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Telomere Shortening and Oxidative Stress in Aged
Macrophages Results in Impaired STAT5a Phosphorylation®

Carlos Sebastian,* Carmen Herrero,* Maria Serra,* Jorge Lloberas,* Maria A. Blasco,

and Antonio Celada®*

+

Macrophages are an essential component of both innate and adaptive immunity, and altered function of these cells with aging may
play a key role in immunosenescence. To determine the effect of aging on macrophages, we produced bone marrow-derived
macrophages in vitro. In these conditions, we analyzed the effect of aging on macrophages without the influence of other cell types
that may be affected by aging. We showed that telomeres shorten with age in macrophages leading to a decreased GM-CSF but
not M-CSF-dependent proliferation of these cells as a result of decreased phosphorylation of STAT5a. Macrophages from aged
mice showed increased susceptibility to oxidants and an accumulation of intracellular reactive oxygen species. In these macro-
phages STATSa oxidation was reduced, which led to the decreased phosphorylation observed. Interestingly, the same cellular
defects were found in macrophages from telomerase knockout (Terc™'~) mice suggesting that telomere loss is the cause for the
enhanced oxidative stress, the reduced StatSa oxidation and phosphorylation and, ultimately, for the impaired GM-CSF-depen-
dent macrophage proliferation. The Journal of Immunology, 2009, 183: 0000-0000.

ging can be defined as the time-related deterioration of

the physiological functions required for survival and fer-

tility. Among the functions affected by aging, the im-
mune system has been shown to be dysregulated with advancing
age, thus leading to increased susceptibility to viral and bacterial
infections, reactivation of latent viruses, and decreased response to
vaccines (1).

Macrophages from aged humans, rats, and mice display several
defects in their functional activities (2), which lead to impairment
in the first line of immune defense and to a decreased capacity to
contribute to the development of specific immune responses by
presenting Ags to T cells and producing regulatory cytokines.
Thus, these alterations of macrophage functions contribute to the
impairment of the immune system during aging, a process called
immunosenescence, which is associated with increased mortality
and a major incidence of immune diseases and cancer in the
elderly.

Telomeres are chromatin structures that cap and protect the end
of chromosomes. In vertebrates, they are formed by tandem re-
peats of hexamer sequences (TTAGGG) that are associated with
various specific proteins involved in the maintenance and regula-
tion of telomere length (3). Telomere shortening is involved in the
aging process and in the regulation of replicative lifespan (4). This
age-related shortening and the observation that several premature
aging syndromes are associated with short telomeres support the
concept that telomere length homeostasis is a crucial determinant
of human longevity. Moreover, late generations of the telomerase
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knockout mice, Terc™’~, which show severe telomere dysfunction

characterized by critically short telomeres, suffer from premature
aging and various age-related diseases that affect highly prolifer-
ative tissues (5, 6). Among these, the generation and function of
immune cells has been shown to be affected by telomere attrition.
T, B, and NK cells show telomere shortening during aging, which
is associated with impaired proliferation and function of these cells
6, 7).

In this study, we show that telomeres shorten with age in mouse
macrophages. We used bone marrow-derived macrophages from
young and aged mice grown and differentiated in vitro. This model
allows us to analyze the effect of aging without the influence of
other cell types that may be affected by this process (8). Telomere
shortening is associated with impaired GM-CSF- but not M-CSF-
dependent proliferation of macrophages, which is caused by a re-
duced phosphorylation of STATSa. These cells also show in-
creased intracellular levels of reactive oxygen species (ROS)* and
an enhanced susceptibility to oxidative stress. In addition, we dem-
onstrate that STATS5a oxidation is required for its phosphorylation
and that this oxidation is reduced in macrophages from aged mice.
Macrophages from Terc™’~ mice, which have a similar telomere
length as aged macrophages, show the same phenotype as aged
macrophages. Thus, these results point to telomere shortening as
the molecular determinant of some aspects of macrophage aging
by modulating oxidative stress.

Materials and Methods

Reagents

Recombinant murine cytokines were purchased from Sigma-Aldrich. The
Abs used were anti-STAT5a, anti-STATSb (R&D Systems), anti-phospho-
STATSa/b Y694/Y699, anti-y-H2AX (Ser139), GM-CSF-Ra (Upstate
Biotechnology), anti-histone H1, GM-CSR-Rf3 (SantaCruz Biotechnology)
anti-B-actin (Sigma-Aldrich). Peroxidase-conjugated anti-rabbit (Jackson
ImmunoResearch Laboratories) or anti-mouse (Sigma-Aldrich) were used
as secondary Abs. All other chemicals were of the highest purity grade

3 Abbreviations used in this paper: ROS, reactive oxygen species; DCF-DA, dichlo-
rofluorescin diacetate; NAC, N-acetylcysteine; WT, wild type.
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available and were purchased from Sigma-Aldrich. Deionized water further
purified with a Millipore Milli-Q system A10 was used.

Cell culture

Bone marrow-derived macrophages were isolated from young (6 wk) or
aged (18-24 mo) C57BL/6 mice (Charles River Laboratories and National
Institute on Aging) as described (9). Mice C57BL/6 (6 wk old) lacking the
gene encoding the telomerase RNA component (Terc™'~) were generated
as described (10). Bone marrow-derived macrophages from wild type
(WT) and Terc™'~ first and third generation were used. The use of animals
was approved by the Animal Research Committee of the University of
Barcelona (no. 2523).

