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Circadian clock protein BMAL1 regulates cellular
senescence in vivo
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Deficiency of the circadian clock transcriptional factor BMALT results in the development of premature aging in mice. In
agreement with the accelerated aging phenotype, we observed an increase in the number of senescent cells in different
tissues (lungs, liver and spleen) of Bmal1” mice, which suggests the important role of BMALT1 in the control of senescence
in vivo. However, no difference in the rate of proliferation and senescence between primary fibroblasts isolated from wild-
type and Bmal1” mice has been detected, suggesting that BMAL1 does not play a significant role in replicative senescence
in vitro. BMAL1-deficient fibroblasts had an increased sensitivity to hydrogen peroxide treatment and reduced sensitivity
to DNA damaging anticancer drugs etoposide and daunorubicin. Increased sensitivity of Bmal1” cells to oxidative stress
was p53-independent and correlated with the disrupted regulation of reactive oxygen species (ROS) homeostasis in
BMALT-deficient cells: indeed, circadian oscillations of ROS level can be induced in wild-type but not in Bmal1” cells. We
propose that BMAL1 is important for the regulation of oxidative stress and DNA damage responses, while deregulation of
these processes upon BMALT1 deficiency leads to development of stress induced senescence in vivo.

Introduction

The circadian clock is an internal time-keeping system generat-
ing rhythms in behavior, physiology and gene expression with
24 h periodicity.! The circadian clock regulates many physiologi-
cal processes, such as metabolism, hormone secretion and sleep.>
Disruption of circadian clock function has been linked with an
increased risk of cancer, metabolic syndromes and cardiovascular
diseases.”!® Recently the circadian clock was implicated in the reg-
411 it was suggested that
disruption of the circadian clock-dependent regulation of cell pro-

ulation of cell cycle and cell proliferation;

liferation may contribute to the development of cancer'? and, prob-
ably, aging.’® In agreement with that, animal models of circadian
clock deficiency demonstrate changes in the process of aging.'®
BMALL is a transcriptional factor and a major component of
the circadian clock.”’?' In complex with transcriptional factors
CLOCK or NPAS2, BMALI regulates the expression of other
circadian clock genes; BMALL activity is necessary for generat-
ing circadian rhythms in gene expression and behavior. BMALL
also regulates the expression of a growing number of so-called
circadian clock-controlled genes, which are responsible for the
circadian output in physiology. Recently, we have demonstrated
that BMALLI deficiency in mice results in a significantly reduced
lifespan and premature aging phenotype, thus linking the cir-
cadian clock and aging.” The mechanism of accelerated aging
upon BMALLI deficiency is unknown; regulation of ROS homeo-

stasis was proposed as one potential mechanism."??
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Aging is associated with accumulation of senescent cells in
vivo.? Senescence is a specific metabolic state of cells character-
ized by morphologic changes (enlargement),* reduced ability to
proliferate” and changes in the expression or activity of proteins
known as biomarkers of senescence, such as senescence-associ-

2627 Senescent cells are meta-

ated B-galactosidase and others.
bolically active and secrete different factors that can affect tissue
physiology; thus, accumulation of senescent cells in tissues of
old animals can contribute to the development of age-associated
pathologies and probably aging itself.??

potential role of senescent cells in aging, an increased rate of cel-

In agreement with a

lular senescence in vivo and in vitro has been demonstrated in
premature aging models.?’

Here, we investigate the role of the circadian clock protein
BMALL in cellular senescence in order to understand the cellu-
lar mechanisms of accelerated aging of Bmall”~ mice. Using tis-
sues from wild-type and Bmall”" mice, we found that BMALLI
deficiency leads to increased accumulation of senescent cells
in vivo; based on cell culture experiments addressing replica-
tive and stress-induced senescence, we propose the BMALIL-
dependent regulation of oxidative stress response as a potential
mechanism.

