus adjusting the rate of progressive telomere
shortening and disease onset. In particular, continuous Trf1
deletion leads to rapid telomere shortening and cellular
senescence of the progenitor and stem cells in the bone mar-
row.23 This in turn leads to bone marrow aplasia and pancy-
topenia.22
Here we used this mouse model to examine whether

androgen therapy can increase telomerase activity, deceler-
ate telomere attrition and consequently delay the develop-
ment of bone marrow failure. 

Methods

Study approval
All experiments including mice were done using protocols

approved by the CNIO–Instituto de Salud Carlos III (CNIO-ISCIII)
Ethics Committee for Research and Animal Welfare (CEIyBA).
Mice were treated in accordance with Spanish laws and the guide-
lines of the Federation of European Laboratory Animal Science
Associations (FELASA).

Mice and animal procedures
All mice were bred on a C57/BL6 background and were pro-

duced and housed in a specific pathogen-free animal house of the
CNIO, Madrid. Trf1lox/lox Mx1-Cre and Trf1lox/lox Mx1-wt mice were
generated and bone marrow transplanted as previously
described.22,24 Androgen therapy was administered by subcuta-
neous implantation of a 90-day, slow-release testosterone pellet
(Innovative Research of America). For details see the Online
Supplementary Material. 

Cell culture 
Bone marrow cells were isolated from wild-type and Tert+/- mice

femora and tibiae. Erythrocytes were lysed with ammonium chlo-
ride solution (Stemcell Technologies) for 5 min, washed in phos-
phate-buffered saline and plated in AlphaMEM supplemented
with 5% fetal bovine serum. For the preparation of mouse embry-
onic fibroblasts (MEF) Tert heterozygous knock-out mice were
crossed to yield telomerase wild-type (Tert+/+), heterozygous (Tert+/-)
and G1 knock-out mice (Tert-/-). MEF were cultured in Dulbecco’s
modified Eagle’s medium without phenol red containing 10%
charcoal stripped fetal bovine serum. Estradiol or testosterone
(Sigma) was dissolved in MeOH and cells incubated at concentra-
tions as indicated in individual experiments. 4-hydroxytamoxifen
was added at a final concentration of 1 μM. For gene expression
analyses cells were incubated for 1.5 h prior to harvesting. Long-

term culture of MEF was done using the 3T3 protocol.25 MEF were
prepared as described elsewhere.26

Quantitative real-time polymerase chain reaction 
Total RNA from tissues was extracted with a Qiagen RNeasy

Mini kit, according to the manufacturer’s instructions. Before pro-
cessing, RNA samples were treated with DNaseI. Quantitative
real-time polymerase chain reaction was performed using an ABI
PRISM 7700 (Applied Biosystems). Primers are listed in Online
Supplementary Table S2. 

Testosterone enzyme-linked immunosorbent assay
At various time-points, 100 μL of peripheral blood were extract-

ed from the same mice. Serum was isolated and frozen at -80°C
until measurement of serum testosterone levels with a testosterone
(mouse/rat) enzyme-linked immunosorbent assay kit
(MyBioSource, MBS494055) according to the manufacturer’s pro-
tocol.

Blood counts
Peripheral blood was drawn from the facial vein (~50 μL) and

collected into tubes containing anti-coagulant (EDTA). Blood
counts were determined using an Abacus Junior Vet veterinary
hematology analyzer.

Histology
Bone marrow and liver samples were fixed in phosphate-

buffered 4% formaldehyde, bones were decalcified and embedded
in paraffin. Tissue sections (5 μm) were stained with hematoxylin-
eosin. Immunohistochemistry was performed on deparaffinized
tissue sections and processed with anti-p19 antibodies (sc-32748,
Santa Cruz Biotechnology).

Telomere analysis
Quantitative fluorescence in situ hybridization (Q-FISH) on tis-

sue sections or metaphase spreads was performed as described
elsewhere.27 High throughput Q-FISH on peripheral blood leuko-
cytes was done using 120-150 μL of blood, as described
previously.28 Details are provided in the Online Supplementary
Material.

Statistics
Survival curves were analyzed using the log-rank (Mantel-Cox)

test. Time course experiments were analyzed using two-way
ANOVA (population doubling assay, high-throughput Q-FISH,
testosterone level). The remaining experiments were analyzed
using the Student t-test (quantitative polymerase chain reaction,
Q-FISH, blood counts, immunohistochemistry). Data are present-
ed as mean ± SEM; P values ≤0.05 were considered statistically sig-
nificant.