RNA extraction and real-time RT-PCR

Cells were washed twice with cold PBS, and total RNA was extracted with
the EZ-RNA kit as described by the manufacturer (Biological Industries).
RNA was treated with DNase (Roche) to remove contaminating DNA. For
cDNA synthesis, 1 pg of total RNA and M-MLV reverse transcriptase
RNase H minus, Point Mutant, oligo(dT), 5 primer and PCR nucleotide mix
were used, as described by the manufacturer (Promega Corporation). Real-
time PCR was performed using the power SYBR green master mix (Ap-
plied Biosystems), following the manufacturer’s instructions, with the ex-
ception that the final volume was 12.5 ul of SYBR green reaction mix.
Real-time monitoring of PCR amplification was performed in the ABI
Prism 7900 sequence detection system (Applied Biosystems). Data were
expressed as relative mRNA levels normalized to the B-actin expression
level in each sample. The primer sequences can be obtained upon request.

Proliferation assay

Macrophage proliferation was measured by [*H]thymidine incorporation as
described (11). Cells were deprived of M-CSF for 16—18 h and then 10°
cells were incubated for 24 h in complete medium in the presence of the
growth factor. After this period, the medium was replaced with medium
containing [*H]thymidine. After an additional 6 h of incubation, the me-
dium was removed and the cells were fixed in ice-cold 70% methanol.
After three washes, cells were solubilized and radioactivity was measured.
Each point was performed in triplicate, and the results are expressed as the
mean = SD. For cell counting we used a hemocytometer.

Cell cycle analysis

Cell cycle was analyzed as described (12). Cells were fixed with EtOH
95%, incubated with propidium iodide plus RNase A, and then analyzed by
FACS. Cell cycle distributions were analyzed with the Multicycle program
(Phoenix Flow Systems).

Protein analysis

Cells were lysed as described (13) in lysis buffer (1% Triton X-100, 10%
glycerol, 50 mM HEPES (pH 7.5), 150 mM NacCl, protease inhibitors and
1 mM sodium orthovanadate). For immunoprecipitation assays, 150 ug of
cell lysates were mixed with 75 ul of 20% protein A-Sepharose (Sigma-
Aldrich) and 2 pl of specific Abs anti-STAT5a and STATSb to a final
volume of 500 wl. The reaction was conducted overnight at 4°C in rotation.
After three washes in cold washing buffer (PBS, 1% Nonidet P-40, 2 mM
sodium orthovanadate) pellets were heated to 95°C in Laemmli SDS load-
ing buffer, and proteins were resolved by SDS-PAGE. For histone H2AX
Western blot, an acid extraction of proteins was performed as described by
the anti-phospho-H2AX Ab manufacturer. Briefly, cells were washed in
cold PBS and lysed with lysis buffer (10 mM HEPES (pH 7.9), 1.5 mM
MgCl,, 10 mM KCI, 0.5 mM DTT, and 1.5 mM PMSF). Hydrochloric acid
was added to a final concentration of 0.2 N, and the cell lysate was incu-
bated on ice for 30 min. After centrifugation at 11,000 X g for 10 min at
4°C, supernatants were dialyzed twice against 200 ml of 0.1 M acetic acid
for 1-2 h and three times against 200 ml of H,O for 1 h, 3 h, and overnight,
respectively. Detection of oxidized proteins was performed by immuno-
precipitating STATS5a and STAT5b and using the OxiBlot protein oxida-
tion detection kit (Chemicon International), which detects the carbonyl
groups introduced into proteins by oxidative reactions. These carbonyl
groups were derivatized to dinitrophenylhydrazone by reaction with dini-
trophenylhydrazine. The dinitrophenylhydrazone-derivatized proteins were
separated by SDS-PAGE followed by Western blotting.

Nuclear extract preparation and DNA-binding assay

Nuclear extracts were prepared as follows: cell pellets were washed twice
with cold PBS buffer and resuspended in buffer A (10 mM HEPES, 10 mM
KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 0.01
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mg/ml aprotinin, 0.01 mg/ml leupeptin, 0.086 mg/ml iodacetamide, 1 mM
sodium orthovanadate) and incubated on ice for 15 min. Cells were lysed
by adding 10% Nonidet P-40 and mixing by vortex. Nuclei were collected
at the bottom of the tube by a 30-s centrifugation. After three washes with
buffer A, nuclei were lysed with buffer B (20 mM HEPES, 0.4 M NaCl, 1
mM EDTA, | mM EGTA, 1 mM DTT, 1 mM PMSF, 5 mM sodium
fluoride, 0.01 mg/ml aprotinin, 0.01 mg/ml leupeptin, 0.086 mg/ml iodac-
etamide, 1 mM sodium orthovanadate) at 4°C for 30 min in rotation. Ly-
sates were centrifuged for 20 min at 4°C at 13,000 rpm, and supernatants
were stored at —80°C until use. EMSAs were performed as described (14).
Briefly, binding reactions were prepared with 6 ug of nuclear extracts
and 20,000 cpm *?P-labeled probe in the presence of 2 ug of poly(dl:
dC) in a final volume of 15 ul containing 1X binding buffer (12 mM
HEPES (pH 7.9), 60 mM KCl, 5 mM MgCl,, 0.12 mM EDTA, 0.3 mM
PMSF, 0.3 mM DTT, 12% glycerol). The nuclear extracts were incu-
bated for 8 min with poly(dI:dC) and then the radiolabeled probe was
added and incubated for an additional 15 min at room temperature.
Samples were loaded onto 4% acrylamide gel containing 5% glycerol
and 0.25% TBE, and electrophoresed at 4°C. Band-shift gels were
dried, and bands were visualized by autoradiography. For supershift
experiments, following the binding reaction, 2 ul of anti-STAT5a and
anti-STAT5b Abs were added and incubated for 30 min. The oligonu-
cleotides used in the assay were 5'-end labeled using T, polynucleotide
kinase (USB Corporation). The probe was synthesized by Genotek and
corresponds to a GAS-like element from the promoter of the bovine
B-casein gene (5'-AGATTTCTAGGAATTCAAATC-3").