Results

Deficiency of BMALLI results in an increased amount of senes-
cent cells in vivo. To study if premature aging of Bmall” is

Volume 10 Issue 23



liver

Figure 1. BMAL1 deficiency leads to accumulation of senescent cells in
vivo. Representative histological images of the lungs (left column), liver
(middle column) and spleen (right column) isolated from 6 mo old wild-
type (upper row) or Bmal1”- (lower row) mice were stained for senescent
associated B-galactosidase.

accompanied by accumulation of senescent cells in vivo, we col-
lected different tissues of Bmall”~ and wild-type mice at the age
when Bmall”~ animals demonstrate multiple features of prema-
ture aging (6—10 mo old). Tissues were stained for senescent asso-
ciated B-galactosidase (SA-B-gal) activity.*® As can be judged by
the intensity of developed blue color staining, SA-B-gal activity
was significantly increased in the lungs, liver and spleen isolated
from Bmall”~ mice compared with the level of SA-B-gal activity in
the same tissues of the age-matched wild-type control (see Fig. 1).
The difference was stronger in the liver and lungs, while in the
spleen, the difference between wild type and Bmall” was less
obvious; thus, accumulation of senescent cells was tissue-specific.
The number of SA-B-gal-positive cells was about 3-fold higher
in the lungs (average number of SA-B-gal-positive cells for wild
type is 8.8 + 2.4 and 24.6 + 6.6 for Bmall”") and in liver (aver-
age number of SA-B-gal-positive cells for wild type is 18.6 + 7.8
and 62.6 £ 4.7 for Bmall”) of Bmall”" mice (Fig. 1B). We also
stained the lungs isolated from 1 mo old wild type and Bmall”,
and found that even at this early age, when no signs of prema-
ture aging can be observed in Bmall”~ mice, Bmall’~ lungs had
stronger staining for SA-f3-gal (data not shown) than wild-type
control. Thus, BMALLI deficiency results in the increased accu-
mulation of senescent cells in different tissues, which correlates
with development of premature aging in Bmall”~ mice; interest-
ingly, senescent cells can be detected earlier than any morpho-
logical signs of premature aging, suggesting that early cellular
senescence induced by BMALI deficiency may contribute to the
development of premature aging of Bmall’~ mice.

BMALL deficiency does not affect cellular replicative senes-
cence in vitro. The primary mammalian fibroblasts undergo
several rounds of proliferation in culture and then reach the
arrested stage known as replicative senescence. Early replicative
senescence was reported for some models of premature aging.
Therefore, we decided to investigate if BMALL deficiency affects
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Figure 2. BMAL1 deficiency does not affect fibroblast replicative senes-
cence in vitro. Growth curves of primary lung fibroblasts isolated from
wild type (closed circles) and Bmal1” (open circles). On indicated days
cells were counted and plated with equal density.

fibroblast replicative senescence in culture. Because the strongest
difference in the accumulation of senescent cells was observed
in vivo in the lungs, we have chosen primary lung fibroblasts as
a model system. Cells were isolated from 6 mo old Bmall’- and
wild-type mice. As shown in Figure 2, we did not observe any
significant difference in proliferation curves and the onset of
replicative senescence between wild-type and Bmall”- primary
lung fibroblasts. Thus, cell replicative senescence in vitro is not
significantly affected by the BMALLI deficiency and, most likely,
cannot be the cause of the increased cellular senescence observed
in vivo (Fig. 1).

It is known that mouse primary fibroblasts undergo sponta-
neous immortalization in culture. We also observed that after
several rounds of cell passaging, primary lung fibroblasts became
immortalized. Unexpectedly, Bmall”’- fibroblasts demonstrated a
tendency to immortalize earlier when compared with wild-type
fibroblasts (average number passages before immortalization
for wild type is 14.5 + 1.5 and 11.4 = 1.5 for Bmall’). Thus,
in contrast to some other models of accelerated aging, BMALLI
deficiency does not result in premature replicative senescence
of primary fibroblasts in culture, and different mechanisms are
responsible for the accumulation of senescent cells in the tissues
of Bmall”~ mice.