Results

Testosterone and estradiol treatment increases Tert
expression in vitro

We first investigated whether treatment with sex hor-
mones (testosterone and estradiol) increases Tert expression
in murine cells, as observed in cultured human cells.20,21 To
this end, we isolated and cultured whole bone marrow cells
and MEF (E13.5). As determined by quantitative reverse
transcriptase polymerase chain reaction all cultures showed
significantly increased Tert mRNA levels as soon as 1.5 h
after incubation with testosterone or estradiol (~2-fold
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increase) compared to cells treated with MeOH (vehicle)
only (Figure 1A,B). The effects of testosterone were dose-
dependent and the level of Tert induction varied between
cell types (Figure 1A,B). Since both testosterone and estradi-
ol could increase Tert expression, and estradiol seemed to be
a more potent stimulant, we next tested whether this acti-
vation is mediated through the estrogen receptor, as has
been described for primary human hematopoietic cells.21
We treated bone marrow cells and MEF simultaneously
with testosterone and the estrogen receptor antagonist 4
hydroxytamoxifen and found that this significantly
decreased the effects of testosterone in both types of cells
suggesting that Tert up-regulation is mainly executed
through the estrogen receptor (Figure 1C,D). Because MEF

up-regulated Tert in response to testosterone treatment, we
next studied primary bone marrow cells and MEF haploin-
sufficient (Tert+/-) and null (Tert-/-) for the Tert gene.29 As
expected, Tert expression in untreated Tert+/- cells (bone mar-
row and MEF) was around 50% of that of wild-type MEF
(Figure 1E,F). Interestingly, testosterone treatment of Tert+/-
cells significantly rescued Tert expression to levels close to
those found in the respective wild-type cells. Simultaneous
incubation with testosterone and 4 hydroxy tamoxifen abol-
ished this effect (Figure 1E,F). No Tert mRNA was detected
in Tert knock-out bone marrow cells or MEF (data not shown).
Next, we analyzed the promoter region of Tert and identi-
fied, in close proximity to the transcriptional start site, an
estrogen receptor response element half-site adjacent to
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Figure 1. Tert activation by
testosterone in vitro. (A) Fold
change of Tert mRNA in murine
bone marrow cells treated with
testosterone or estradiol at indi-
cated concentrations. (B) Fold
change of Tert mRNA in MEF
treated with testosterone or
estradiol at indicated concentra-
tions. (C) Fold change of Tert
mRNA in murine bone marrow
cells treated with testosterone
and testosterone in combination
with 1 μM 4-hydroxytamoxifen.
(D) Fold change of Tert mRNA in
MEF treated with testosterone
and testosterone in combination
with 1 μM 4-hydroxytamoxifen.
(E) Fold change of Tert mRNA in
Tert+/+ and Tert+/− bone marrow
cells. Tert+/− cells were incubated
with testosterone and testos-
terone in combination with 1 μM
4-hydroxytamoxifen. (F) Fold
change of Tert mRNA in Tert+/+

and Tert+/− MEF. Tert+/− cells were
incubated with testosterone and
testosterone in combination with
1 μM 4-hydroxytamoxifen. All
graphs show mean values, error
bars indicate SEM, n = number of
samples from different mice or
MEF clones. A one-sided Student
t-test was used for the statistical
analysis. P-values are indicated.
n.s. = not significant. (G)
Illustration of putative binding
sites for the estrogen receptor
(ERE) and the Sp1 transcription
factor in the promoter region of
the mouse Tert gene.
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two SP1 sites, a constellation previously shown to regulate
gene expression in response to hormone treatment.30,31 In
addition, we identified an imperfect palindromic estrogen
receptor response element ~2.3 kb upstream from the tran-
scriptional start site (Figure 1G). We did not find an andro-
gen receptor response element consensus sequence within
5 kb upstream of Tert. These findings suggest direct Tert acti-
vation via the estrogen receptor in mice. 