DNA damage susceptibility assay

To analyze macrophage susceptibility to various DNA-damaging agents,
we treated the cells with etoposide (Tocris) and hydrogen peroxide (Sigma-
Aldrich) at the concentrations indicated during 1 h and UV radiation (A =
254 nm) at the energies indicated. Cells were washed and left in complete
medium (DMEM + 10% FCS + 5 ng/ml M-CSF) for 5 days. Cells were
counted by trypan blue exclusion, and cell growth was determined as the
ratio of number of treated cells relative to number of control cells.

Determination of intracellular ROS

ROS levels were determined by FACS analysis. Briefly, cells were treated
with 25 uM dichlorofluorescin diacetate (DCF-DA) for 20 min at 37°C,
and fluorescence intensity was analyzed using an Epics XL flow cytometer
(Coulter).

Telomere length quantification by real-time PCR

Telomere length was analyzed as described (15). Briefly, genomic DNA
was isolated using the GFX genomic blood DNA purification kit (Amer-
sham Biosciences), and real-time PCR was performed as in RNA expres-
sion analysis using 35 ng of DNA/well. Telomere length was calculated as
the ratio of telomere repeat copy number to single copy gene (36B4) copy
number (T/S ratio). This ratio should be proportional to the average telo-
mere length. To confirm that the number of copies of the single copy gene
per cell that was effectively PCR-amplified was the same in all individuals
being studied, we quantified the relative ratio of 36B4 copies to (-actin
copies. This ratio was ~1.0, indicating that equal copy numbers of 36B4
per cell were amplified in all DNA samples. Primer sequences and real-
time conditions for telomere amplification were as described (15). Primer
sequences for 36B4 and B-actin can be obtained upon request.

Cell surface staining

This assay was conducted using specific Abs and cytofluorometric analysis
as described (12). Cells were incubated for 15 min with 1 ug/10° cells of
anti-CD16/CD32 mAb to block Fc receptors. Then cells were incubated for
1 h with specific Abs at 4°C in the darkness. Cells were washed by cen-
trifugation through an FCS cushion. Finally, they were fixed with PBS-2%
paraformaldehyde. Stained cell suspensions were analyzed using an Epics
XL flow cytometer (Coulter). The results were expressed as the
mean *= SD.

Determination of ERK activity by in-gel kinase assay

ERK activity was analyzed as described (16) using 50-100 g of total
protein obtained and separated by 12.5% SDS-PAGE containing 0.1 mg/ml
myelin basic protein (Sigma-Aldrich) as substrate co-polymerized in the
gel. After several washes, denaturing, and renaturing, a phosphorylation
assay was performed with 50 uM ATP and 100 uCi of [y->*P]ATP (GE
Healthcare Biosciences).
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Alkaline comet assay

Cells were treated with 250 uM H,O, for 1 h and led to recover for the
indicated times. Cells were then resuspended in 75 ul of 0.5% melting
point agarose and led to solidify on clear slides precoated with 1% of
normal agarose at 4°C. After solidification, the slides are placed in the lysis
solution (100 mM EDTA, 2.5 M Trizma Base (pH 10), 1% Triton X-100
added just before use) for 1 h at 4°C. To express alkali-labile sites as
single-strand breaks, the slides were incubated in alkaline electrophoresis
buffer (1 mM EDTA, 300 mM NaOH, pH >13) for 20 min. Following
alkaline unwinding, gels were electrophoresed under alkaline conditions
(alkaline electrophoresis buffer) at 0.8—1.5 V/cm and 300 mA for 15 min.
After electrophoresis, gels were neutralized with Tris buffer (pH 7.5), and
comets were visualized by staining DNA with Hoescht. At least 50 comets
per slide were scored. Images were captured with a Nikon Eclipse E800
fluorescence microscope and tail moment was quantified using the Soft
imaging system (analySIS).

Analysis of oxidative DNA damage

Analysis of oxidative damage in specific gene sequences was performed as
described (17). Briefly, genomic DNA was isolated using the GFX
genomic blood DNA purification kit (Amersham Biosciences) in the pres-
ence of 20 uM 2,2,6,6-tetramethyl-1-piperidinyloxy, a free radical spin
trap, to prevent in vitro oxidation. DNA (250 ng) was digested with FPG
(formamidopyrimidine-DNA glycosylase) that selectively releases dam-
aged bases from DNA, predominantly affecting the major oxidation prod-
uct 8-oxoguanine. FPG creates a single-strand break at the apurinic site,
rendering it resistant to PCR amplification. DNA damage was quantified as
the ratio of intact PCR products in cleaved vs uncleaved DNA using real-
time PCR with specific primers to exon 16 of Stat5a and exon 18 of Stat5b
genes. The primers sequences can be obtained upon request.