Bmall” cells have increased sensitivity to oxidative stress.
It is unclear if the replicative senescence plays any significant
role in the accumulation of senescent cells in vivo;*' the major
contributor is probably stress-induced senescence.” Challenging
of cells with different stimuli, such as DNA damage, oncogene
activation or aberrant mitogenic signals, can induce premature
senescence.”3>% Oxidative stress was suggested as one of the
major contributors to stress-induced senescence.’* Previously,
we have demonstrated that BMALI may be involved in reactive
oxygen species (ROS) homeostasis;" treatment with antioxidant
N-acetyl cysteine significantly extended the lifespan of Bmall”

mice,"”?

suggesting that oxidative stress contributes to the devel-
opment of premature aging in these animals. Therefore, we

decided to investigate the response of Bmall’ cells to oxidative

4163



stress. Immortalized mouse lung fibroblasts were exposed to
different concentrations of hydrogen peroxide for 24, 48 and
72 h. At all tested times, Bmall’ cells were significantly more
sensitive to hydrogen peroxide than wild-type cells: 24 h WT
IC,, = 450 wM, Bmall’ IC,, = 385 uM (Fig. 3A); 48 h WT
IC,) = 200 pM, Bmall" 1C,) = 140 M (Fig. 3B); 72 h WT
IC,; = 150 uM, Bmall” 1C, = 875 pM (Fig. 3C). Therefore,
BMALL deficiency leads to increased cell sensitivity to oxidative
stress.

Bmall" cells are more sensitive to oxidative stress-induced
growth arrest. The observed difference in the experiments on
sensitivity to hydrogen peroxide prompted us to further inves-
tigate the effect of oxidative stress on BMALI-deficient cells.
Oxidative stress induces cell death or growth arrest. First, we
investigated if the increased sensitivity to oxidative stress of
Bmall” cells was due to the increased level of cell death. Cells
were treated with different concentrations of hydrogen peroxide,
and the rate of cell death was measured with the Cell Death kit
(Sigma). No difference between wild-type and Bmall” cells was
detected (Fig. 4A).

To compare the effect of oxidative stress on proliferation, an
equal number of cells were plated; cells were treated with hydro-
gen peroxide, and the formed colonies were counted. There was
no difference in the number of colonies for the untreated cells.
Treatment with hydrogen peroxide resulted in a reduced number
of colonies for wild-type and Bmall” cells, and the inhibitory
effect was stronger for Bmall” cells (difference between geno-
types was statistically significant). At the same time, the rela-
tive reduction in the number of colonies after hydrogen peroxide
treatment was not as dramatic as the effect of the treatment on
colony sizes (Fig. 4C) or the inhibitory effect observed in the pre-
vious set of experiments (Fig. 3). These results suggest that oxi-
dative stress-induced growth arrest was stronger in Bmall'~ cells.
In agreement with that, when cells were treated with hydrogen
peroxide only for 24 h and then allowed to grow for additional
120 h in regular growth media, no difference between genotypes
was observed (Fig. 4B), which indicates that cells arrested by the
24 h hydrogen peroxide treatment resumed proliferation.

Thus, the difference in the sensitivity to oxidative stress
between wild-type and Bmall”~ cells is due to the difference in
hydrogen peroxide-induced proliferation arrest rather than the
difference in the induced cell death.

Differential effect of BMALLI deficiency on cell sensitivity to
anticancer drugs. The observed reduced resistance to the hydro-
gen peroxide treatment of the Bmall”" fibroblasts may be a con-
sequence of general changes in genotoxic stress resistance upon
BMALL deficiency. Alternatively, Bmall"~ cells can be sensitive to
oxidative stress specifically. To investigate if BMALL deficiency
affects general sensitivity to genotoxic stress, we compared the
resistance of wild-type and BmalI”- fibroblasts to the toxic action
of different anticancer drugs acting through different pathways
and affecting cell proliferation/death through different mecha-
nisms. Treatment of cells with the microtubule stabilizing agent
Paclitaxel (taxol) did not reveal any difference between wild-type
and Bmall” cells (Fig. 5A). We also did not detect any signifi-
cant difference in resistance to antimetabolite 5-Fluorouracil
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Figure 3. BMALI-deficient cells have increased sensitivity to hydrogen
peroxide. Relative survival of wild-type (black circles) and Bmal1” (open
circles) fibroblasts treated with indicated concentrations of hydrogen
peroxide for 24 h (A), 48 h (B) and 72 h (C). Survival of untreated cells
was set as 100%. *p < 0.01.