Hormone treatment affects telomere length but not 
proliferation of mouse embryonic fibroblasts
Next, we investigated whether hormone treatment

resulted in increased telomere length in MEF and whether
this was mediated by telomerase activity. To this end, we
incubated Tertwild-type, heterozygous and first generation
Tert knock-out MEF (G1) with estradiol or MeOH for four
passages (p3-p7). To measure telomere length, we per-

formed telomere-specific Q-FISH analysis on metaphase
spreads, which allows quantification of the length of indi-
vidual telomeres. First, we observed normal telomere func-
tion when comparing estradiol-treated with untreated cells
as indicated by similar frequencies of telomeric aberrations
such as signal free ends and chromosome fusions (neither
detected), and multi-telomeric signals (Figure 2A,B).
Interestingly, estradiol-treated wild-type MEF showed sig-
nificantly increased average telomere length as well as
decreased abundance of short telomeres compared to
MeOH-treated cells (Figure 2C,D). Importantly, this telom-
ere elongation as the result of hormone treatment was
mediated by telomerase, as we did not find a significant dif-
ference in telomere length between the estradiol-treated
and untreated cells when we used G1 Tert knock-out MEF
(Figure 2C). No significant differences in telomere length
were observed when comparing MeOH with estradiol-
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Figure 2. Effects of testosterone and
estradiol on MEF. (A) Representative
image of a MEF metaphase spread
subjected to telomere Q-FISH analy-
sis. DNA is stained with DAPI (blue)
and a telomere-specific Cy3-labeled
probe (red). Arrows indicate multi-
telomeric signals. (B) Number of
multitelomeric signals found in
metaphases of wild-type MEF treat-
ed with 1 μM estradiol or vehicle
alone. n = number of metaphases
(C) Relative telomere length (arbi-
trary units of fluorescence) of Tert+/+

or Tert−/− MEF incubated with 1 μM
estradiol for four passages. In Tert+/+

n = 1346 telomeres for estradiol
and n = 2576 telomeres for
methanol treatment. In Tert-/- n =
2041 telomeres for estradiol and n
= 1670 telomeres for methanol
(MeOH) treatment. (D) Percentage
of short telomeres of wild-type MEF
treated with 1 μM estradiol or MeOH
represented as 10th percentile of
telomere length of the MeOH con-
trol. (E) Population doubling level
(PDL) of wild-type Tert+/+, heterozy-
gous Tert+/− or knock-out Tert−/− MEF
treated with or without 20 μM
testosterone for 20 passages. n =
number of MEF clones for each
genotype and treatment. Graphs
show mean values, error bars indi-
cate SEM. The Student t-test was
used for statistical analysis of the
experiments shown in panels (B-D)
and two-way ANOVA analysis for
that shown in panel (E). P-values are
indicated. n.s. = not significant.
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treated heterozygous knock-out MEF (Online Supplementary
Figure S1).
To rule out that these effects on telomere length could be

mediated by an effect of the hormones on MEF prolifera-
tion, we performed a long-term 3T3 assay with Tert wild-
type, heterozygous and Tert (G1) knock out MEF in the
presence or absence of testosterone. After 20 passages, we
could not find any differences in proliferation in any of the
three genotypes independently of the hormone treatment
(Figure 2E).

In vivo testosterone treatment results in longer 
telomeres in wild-type mice
To investigate the effects of hormone treatment in vivo,

we first implanted mice with 90-day, slow-release testos-
terone pellets subcutaneously and subsequently performed
enzyme-linked immunosorbent assays to check serum
testosterone levels at several time-points after implantation
of the pellets. We found a more than 20-fold increase in
testosterone levels which remained stable over time (Online
Supplementary Figure S2A). To determine whether this
increased testosterone was biologically active, we tested
the well-described erythropoietic stimulating effect of
androgens.32,33 Eight weeks after testosterone pellet implan-
tation, we found significantly elevated erythrocyte counts,
increased hematocrit, and increased hemoglobin levels in
the hormone-treated mice compared with the untreated
controls (Online Supplementary Figure S2B-D).
Next, we determined the effects of long-term hormone

treatment on telomere length in vivo by performing Q-FISH
analysis on tissue sections from mice treated with testos-
terone for 6 months compared to the untreated controls.
We found significantly longer telomeres in bone marrow
cells in the testosterone-treated mice compared with non-
treated controls (Online Supplementary Figure S2E). Of note,
we did not observe significant differences in telomere
length between treated and untreated mice in the case of
liver (Online Supplementary Figure S2F), in agreement with
the lower cell proliferation in this organ than in the bone
marrow and the fact that telomerase-dependent telomere
elongation occurs in association with cell division.34,35