Sequentiation

Genomic DNA from macrophages from three young and three aged mice
was amplified using the Certamp enzyme mix (Biotools) and specific prim-
ers flanking from exon 15 to exon 17 of Stat5a gene (1085 bp). PCR
products were purified and sequenced using the BigDye Terminator v3.1
cycle sequencing kit (Applied Biosystems) as described by the manufac-
turer in the 3730x] DNA analyzer (Applied Biosystems). Sequences were
analyzed by the GeneWorks software (IntelliGenetics). The primers se-
quences can be obtained upon request.

Statistical analysis

Student’s 7 test and one-way ANOVA test were used to calculate statistical
differences between groups.

Results

Telomere shortening in aged macrophages

Telomere loss has been shown in several cell types during aging (18—
21). In particular, cells of the immune system are highly susceptible to
telomere attrition because of their high proliferative potential. Al-
though mouse strains used in the laboratory have very long telomeres,
recent studies have demonstrated that Mus musculus telomeres
shorten with age in several stem cell compartments, such as skin,
small intestine, cornea, testis and brain, thereby resulting in impaired
stem cell functionality in old age (22). As expected the shortening of
telomeres correlates with reduced telomerase activity. These data
prompted us to analyze whether telomere shortening occurs in mac-
rophages during aging. For this purpose, we used bone marrow-de-
rived macrophages from young (6-wk-old) and aged (19-24-mo-old)
mice. The production of macrophages in vitro prevents the presence
of exogenous factors in young or aged mice that could modulate mac-
rophage biology. We measured the relative telomere length of these
cells by real-time PCR (15). Macrophages from aged mice had shorter
telomeres than those from young mice (Fig. 1A4). As a control, we
determined the telomere length of macrophages from telomerase-de-
ficient mice (Terc ™) (6-wk-old) of different generations (Fig. 1B).
These mice show progressive telomere shortening in successive gen-
erations, with signs of premature aging between the third and sixth
generations, depending on the genetic background (5). Telomere
length differences were not significant between controls and G,
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FIGURE 1. Telomeres shorten with age in macrophages. Telomere length
was measured by real-time PCR in macrophages from young and aged mice
(n =17) (A), and in Terc-deficient mice and the corresponding controls (n = 3)
(B). The ratio of relative telomere to single copy gene (36B4) amplification
(T/S) was shown. The data represents the mean = SEM.

Terc™'~ macrophages, but a significant difference was found when

we compared the controls and the G3 Terc™'~ mice, as reported in
other cell types (23). Noteworthy, no significant differences were
found between telomere lengths from macrophages from young and
control mice and the magnitude of telomere shortening during aging
was similar to what we observed in macrophages from G3 Terc '~
mice (~50%). Thus, macrophage telomeres shorten during mouse
aging, reaching the critical length observed in Terc ™'~ mice.

GM-CSF-dependent proliferation is impaired in macrophages
Jfrom aged mice

Aging is associated with a decline in the proliferative capacity of cells,
which has been shown to be related to the erosion of telomeres (24).
Therefore, we decided to measure macrophage proliferation with two
growth factors that are ligands for two different receptors. M-CSF
induced the proliferation of macrophages from young and aged mice
(Fig. 2, A and B). However, in the presence of GM-CSF, macrophages
from aged mice did not proliferate even at saturating concentrations
(10 ng/ml) (Fig. 2, A and B). A similar result was obtained when we
used IL-3, which shares part of the receptor and the signal transduc-
tion with GM-CSF (Fig. 2A). These results were also confirmed by
cell counting assays (Fig. 2D).

To characterize the proliferative response to GM-CSF, we analyzed
the cell cycle progression of macrophages. After 18 h of growth factor
deprivation, macrophages were arrested at G, phase. Treatment with
M-CSF increased the proportion of both young and aged macro-
phages in the S phase, thereby indicating that these cells were pro-
gressing through the cell cycle (Fig. 2C). However, after GM-CSF
stimulation, macrophages from aged mice were unable to progress
through the cell cycle and remained arrested at G, phase (Fig. 2C). It
is, in fact possible that the macrophages that respond to M-CSF and
GM-CSF are two different cell populations, the GM-CSF responsive
one being not present in old wild type. This possibility seems unre-
alistic because such macrophage populations, one with M-CSF recep-
tors and another with GM-CSF receptors, has not been described.
Together, these results demonstrate that GM-CSF-dependent prolif-
eration is impaired in macrophages from aged mice because of a cell
cycle blockade at the G, phase but not because of a defect in the
machinery required for proliferation.