(Fig. 5B). At the same time, Bmall” cells were more resistant to
the topoisomerase II inhibitor etoposide (Fig. 5D and WT IC |
= 56.33 ng/ml, Bmall” 1C, = 110.9 ng/ml) and the DNA inter-
calating drug daunorubicin (Fig. 5C and WT IC,, = 45.35 nM,
Bmall" 1C, = 95.5 nM).

Based on the results presented in Figures 3 and 4, we con-
cluded that BMALLI deficiency specifically affects cell sensitivity

Volume 10 Issue 23



A 12
5 | e wr
i —O— Bmal1-/
20.91
L
—
©
[
20.6
T
)
0.31
0.00== ; '
10 100 1000

H,0, Concentration, uM

B * *
120‘ [ — —1
1
S 901
o
v
N
© 60
3
Q
£ 301
=
0
UM 250 uMH,0, 250 uM
H,0, media

Bmal1-/-

Figure 4. Increased sensitivity of BMALIT-deficient cells to hydrogen peroxide is due to increased growth inhibition. (A) Relative cell death of wild-
type (black circles) and Bmal1” (open circles) fibroblasts treated with indicated concentrations of hydrogen peroxide for 4 h were calculated based on
fluorescent signal using kit. Signal of untreated cells was set as 0 and signal of cells lysed with SDS was set as 1.0. (B) Numbers of colonies formed by
wild-type (black bars) and Bmal1” (gray bars) fibroblasts. Equal amount of cells were plated, cells grew in regular growth media for 96 h (U/T), or in the
presence of 250 mM of hydrogen peroxide for 96 h (250 mM H,0,), or treated with 250 mM of hydrogen peroxide for 24 h and then in regular growth
media for additional 72 h (250 mM H,0,/media). (C) Representative images of colony formation experiment. *p < 0.05.

to different genotoxic agents: it does not affect sensitivity to some
drugs (Paclitaxel, 5-fluorouracil), makes cells more resistant to
other agents (etoposide, daunorubicin) and more sensitive to
hydrogen peroxide.

Increased sensitivity of Bmall” cells to oxidative stress is
p53-independent. Recently, it was reported that the circadian
clock and, specifically, BMALI interferes with p53-regulated
pathways, and p53-dependent DNA damage response is impaired
upon downregulation of BMALL expression.” Interestingly, we
found that Bmall” cells are more resistant to some DNA dam-
aging agents, such as etoposide, and more sensitive to hydrogen
peroxide; a similar difference in cell sensitivity to DNA damage
and oxidative stress was reported for p53-negative cells. Thus,
one of the possible mechanisms of the changed sensitivity of
Bmall" cells is the effect on the p53 pathway. To study if p53 is
involved in the BMALI-dependent response to oxidative stress,
we downregulated p53 activity using GSE56 (a dominant-nega-
tive fragment of p53 that can efficiently suppress p53 activity in
different cell types).*® We overexpressed GSE56 in wild-type and
Bmall’- MEFs. As expected, the expression of GSE56 resulted in
immortalization of MEFs of both genotypes, which suggests that
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BMALL does not play a significant role in immortalization
induced by p53 deficiency. The generated wild-type and Bmall”-
cells were treated with hydrogen peroxide, similar to the protocol
for the fibroblast isolated from the lungs. Wild-type MEFs were
still more resistant to the toxic effect of hydrogen peroxide, thus
suppression of p53 activity did not affect the difference in sensi-
tivity to hydrogen peroxide between Bmall”- and wild-type cells
(Fig. 6). Based on these results, we conclude that the increased
sensitivity of Bmall”" cells to oxidative stress does not depend on
p53 function.