In vivo testosterone treatment significantly rescues 
survival in a mouse model of aplastic anemia associated
with short telomeres
Next, we set out to investigate the potential benefits of

androgen therapy in a mouse model of aplastic anemia
induced by short telomeres, which we recently generated.22
In this mouse model, Trf1 deletion leads to rapid telomere
shortening and the onset of aplastic anemia. We first gener-
ated wild-type irradiated mice, which received either
Trf1lox/lox Mx1-Cre or Trf1lox/lox Mx1-wt bone marrow trans-
plants. In this experimental setting, Trf1 deletion can be
induced specifically in the bone marrow upon treatment
with polyinosinic:polycytidylic acid (pI:pC), which will
trigger Cre expression in the Trf1lox/lox Mx1-Cre transplanted
bone marrow but not in the Trf1lox/lox Mx1-wt control. We
hypothesized that in vivo activation of Tert by androgen
therapy can antagonize telomere attrition associated with
pI:pC-induced Trf1 deletion and thus prevent or delay the
appearance of aplastic anemia and prolong survival in this
mouse model.
First, we performed a protocol for long-term induction of

Trf1 deletion and induction of telomere shortening previ-
ously described by us.22 In detail, bone marrow-transplant-

ed mice were injected twice weekly with pI:pC until they
developed signs of aplastic anemia (Figure 3A). Strikingly,
androgen therapy in these mice, delivered by subcutaneous
implantation of a slow-release pellet of testosterone, signif-
icantly improved survival compared with that of testos-
terone-untreated mice (Figure 3B). No significant differ-
ences in average survival were observed when mice were
injected three times per week with pI:pC, although some of
the testosterone-treated mice survived for double the time
of the non-treated controls, suggesting that the level of stem
cell depletion and telomere attrition induced by this treat-
ment may be too severe to see the beneficial effects of hor-
mone therapy on average survival in this experimental
model (Online Supplementary Figure S3A). As controls to rule
out potential adverse effects of pI:pC treatment and testos-
terone therapy, we treated Trf1lox/loxMx1-wtmice with pI:pC
or Trf1lox/loxMx1-Crewith testosterone alone, respectively. In
both cases, we did not see any adverse effects of the treat-
ment on survival during 200 days after treatment, when all
mice were sacrificed (Online Supplementary Figure S3B,C).
We next performed full histopathological analyses of

mice sacrificed because they had anemic pallor and a poor
health status regardless of the androgen treatment. First,
analysis of peripheral blood counts confirmed the aplastic
anemia phenotype as indicated by drastically lowered ery-
throcyte, platelet and, granulocyte counts compared to the
blood counts of the same mice before pI:pC treatment had
been started (Figure 3C-E). Further, histological analysis
revealed severe hypoplasia of the bone marrow in mice
treated with pI:pC compared with normal bone marrow
cellularity in pI:pC-untreated mice (Figure 3F). Next, we
determined telomere length in mice showing signs of aplas-
tic anemia; we performed telomere Q-FISH analysis on
cross-sections of bone marrow. Strikingly, telomere signals
were undetectable in the bone marrow sections of Trf1-
deleted mice indicating that telomeres had shortened
beyond the detection limit of the Q-FISH technique (i.e.,
between 500-1000 bps). As a control for the presence of
chromosomes, centromeric sequences were detectable in
these samples (Figure 3G – top row). In contrast, telomere
signals were readily detected in liver samples from the same
mice, demonstrating extreme telomere loss specifically in
the bone marrow compartment of this experimental model
(Figure 3G – second row). As a control, Q-FISH analysis on
bone marrow sections from control mice which did not
express Cre (Trf1lox/loxMx1-Cremice without pI:pC injection
or Trf1lox/lox Mx1-wt with pI:pC injection) showed no
telomere loss (Figure 3G – third and bottom row). In line
with the extremely short telomere phenotype in these
mice,23 we noted an increased percentage of cells positive
for the senescence marker p19 in bone marrow cross-sec-
tions in pI:pC-treated mice (~4%) compared to untreated
controls (~0.5%) (Figure 3F,H).
In conclusion, persistent Trf1 deletion resulting from reg-