STAT5a phosphorylation and DNA-binding activity are reduced
in macrophages from aged mice

We next studied the mechanism leading to GM-CSF-dependent
impaired proliferation in aged macrophages. Macrophages from
young and aged mice showed the same levels of the GM-CSF
receptor expression of the a and (B¢ subunit (3-chain common to
IL-3R) (Fig. 3, A and B). These results indicate that the lack of
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FIGURE 2. GM-CSF-dependent proliferation is impaired in macro-
phages from aged mice. A, M-CSF-, GM-CSF-, and IL-3-induced prolif-
eration were determined by [*H]thymidine incorporation in macrophages
from young and aged mice. Macrophages were deprived of M-CSF for 18 h
and then incubated for 24 h with different concentrations of M-CSF, GM-
CSF, and IL-3. A representative experiment is shown. Each point was
performed in triplicate and the results are shown as the mean * SD. B,
M-CSF- (5 ng/ml) and GM-CSF- (10 ng/ml) induced proliferation was
determined by [*H]thymidine incorporation in macrophages from young
and aged mice (n = 14). C, Macrophages from young and aged mice were
quiescent (control) or treated with saturating amounts of M-CSF (5 ng/ml)
or GM-CSF (10 ng/ml), and their DNA content was measured by flow
cytometry (n = 6). D, Macrophages from young and aged mice were led
to grow in M-CSF (5 ng/ml) or GM-CSF (10 ng/ml) during 4 days, and cell
counting was performed by an hemocytometer. *, p < 0.01 in relation to
the corresponding control.

response to GM-CSF of macrophages from aged mice is not the
result of impaired receptor expression. We then tested the effect of
aging on the signaling pathways activated by the growth factors.
M-CSF and GM-CSF require the activation of the ERK to induce
macrophage proliferation (25). Both M-CSF- and GM-CSF-in-
duced ERK activation showed similar levels and kinetics in mac-
rophages from young and aged mice (Fig. 3C). In addition to ERK,
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FIGURE 3. The GM-CSF receptor and the ERK response in aged mac-
rophages was not impaired. A, GM-CSF receptor a-chain expression was
determined by flow cytometry using a specific Ab. B, The expression of the
B-chain of the GM-CSF-receptor was analyzed by Western blotting. C,
ERK-1/2 activation was analyzed after treatment of macrophages with M-
CSF (5 ng/ml) or GM-CSF (10 ng/ml) with an in-gel kinase assay as
described in Material and Methods. These are representative figures of
three independent experiments.

the binding of GM-CSF with its receptor also induces the activa-
tion of the Janus kinase 2 (Jak2)/STATS pathway (26), which is
involved in the proliferation of many cell types. In macrophages
from young and aged mice, both STATS5a and STATSb showed
similar levels of mRNA and protein (Fig. 4, A and B). However,
the GM-CSF-induced phosphorylation of STATS5 was reduced in
macrophages from aged mice (Fig. 4C). Interestingly, although
STAT5a and STATS5b proteins have 96% sequence identity (27),
we found that only STATSa phosphorylation was reduced in mac-
rophages from aged mice (Fig. 4D).

Once phosphorylated, STATS dimerizes and translocates to
the nucleus where it binds to DNA-specific sites and activates
the transcription of target genes. Using a fragment of the -ca-
sein promoter that contains a GAS box, we found that STATS
bound to DNA in a similar manner in young and aged macro-
phages (Fig. 4E). Moreover, both STATSa and STAT5b were
present in the complexes, as shown by the supershift observed
when specific Abs were added (Fig. 4F). Because STAT5a and
STATSb can bind to the same sequence, we repeated the assay
but removing STATSb from the nuclear extracts by immuno-
precipitation. Using immunoblotting, we confirmed that
STATSb was not present in the nuclear extracts after immuno-
precipitation (Fig. 4F). The EMSA with nuclear extracts in
which STATS5b was absent showed a reduction in the DNA-
binding activity of STAT5a in aged macrophages (Fig. 4G),
thereby confirming impaired phosphorylation. Therefore, these
results demonstrate the improper phosphorylation and DNA-
binding activity of STAT5a in aged macrophages that may ex-
plain the lack of proliferation in response to GM-CSF, as has
been shown in Stat5a knockout mice (28).
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FIGURE 4. Phosphorylation and DNA-binding activity of STATS5a is reduced in aged macrophages. A, Expression of Staz5 mRNAs was determined by
real-time PCR. B, Protein expression of STAT5a and STAT5b was analyzed by Western blot. C, STATS phosphorylation was determined by Western
blotting in a representative experiment. The graph represents the mean = SEM of four independent experiments. D, Immunoprecipitation of STAT5a and
STATSb and immunoblotting with anti-phospho-STATSa/b were conducted to analyze the phosphorylation of STATSa and STATSb. E, Nuclear extracts
from macrophages from young and aged mice stimulated with GM-CSF (10 ng/ml) for 15 min were used to test the in vitro DNA-binding activity of STATS
to a GAS-like element from the promoter of the bovine B-casein promoter. Specificity of shifted bands was corroborated by supershift experiments. F,
STATSb was immunoprecipitated from nuclear extracts of macrophages from young and aged mice. A Western blot was performed to confirm that StatSb
protein was in the immunoprecipitated (IP) fraction and the supernatant (SN) used for the EMSAs was free from STATSb. G, DNA-binding activity of
STATS5a was determined using STATSb immunodepleted nuclear extracts from young and aged mice stimulated with GM-CSF (10 ng/ml) for 15 min. The
graph represents the mean = SEM of four independent experiments. *, p < 0.01 in relation to the corresponding control.