BMALL deficiency impairs the circadian oscillation of
ROS in culture. Previously, it was reported that ROS levels
demonstrate circadian oscillations in tissues of wild-type mice.
Circadian rhythms in vivo (rhythms in gene expression, electri-
cal activity and metabolism) can be modeled in cell culture.”
We used established methods for induction of circadian oscilla-
tion in cell culture’” to investigate if BMALL directly regulates
ROS homeostasis in cells. Cells kept in monolayer for 72 hrs
were treated with 50% FBS for 2 h and transferred to serum-
free media. Treatment with mitogenic stimuli induces transient
induction of ROS level (80-83); in agreement with that, the
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Figure 5. BMALT1 deficiency cells have differential sensitivity to anticancer drugs. Relative survival of wild-type (black circles) and Bmal1” (open circles)
fibroblasts treated with indicated concentrations of paclitaxel (A), 5-fluorouracil (B), daunorubicin (C) and etoposide (D). Survival of untreated cells was

treatment with 50% FBS resulted in sharp changes in ROS
levels, which were similar in both wild-type and Bmall” cells
(see Fig. 7, time points between 0 and 3 h), suggesting that the
normal response of ROS levels to serum stimulation was not
compromised in Bmall”" cells. After a sharp peak of induction,
ROS levels decreased in wild-type and Bmall” cells with similar
kinetics and reached a minimum in 6 h. After that, the ROS
level slowly increased and reached another peak 30 h after the
serum treatment in wild-type cells. One more peak was detected
51 h after the induction. Thus, serum treatment induced circa-
dian oscillation of ROS levels in wild-type MEFs (two peaks
with period about 21 h were detected). In contrast, the ROS
levels in Bmall” cells initially increased with a similar kinetics
for 21 hrs after treatment but then reached plateau and did not
demonstrate any rhythmic oscillations. Thus, circadian rhythms
in oscillation of intracellular ROS level detected in cell culture
depend on the expression of BMALL. These results suggest that
BMALL is directly involved in the regulation of ROS homeo-
stasis in cells, and that BMALI activity may contribute to the
observed difference in the response of the BMALI-deficient cells
to oxidative stress.
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Discussion

Aging is a complex biological process; our understanding of
the mechanisms of aging is in its emerging state. Recent stud-
ies demonstrated that the rate of aging is regulated: for example,
activation of the TOR or IGF pathways accelerates aging, while
suppression of these pathways was shown to increase longevity.?s%
At the same time, the existence of anti-aging or gerosuppressor
systems has also been shown:% downregulation of pathways con-
trolling genome stability resulted in premature aging and upreg-
ulation increased longevity. Like other physiological systems, the
activity of the circadian clock is affected by aging®' and, con-
versely, this may contribute to the control of aging. Several recent
reports connect the circadian clock and aging in different organ-
isms'“'®% including humans, suggesting an evolutionarily con-
served connection between these two phenomena, although the
molecular and cellular mechanisms remain mostly unknown.
Accumulation of senescent cells in aged tissues contributes to
the pathology of aging.?® Cell senescence can be induced through
different mechanisms.?® While the replicative senescence was
the first type of experimentally induced senescence, its role in
the age-associated senescence in vivo is unclear.’ In contrast to
that, stress-induced senescence significantly contributes to the
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Figure 6. Increased sensitivity of BMALIT-deficient cells to hydrogen
peroxide is p53-independent. Relative survival of GSE56 (dominant
negative fragment of p53) wild-type (black circles) and Bmall” (open
circles) fibroblasts treated with indicated concentrations of hydrogen
peroxide for 72 h. Survival of untreated cells was set as 100%. *p < 0.01.

age-associated senescence and was suggested as one anticancer
mechanisms in vivo.” We investigated the effect of BMALLI defi-
ciency on senescence in vivo and in vitro. In situ staining revealed
a significantly increased number of cells positive for SA--gal in
the liver, lungs and spleen of Bmall”- mice. The difference in the
number of senescent cells between wild type and Bmall’~ can
be detected already in one month old mice, before the prema-
ture aging phenotype of Bmall”" mice develops. Most likely, the
increased number of senescent cells in the tissues of Bmall”~ mice
is a consequence of stress-induced senescence. Indeed, we did not
detect any significant difference in replicative senescence, but
observed an increased sensitivity of Bmall”~ cells to hydrogen
peroxide. Oxidative stress is a powerful activator of the stress-
induced cellular senescence and is probably one of the major
causes of the stress-induced senescence in vivo.?**