ular administration of pI:pC twice weekly in our experi-
mental model resulted in severe stem cell depletion and
extreme telomere shortening in the bone marrow, thus
leading to aplastic anemia. Importantly, this process could
be significantly attenuated by androgen therapy.
Next, we used a different protocol for Trf1 deletion in our

mouse model, in which we first induced deletion of Trf1 by
administering pI:pC three times a week for a total of 4
weeks and then gave androgen therapy to some of the mice
(Figure 4A). Interestingly, this regime resulted in longer
overall survival times upon Trf1 deletion (Figure 4B). 
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The longer survival times allowed us to perform longitu-
dinal telomere length analysis on peripheral blood leuko-
cytes and follow telomere dynamics over time in both
mouse cohorts.11 As expected, Trf1 deletion resulted in a
rapid shortening of telomere length in leukocytes as early as
1 month after the treatment had been started. Importantly,
after this initial decrease in telomere length, mice receiving
androgen therapy were able to maintain a stable telomere
length over time, while telomeres continued to shorten in
mice that did not receive androgen therapy (Figure 4C). As
controls, mice in which Trf1 deletion was not induced (not
treated with pI:pC) showed a stable telomere length
throughout the experiment. Interestingly, control mice in
which Trf1 deletion was not induced (not treated with

pI:pC) but which received androgen therapy, showed a sig-
nificant elongation of telomeres during the period of thera-
py (Figure 4D). 
In agreement with telomere length maintenance, the Trf1-

deleted mice that underwent androgen therapy showed sig-
nificantly higher granulocyte and erythrocyte counts after 3
months of androgen therapy compared to controls not
given androgen therapy (Figure 4 E-F). A similar trend was
observed for platelet counts (Figure 4G).
In summary, these data support our hypothesis that

androgen therapy counteracts telomere attrition in mice
with aplastic anemia due to Trf1-induced telomere shorten-
ing, thus preventing replicative exhaustion of hematopoiet-
ic stem cells and the development of aplastic anemia. 
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Figure 3. Effects of in vivo
androgen therapy during long-
term Trf1 deletion. (A)
Experimental design. Eight-
week old wild-type mice were
transplanted with bone mar-
row (Trf1lox/lox Mx1-Cre). After a
latency period of 1 month
mice were subcutaneously
implanted with a slow-release
testosterone pellet. Trf1 dele-
tion was induced by pI:pC at
the indicated frequencies. (B)
Kaplan-Meier survival curve of
mice treated with pI:pC twice
weekly until death. In addi-
tion, mice were or were not
treated with testosterone, as
indicated. A log-rank (Mantel-
Cox) test was used for statisti-
cal analysis. The P-value is
depicted. (C) Erythrocyte, (D)
platelet and (E) granulocyte
counts of mice before pI:pC
treatment and after they pre-
sented with clear signs of ane-
mia (humane endpoint). (F)
Images of bone marrow cross-
sectioned and stained with
hematoxylin and eosin (H&E)
at different magnifications
and anti-p19 immunohisto-
chemistry. (G) Representative
Q-FISH images of bone mar-
row and liver cross-sections.
Genotypes (Trf1lox/lox Mx1-Cre;
Trf1lox/lox Mx1-wt) and pI:pC
treatment are indicated on the
right. Cross sections were
stained with a centromeric
probe (CENP-B, Alexa-488)
and a telomere-specific probe
(TEL-Cy3). Nuclei were stained
with DAPI. (H) Percentage of
p19-positive cells in bone mar-
row sections of mice which
received the indicated treat-
ment. All bar graphs show
mean values, error bars indi-
cate SEM, n = number of mice.
A two-sided Student t-test was
used for statistical analysis. P-
values are indicated.
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Discussion