Macrophages from Terc™”~ mice show the same cellular defects
as aged macrophages

To determine the role of telomere shortening in the cellular defects
observed in macrophages from aged mice, we used G3 Terc™'~
mice. As in aged mice, bone marrow-derived macrophages from
these mice showed impaired proliferation in response to GM-CSF
but not to M-CSF (Fig. 5, A and B). To further study this finding,
we used macrophages from the first generation of telomerase-de-
ficient mice (G1 Terc™'™). These mice lack telomerase activity but
they do not show signs of premature aging. As telomeres shorten
and chromosome fusions accumulate with increasing generations,
these data indicate that in G, Terc™’~ mice telomeres are not crit-
ically short (10, 23). In contrast to G3 Terc’~ mice, macrophages
from G, Terc ™'~ mice had a normal proliferative response to GM-
CSF (Fig. 5A). These results indicate that telomere shortening
rather than loss of telomerase activity is involved in macrophage
aging. Moreover, phosphorylation of STAT5a but not STAT5b
was reduced in macrophages from G3 Terc '~ mice compared
with the corresponding controls or G, Terc '~ mice (Fig. 5, C and
D). These results reproduced those observed in macrophages from
aged mice and suggest that either telomere shortening or the loss
of telomerase activity is involved in the impaired proliferation of
aged macrophages.

%

Macrophages from aged and G3 Terc™’~ mice show enhanced

oxidative stress

Oxidative stress has been proposed to be a major determinant of
the aging process and has been related to the shortening of telo-
meres (24). To study how age-dependent telomere shortening af-
fects macrophage proliferation, we focused on the macrophage re-
sponse to this type of stress. Macrophages from aged mice showed
decreased cell growth when treated with hydrogen peroxide. This
observation suggests increased susceptibility to oxidative stress
(Fig. 6A). However, no differences were observed with other
DNA-damaging agents, such as etoposide or UV radiation, thereby
confirming that the global response to stress is not impaired in
macrophages from aged mice (Fig. 6A4). In addition, aged macro-
phages showed enhanced levels of intracellular ROS (Fig. 6B).
The magnitude of this increase was of the same level as that ob-
served when we treated the cells with hydrogen peroxide. Further-
more, undifferentiated bone marrow cells from aged mice also
showed increased levels of intracellular ROS (Fig. 6C), suggesting
that the enhanced oxidative stress observed in aged macrophages is
caused by alterations in their progenitor cells. In addition, the ca-
pacity of DNA repair after oxidative stress was also reduced in
aged macrophages. Hydrogen peroxide treatment of macrophages
from young mice caused an increase in the levels of y-H2AX,
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FIGURE 5. Macrophages from G3 Terc ™'~ mice show the same cellular
defects observed in aged macrophages. A, M-CSF- and GM-CSF-induced pro-
liferation was determined by [*H]thymidine incorporation in macrophages
from WT and G, or G3 Terc™'~ mice. Macrophages were deprived of M-CSF
for 18 h and then incubated for 24 h with different concentrations of M-CSF
and GM-CSF. A representative experiment is shown. Each point was per-
formed in triplicate and the results are shown as the mean = SD. B, M-CSF-
(5 ng/ml) and GM-CSF- (10 ng/ml) induced proliferation was determined by
[*H]thymidine incorporation in macrophages from WT and G3 Terc ™'~ mice
(n = 7). C, Immunoprecipitation of STATSa and STAT5b and immunoblot-
ting with anti-phospho-STAT5a/b were conducted to analyze the phosphory-
lation of STAT5a and STATSb. These figures are representative of at least
three independent experiments. D, Immunoprecipitation of STATSa and im-
munoblotting with anti-phospho-STATS5a/b were conducted to analyze the
phosphorylation of STATSa in macrophages from WT, G,, and G3 Terc ™'~
mice. The data is representative of three independent experiments. The graph
represents the mean = SEM of four independent experiments. *, p < 0.01 in
relation to the corresponding control.
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FIGURE 6. Enhanced oxidative stress in aged macrophages. A, Mac-
rophages from young and aged mice were treated with several DNA-
damaging agents and led to recover for 5 days. Cell growth was deter-
mined as the ratio of the number of treated cells relative to the number
of control cells. The data represents the mean = SEM of four independent
experiments. Intracellular levels of ROS were quantified in macrophages (B)
and bone marrow cells (C) by staining with the ROS-specific dye DCF-DA. In
B, hydrogen peroxide was added at 250 uM for 1 h as a positive control. The
data represents the mean = SEM of three independent experiments. D, Mac-
rophages from young and aged mice were treated with hydrogen peroxide (250
uM) for 1 h; the cells were washed and led to recover for 6 and 24 h. DNA
damage was determined by y-H2AX immunoblotting (c, untreated cells). This
figure is representative of three independent experiments. E, Alkaline Comet
assay was performed to analyze DNA damage after oxidative stress in mac-
rophages from young and aged mice. Quantification was done using the tail
moment calculation. This figure is representative of three independent exper-
iments. *, p < 0.01 in relation to the corresponding control.

which returned to basal levels after 24 h of recovery (Fig. 6D).
However, macrophages from aged mice showed sustained levels of
v-H2AX, thereby indicating a decreased response to oxidative
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FIGURE 7. Enhanced oxidative stress in G3 Terc™’~ mice. A, Macro-
phages from WT and G3 Terc™'~ mice were treated with distinct DNA-
damaging agents and left to recover for 5 days. Cell growth was determined
as the ratio of the number of treated cells relative to the number of control
cells. The data represents the mean = SEM of four independent experi-
ments; *, p < 0.01 in relation to the corresponding control. B, Intracellular
levels of ROS were quantified in macrophages and bone marrow cells by
staining with the ROS-specific dye DCF-DA. The data represents the
mean = SEM (n = 4).

stress. Alkaline comet assay, which detects DNA single-strand
breaks, further confirmed this reduced DNA repair capacity (Fig.
6E). Together, these results demonstrate that macrophages from
aged mice suffer enhanced oxidative stress.