Previously, we and others demonstrated that the circadian
clock is involved in the regulation of ROS levels in vivo and in
vitro.””*> These results further support the idea that circadian
clock-dependent control of ROS homeostasis and oxidative stress
response plays an essential role in the regulation of aging. Indeed,
accumulation of senescent cells in BMALI-deficient animals
has been observed in the tissues that normally are subjects for
increased levels of oxidative damage. For example, the lung cells
are exposed to a high level of oxygen; the liver cells are exposed
to different organic toxins originating from food; the spleen has
a large number of immune cells, many of which produce high
levels of ROS.

Previously it was reported that BMALLI regulates organism
and cell sensitivity to genotoxic stress* and is involved in the
control of cell cycle®#® and DNA damage-induced cell cycle
arrest.” While BMALI deficiency reduces proliferation of pri-
mary hepatocytes®® and hair follicle epithelium,” we did not
observe a reduced rate of proliferation in BMALI-deficient fibro-
blasts. Downregulation of BMALI expression with shRNAs in
tumor cells made cells more resistant to DNA damage-induced
arrest.”> We also observed that Bmall”- cells are more resistant
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Figure 7. Circadian rhythms of intracellular ROS level can be induced

in cell culture. Confluent wild-type (black circles) and Bmal1” (open
circles) fibroblasts were maintained in DMEM with 5% FBS for 7 d, at
time 0 h media were replaced with media with 50% FBS (serum shock);
cells were incubated for 2 h and then 50% FBS media was replaced with
serum free media; cells were collected every 10 min during serum shock
and every 3 h after serum replacement and ROS level was measured as
described in Materials and Methods. *Statistically significant (p < 0.001)
difference between peak and throw for wild-type cells.

to some DNA damaging agents, such as etoposide or daunoru-
bicin; at the same time, no difference was observed for another
DNA damaging agent, such as 5-fluorouracil. It was suggested
that BMALLI regulates cell cycle arrest through the interference
with the p53 pathway and regulation of p21/Inkk1 expression;*
however, we observed a p53-independent effect of BMALL.
Several recent reports addressed the role of the circadian clock
and different circadian clock proteins in cell death and prolif-
eration; however, the results of different studies often contradict
each other.""44% We suggest that different circadian proteins
play different roles in the control of cell death and proliferation;
additionally, even for the same protein, the effect is cell type- and
treatment-specific.

A connection between the circadian clock and aging was
recently suggested.”® Oxidative stress and DNA damage
responses are among pathways implicated in the control of aging.
The role demonstrated here of the circadian clock transcriptional
factor BMALL in the regulation of oxidative stress response pro-
vides a mechanistic link between aging and the circadian clock.
However, several important questions need to be answered. Does
early accumulation of senescent cells in the tissues of Bmall”
mice contribute to the development of aging in these mice? Is
the control of ROS homeostasis and oxidative stress response
the only mechanism through which the circadian clock protein
BMALL regulates senescence in vivo or can another clock con-
trol pathway, such as DNA repair,®*® contribute? Is accelerated
accumulation of senescent cells caused by the disruption of the
circadian clock or is it BMALL deficiency-specific? Recently an
increased level of senescent cells was reported in vasculature of
Per2-deficient mice,”
nism may be important.

arguing that the circadian clock mecha-

Finally, more and more data are accumulated on the role
of the circadian clock in the genotoxic stress response; the
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chrono-therapeutic approach was proposed in order to improve
the efficiency of anticancer treatments.”> However, a complex
relationship between the circadian clock and genotoxic stress
response suggests that further research is necessary."’ Based on
the presented data, we propose that the circadian clock may act as
a gerosuppressor system and rational induction of circadian clock
activity can probably delay the development of age-associated
pathology and aging.