Some patients with aplastic anemia have been treated
with androgens since the 1950s and in some of them remis-
sion was observed.18,36 However, the underlying mechanism
for treatment success in some cases but not in others has
remained unknown to date. There is growing evidence that
sex hormones stimulate telomerase expression.20,21 This is of
particular importance for those cases of aplastic anemia pre-
senting with very short telomeres, which in turn may be
associated with an exhaustion of hematopoietic stem cells.
The findings described here indicate that treatment with

androgens increases Tert expression in mouse bone marrow
cells and MEF grown in vitro. In particular, primary MEF
treated for several passages with estradiol show increased
Tert expression and significantly increased telomere length.
Furthermore, we show that this effect is mediated by
telomerase, as similarly treated Tert-deficient MEF did not
show telomere elongation. 
Importantly, we demonstrated here the beneficial effects

of androgen therapy in an in vivo mouse model of aplastic
anemia produced by short telomeres.22 In this experimental

model, androgen therapy improved telomere length main-
tenance and resulted in a significant delay of aplastic ane-
mia and in an increased survival. We showed that testos-
terone treatment can slow down telomere erosion caused
by continuous depletion of the hematopoietic stem cell
compartment. Despite the aforementioned androgen-
induced remission in some studies,18,36 no such beneficial
effects of androgens were observed in a larger cohort
study.37 This discrepancy may be due to different mutation
spectra causing the disease in these studies. Our work sug-
gests that aplastic anemia patients with flawed telomere
maintenance and/or short telomeres are those who would
benefit in particular from androgen-mediated Tert stimula-
tion while the treatment may have no effects in patients
with normal telomere length. Interestingly, in this regard,
clinical investigations are underway to address the efficacy
of danazol (an androgen derivative) treatment for genetic
bone marrow disorders (ClinicalTrials.gov Identifier:
NCT01441037) such as dyskeratosis congenita.
Of note, our mouse model of aplastic anemia associated

with short telomeres due to depletion of hematopoietic
stem cells may be of relevance to understand the pathobiol-
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Figure 4. In vivo androgen ther-
apy during moderate Trf1 dele-
tion. (A) Experimental design.
Eight-week old wild-type mice
were transplanted with bone
marrow (Trf1lox/lox Mx1-Cre).
After a latency period of 1
month Trf1 deletion was
induced by three pI:pC injec-
tions per week for a total of 4
weeks. Mice were then subcu-
taneously implanted with a
slow-release testosterone pel-
let. (B) Kaplan-Meier survival
curve of mice treated as
detailed above. A log-rank
(Mantel-Cox) test was used for
statistical analysis. The P-
value is depicted. (C) High
throughput-Q-FISH longitudi-
nal analysis of telomere length
in peripheral blood leukocytes
in mice treated with or without
testosterone. All mice also
received pI:pC injections three
times per week for a total peri-
od of 4 weeks. (D) High
throughput-Q-FISH longitudi-
nal analysis of telomere length
in peripheral blood leukocytes
in mice not treated with pI:pC
and treated or not with testos-
terone. (E) Granulocyte, (F) ery-
throcyte and (G) platelet
counts 3 months after pI:pC
treatment was stopped. Mice
given or not given androgen
therapy are compared. All
graphs show mean values,
error bars indicate SEM, n =
number of mice. A two-way
ANOVA test was used for sta-
tistical analysis in (C) and (D);
a two-sided Student t-test was
used for the experiments
shown in (E-G). P-values are
indicated.
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ogy of aplastic anemia associated not only with telomerase
mutations but also with mutations in other genes that cause
hematopoietic stem cell depletion (e.g. Fanconi anemia38). In
this regard we previously demonstrated that accelerated
telomere shortening in patients with Fanconi anemia is not
caused by dysfunctional telomeres,39 suggesting that hor-
mone-mediated telomerase activation may be used prophy-
lactically in patients with Fanconi anemia to slow down
telomere erosion and disease progression. In addition,
immune-mediated hematopoietic stem cell depletion is
thought to cause telomere shortening and immune-mediat-
ed aplastic anemia is currently being treated with immuno-
suppressive drugs. Our results also suggest that androgen
derivatives might provide a useful addition to recent treat-
ment protocols in order to prevent replicative exhaustion as
a consequence of the underlying autoimmune process in
aplastic anemia.
In summary, several lines of evidence suggest that

telomerase activation and telomere elongation can be
mediated through the action of sex hormones in vivo.

Here, we present the first experimental evidence that
testosterone therapy in a mouse model of aplastic anemia
produced by short telomeres is beneficial for survival and
is associated with longer telomere length in bone marrow
and peripheral blood cells. On the basis of our findings,
further investigation of hormone therapy in humans with
aplastic anemia is warranted. Finally, hormone treatment
may be extended to treat and/or prevent other disease
manifestations associated with short telomeres and
replicative exhaustion.
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