In addition to aged mice, macrophages from G3 Terc™ '~ mice
also showed increased susceptibility to oxidative stress but not
to other types of stress factors, compared with control mice
(Fig. 7A). Strikingly, intracellular levels of ROS were also in-
creased in macrophages and bone marrow cells (Fig. 7B) from
G3 Terc™ '~ mice, thereby linking the two models again, the
aged and telomerase-deficient mice.

/

STAT5a oxidation is reduced in macrophages from aged and G3
Terc™™ mice

Next, we addressed whether oxidative stress is related to the re-
duction in STAT5a phosphorylation in macrophages from aged
and G3 Terc™’~ mice. Our first hypothesis was that oxidative
stress leads to a mutation in the genomic DNA of STAT5a. Al-
though STAT5a and STAT5b are coded by two distinct genes, they
are highly homologous proteins (96% sequence identity) (27), dif-
fering only in their COOH-terminal transactivation domain, which
contains a tyrosine residue that is phosphorylated in response to
GM-CSF (29). We sequenced the genomic DNA from three young
and three aged mice using primers flanking the exons containing
this domain in STAT5a (exon 16) but we did not find any difference
between macrophages from these two groups. However, oxidative
damage may also cause base oxidation, which is not detected by
the sequencing technique. To examine this possibility, we digested
genomic DNA with formamidopyrimidine-DNA glycosylase. This
enzyme cleaves the oxidized base, thereby generating an AP site that
prevents PCR amplification. We then quantified the DNA oxidation
by real-time PCR. No difference between young and aged macro-
phages in the base oxidation in this exon was observed (Fig. 8A).
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FIGURE 8. Decreased Stat5a oxidation in macrophages from aged and
G3 Terc™'~ mice. A, Genomic DNA was extracted from young and aged
macrophages and digested with formamidopyrimidine-DNA glycosylase
(Fpg). Quantification of oxidative DNA damage was performed by real-
time PCR of exon 16 of Stat5a and exon 18 of Star5h. These figures are
representative of four independent experiments. B, STATS5a and STATSb
were immunoprecipitated from protein extracts from macrophages from
young, aged, WT, and G3 Terc™’~ mice stimulated with GM-CSF (10
ng/ml) and oxidation of Stat5 proteins was determined using an Ab rec-
ognizing the carbonyl groups introduced into proteins by oxidative reac-
tions. C, The graphs represent the mean = SEM of four independent ex-
periments. D, Macrophages from young mice were stimulated with 10
ng/ml GM-CSF in the presence or absence of 20 mM NAC for the indi-
cated times, and intracellular ROS levels were analyzed by DCF-DA stain-
ing. Each point was performed in triplicate and the results are shown as the
mean * SD. E, Macrophages from young mice were treated with 10 ng/ml
GM-CSF for 24 h in the presence or absence of NAC at the concentrations
indicated. ROS levels were measured by DCF-DA staining. The data rep-
resents the mean = SEM of four independent experiments. F, STATS5a was
immunoprecipitated from protein extracts from macrophages treated with
10 ng/ml GM-CSF in the presence or absence of 20 mM NAC, and oxi-
dation of the protein was determined. This figure is representative of at
least three independent experiments. *, p < 0.01 in relation to the corre-
sponding control.
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In addition to DNA, oxidative stress can directly inflict damage
on proteins and lipids (30). Therefore we analyzed the oxidation
status of STATS proteins by immunodetecting the carbonyl groups
introduced into protein side chains as a consequence of oxidation.
Surprisingly, STAT5a was less oxidized in macrophages from
aged mice, whereas no differences were observed in STATSb (Fig.
8, B and C). Moreover, macrophages from G3 Terc™'~ mice also
showed impaired oxidation of STATSa but not STATSb (Fig. 8, B
and C). These results suggest that the increased levels of oxidative
stress in aged and G3 Terc™’~ macrophages cause a reduction in
the oxidation of STAT5a.

STAT5a oxidation is required for this signal transducer to be
phosphorylated

Because STAT5a oxidation and phosphorylation were reduced in
macrophages from aged and G3 Terc '~ mice, we addressed
whether these two reactions were related. It has been reported that
hematopoietic cytokines induce an increase in intracellular ROS
levels, thereby promoting the phosphorylation of several proteins,
including STATS (31, 32). After the addition of GM-CSF, ROS
production showed a gradual increase from 30 min to 24 h (Fig.
8D). The addition of the ROS scavenger N-acetylcysteine (NAC)
blocked the effect of GM-CSF (Fig. 8D). Interestingly, stimulation
of macrophages with GM-CSF induced STATS5a oxidation (Fig.
8E) and the treatment of these cells with NAC, which blocked this
oxidation, also inhibited the phosphorylation of STAT5a (Fig. 8F).
These results suggest that STATSa oxidation is required for its
phosphorylation, thereby confirming that the reduced phosphory-
lation of STATS5a observed in macrophages from aged and G3
Terc™'~ mice is due to its impaired oxidation.