Materials and Methods

Animals. Bmall’- mice were obtained from Dr. C. Bradfield
(University of Wisconsin);" details of target gene knockout strat-
egies and animal generations can be found in the above cited
publications. Mice were backcrossed to C57BL/6] inbred strain
(The Jackson Laboratory) for 10 generations. Wild-type and
knockout mice were generated by breeding of heterozygotic par-
ents. Animals were maintained on a 12:12 light:dark cycle, with
lights on at 7:00 a.m., on a regular diet. All animal studies were
conducted in accordance with the regulations of the Committee
on Animal Care and Use at Cleveland State University.

Tissue collection, 3-gal detection and histology. For histo-
logical analysis, animals were sacrificed and organs were imme-
diately removed and frozen in OST solution. Four pm sections
were fixed in 4% paraformaldehyde/PBS solution and stained
for B gal activity X-gal/potassium ferricyanide/potassium ferro-
cyanide protocol. Sections were analyzed under microscopes and
photographed. Numbers of blue cells on stained tissue images
was counted independently by three persons blind to genotype.
Sections were counterstained with hematoxylin/eosin according
to standard protocol to confirm normal tissue histology.

Cell culture. All cells were cultured in Dulbecco’s modified
Eagle’s medium (LRI) supplemented with 10% fetal bovine
serum premium (ATLANTA Biologicals) and 10,000 units Of
Penicillin G and 10,000 wg/ml streptomycin (LRI). Cells were
maintained at 37°C in humid atmosphere with 5% CO, in air.

To generate primary lung fibroblasts, lungs isolated from WT
AND Bmall KO mice were cut to small pieces and placed in cell
growth media. After 72 h, media were replaced, and all unat
tached cells were removed.

To generate culture of mouse embryonic fibroblasts (MEFs),
mice were bred and dams were sacrificed (euthanized using car-
bon dioxide inhalation) on day 13-14 of gestation and cell cul-
ture was generated similar to lung fibroblast culture. Constructs
for expression of dominant-negative p53 fragment GSE56 were
previously described.

Replicative senescence experiments were performed according
to following protocol: cells were collected on indicated days; at
every passage, total number of cells were counted and cells were
plated at density 10*/cm?.

H,O, and anticancer drug sensitivity assay. WT and
BMALI" cells were plated in 96-well plates at a density of 1 x
10° cells per well. Twenty-four h after plating, cells were treated
with different concentrations of hydrogen peroxide, taxol, dau-
norubicin, etoposide and 5'FU (Sigma-Aldrich) for 24, 48 and
72 h. Cells survival was estimated using two independent proto-
cols. MTT assay, incorporation and detection of MTT reagent
(Sigma) was performed according to the manufacturer protocol.
In an independent set of experiments, treated cells were fixed
with 0.2% glutaraldehyde (Fischer Scientific) and stained with
0.05% crystal violet solution dye was extracted with 1% SDS
solution and amount was estimated as optical density at 570 nM
using Victor® 1,420 plate reader. Cell death was estimated using
Cyto-tox ONE Homogeneous Membrane Integrity assay Kit
according to manufacturer’s instructions (Promega).

Colony formation assay. WT and BMALI immortalized lung
fibroblasts were plated in 6-well plates at a density 5 x 10% cells per
well. After 24 h of plating, cells were treated with 250 nM H,O,
for the duration of the experiment. In some experiments, cells
were treated with H O, for 24 h and then transferred to regular
growth media. After 7 d, cells were fixed with 0.2% glutaralde-
hyde and stained with 0.05% crystal violet solution. Number of
colonies were counted independently by three persons blind to
genotype.

Measurement of ROS levels. ROS levels were determined in
tissue extracts using ROS-sensitive fluorescent dye as described.”
Briefly, cells were mixed with dichlorodihydrofluorescein
(DCF) in PBS and incubated in the dark at 370°C for 30 min.
Fluorescence of dye loaded cells was detected with FACScalibur
cell sorter and analyzed with appropriate software.

Statistical analysis. In all cell survival experiments, at least
three replicas were used All experiments were repeated at least
three times. Unpaired ttest was used for statistical analysis.
p < 0.05 was considered as statistically significant.
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