Discussion

The results presented suggest that the loss of telomeric sequences
during aging is responsible for the enhanced oxidative stress, the
impaired oxidation and phosphorylation of STAT5a and the re-
duced proliferation of macrophages. This study provides one of the
few reports that telomere shortening occurs in the mouse strain
Mus musculus, which has very long telomeres. In addition, our
observation that the telomere length of macrophages from aged
and G3 Terc '~ mice was very similar indicates that normal
aging leads to short telomeres, thereby resulting in impaired
proliferation.

In this study, we used bone marrow-derived macrophages dif-
ferentiated in vitro. Thus, the variations in telomere length in these
cells during aging may reflect changes in telomere length in he-
matopoietic progenitor cells. In fact, hematopoietic stem cells
show telomere shortening during in vitro culture and in vivo aging
(21, 33, 34). Hematopoietic stem cells derived from humans and
mice lose telomeric DNA with age despite the presence of detect-
able telomerase activity (21, 35). Moreover, telomeres shorten
with age in several mouse stem cell compartments, including skin,
small intestine, cornea, testis and brain (22).

In addition to telomere shortening, we have shown that macro-
phages from aged mice suffer enhanced oxidative stress. This kind
of stress has been associated with telomere shortening as reflected
by the observation that cells with enhanced oxidative stress have
shorter telomeres (24, 36). However, our finding that G3 Terc™'~
mice also have an enhanced oxidative stress points to telomere
shortening as the cause of the enhanced oxidative stress in mac-
rophages. These results correlate with those observed in mouse
embryonic fibroblasts derived from Terc™’~ mice, which also
show increased levels of ROS (37). In fact, telomerase deficiency
reduces catalase activity that determines a redox imbalance (38).
Furthermore, it has been shown that cells overexpressing telom-
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erase accumulate lower concentrations of peroxides (39). Undif-
ferentiated bone marrow cells from aged and G3 Terc '~ mice
also show an increase in intracellular ROS, thereby further sup-
porting the hypothesis that macrophage aging is due to an intrinsic
alteration in their progenitor cells. Recently it has been reported
that in the absence of telomeres there is a repression of genes
located within 10 kb (40). Although in mice, catalase is located in
the central area of the chromosome 2, we cannot exclude that
telomeres are required to regulate transcription factors or other
elements necessary for catalase expression.

Telomere shortening is associated with the impaired prolifera-
tion of many cell types, including those of the immune system (6,
7). Surprisingly, in our studies only GM-CSF- but not M-CSF-
dependent proliferation of macrophages was affected by aging.
This is attributed to a reduction of STATSa oxidation, which leads
to impaired phosphorylation. Notably, it has been described that
STATS phosphorylation is reduced during aging in T (41) and B
cells (42) and neutrophils (43), thereby leading to a number of
functional alterations. Aging is associated with a reduction in B
and T cell numbers (44), suggesting that impaired STATS phos-
phorylation is a general effect of aging involved in many aspects of
immunosenescence. G3 Terc ™'~ but not G, Terc™'~ macrophages
showed the same cellular defects as those observed in aged mice.
These results indicate that telomere attrition and oxidative stress
cause a decrease in the oxidation and phosphorylation of STATSa
and, therefore, impaired proliferation of macrophages. However,
the precise mechanism linking enhanced oxidative stress and re-
duced STATS5a oxidation and phosphorylation remains to be elu-
cidated. One may think that oxidative stress could affect the ac-
tivity of tyrosine phosphatases. However, reversible oxidation of
Cys residues on these phosphatases leads to their inhibition (45,
46), which would result in an increase of the amount of phospho-
STATS5a, instead of the reduced levels of phosphorylation that we
observe under oxidative stress conditions. The generation of ROS
by GM-CSF stimulation may be through activation of NADPH
oxidase, as observed for other cytokines (47, 48). Thus, it is pos-
sible that a permanent increase in oxidative stress in aged macro-
phages may cause a redox-dependent modification in NADPH ox-
idase, leading to an impaired production of ROS and STATS5a
phosphorylation. However, further assays are required to prove
this hypothesis.

In summary, in this study we describe that macrophage telo-
meres shorten during mouse aging, thereby leading to impaired
GM-CSF-dependent proliferation of these cells. In addition, we
present data about the molecular mechanisms involved in this pro-
cess. GM-CSF plays a crucial role during inflammation. Proin-
flammatory functions of GM-CSF include the recruitment, activa-
tion, enhanced survival, proliferation and adhesion of neutrophils
and macrophages (49). Therefore, it is likely that GM-CSF has a
central role in regulating macrophage proliferation at sites of in-
flammation (50, 51). Thus, impaired response of macrophages to
GM-CSF during aging may have relevant consequences on inflam-
matory reactions and on host defenses against a broad spectrum of
invading organisms. In this regard, it is important to note that
human aging is generally accompanied by elevated systemic in-
flammatory conditions (52) and that macrophages play a key role
during this process.
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