1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

% NIH Public Access
z a2 & Author Manuscript

Published in final edited form as:
Cell Cycle. 2008 May 1; 7(9): 1197-1204.

Disruption of the circadian clock due to the Clock mutation has
discrete effects on aging and carcinogenesis

MarinaP. Antochll*, Victoria Y. Gorbachevaz, OIenaVykhovanetsZ, llliaA. Toshkov4, Roman
V. Kondratov5, AnnaA. Kondratova3, Choogon Lee6, and Alexander Yu. Nikitin4

1Department of Molecular and Cellular Biology; Roswell Park Cancer Institute; Buffalo, New York
USA

2Department of Cancer Biology, Cleveland Clinic Foundation; Cleveland, Ohio USA
3Department of Molecular Genetics, Cleveland Clinic Foundation; Cleveland, Ohio USA
4Department of Biomedical Sciences; Cornell University; Ithaca, New York USA
SBGES Department; Cleveland State University; Cleveland, Ohio USA

5Department of Biomedical Sciences; College of Medicine; Florida State University; Tallahassee,
Florida USA

Abstract

The mammalian circadian system has been implicated in the regulation of various biological
processes including those involved in genotoxic stress responses and tumor suppression. Here we
report that mice with the functional deficiency in circadian transcription factor CLOCK (Clock/
Clock mutant mice) do not display predisposition to tumor formation both during their normal
lifespan or when challenged by y-radiation. This phenotype is consistent with high apoptotic and low
proliferation rate in lymphoid tissues of Clock mutant mice and is supported by the gene expression
profiling of a number of apoptosis and cell cycle-related genes, as well as by growth inhibition of
cells with CLOCK downregulation. At the same time, Clock mutant mice respond to low-dose
irradiation by accelerating their aging program, and develop phenotypes that are reminiscent of those
in Bmall-deficient mice. Taken together, our results demonstrate the dichotomy in biological
consequences of the disruption of the circadian clock with respect to ageing and cancer. They also
highlight the existence of a complex interconnection between ageing, carcinogenesis and individual
components of the circadian clock machinery.
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Introduction

The circadian clock is a universal intrinsic timekeeping system, which regulates many vital
physiological and biochemical processes ensuring their proper adaptation to a constantly
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changing environment. In mammals, it is organized as a hierarchical network of molecular
clocks that are operative in all tissues, with the master clock residing in the hypothalamic
suprachiasmatic nucleus (SCN). The master clock is synchronized with the environment by
daily changes in the light:dark cycles and transmits information regarding its phase to multiple
tissue-specific clocks.: At the molecular level, circadian clocks are comprised of interlocked
transcription/translation feedback loops, in which the positive components (in the major loop
—bHLH-PAS domain transcription factors CLOCK and BMAL1) drive the expression of their
own repressors (PERIODs and CRYPTOCHROMES). Since CLOCK/BMAL1-dependent
transcription is mediated through the widely represented E box elements in the promoter
regions of target genes, in addition to transcriptional regulation of the core components of
molecular circadian machinery, the CLOCK/BMAL1 complex regulates the expression of
multiple clock-controlled genes (CCGs). It is believed that rhythmic expression of CCGs
underlies circadian output in physiology and metabolism.2

Given such complex multilevel organization of the circadian system, one could predict that
de-regulation of any of its components (desynchronization with the environment,
desynchronization of tissue-specific clocks with each other, or disruption of clock function at
the cellular level) might lead to the development of various pathological conditions including
carcinogenesis. In addition to this, the growing amount of evidence suggests that core clock
proteins may have distinct non-circadian functions important for maintaining tissue
homeostasis under normal and stress conditions, and their malfunction may contribute to
disease development.3:*

The interconnection between the circadian clock and carcinogenesis was first demonstrated in
a series of epidemiological studies reporting a high incidence of tumor formation in shift
workers® and an increased incidence of breast cancer among flight attendants.5:”
Epidemiological data were supported by mouse model studies that showed that disruption of
normal rhythmicity either by surgical ablation of the SCN or by chronic exposure to frequent
changes in light: dark cycle, resulted in faster rates of implanted tumor growth.®

A number of studies using genetic models including mice with mutations or targeted disruption
of individual components of molecular clock machinery shed light on complex functional
interconnection between the circadian clock, the cell cycle and genotoxic stress response
pathways thereby linking disruption of circadian rhythms to carcinogenesis. Thus, it has been
demonstrated that a number of key regulators of cell cycle progression and genotoxic stress
responses (Mdm2, Gadd45, Cyclin D1, Cyclin B1, Cyclin E, Cylin A, p53, Weel, c-Myc and
others) display circadian patterns of expression at either the mRNA or protein level %10
Moreover, some of them, such as the Weel kinase and c-Myc transcription factor, have been
identified as direct transcriptional targets of the circadian CLOCK-BMAL1 transactivation
complex.19:11 As expected, the expression pattern of many of these genes is altered in the
tissues of circadian mutant mice or in cells with modulated expression of circadian proteins.
10-13 |y addition to circadian variations in the expression of genes involved in cell cycle
regulation and genotoxic stress responses, core circadian proteins PERIOD1 (PER1) and
TIMELESS (TIM) interact with components of the cell cycle checkpoint system (reviewed in
ref. 14). Altogether, deregulation of the cell cycle and genotoxic stress response could affect
the process of carcinogenesis. However, when challenged with ionizing radiation, circadian
mutants that are deficient in negative regulators of the circadian autoregulatory loop, PERs and
CRYs, demonstrate contrasting responses. Animals deficient in Per2 gene are reported to be
more cancer-prone whereas “clock-less” mice with targeted disruption of both
Cryptochrome genes did not differ from their wild type littermates in the frequency of tumor
development. 12 Until now, nothing has been reported on the possible roles of functional
deficiencies in components of the positive limb of the circadian transcription/translation loop,
CLOCK and BMALY1, in carcinogenesis.
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The CLOCK protein is the first core circadian component discovered in mammals.® It is a
bHLH-PAS domain transcription factor, which functions in a complex with its partner,
BMAL1. Clock mutant mice are behaviorally arrhythmic,® display pronounced defects in
light-responses and metabolic activities,16:17 and, similar to Bmall~~ mice, demonstrate
higher sensitivity to chemotherapeutic drug cyclophosphamide.18 In order to test whether the
disruption of the circadian clock due to deficiency of functional CLOCK protein affects the
rate of carcinogenesis, we exposed a large group of age and sex-matched Clock/Clock and
wild-type mice to asingle dose of ionizing radiation and monitored their health and body weight
for 80 weeks. Interestingly, Clock/Clock mice did not show higher predisposition to neoplasia
but responded to long-term effects of ionizing irradiation by accelerating their ageing program.
Thus, disruption of the circadian clock per se does not make animals more cancer-prone,
suggesting that the final outcome of the exposure to genotoxic stress depends on which
particular component of the molecular clock is altered in its function.

Effects of ionizing radiation on survival and body weight of Clock mutant mice

Despite several examples that link the disruption of the circadian system to carcinogenesis,
previous studies of Clock mutant mice did not identify higher incidence of spontaneous tumor
development (Antoch MP, unpublished observation). Therefore, in order to explore the
potential role of the CLOCK protein in predisposition to tumor formation, we exposed WT
and Clock/Clock mice of both sexes to ionizing radiation—a well-known carcinogen that is
able to initiate and promote neoplastic progression. After the treatment, animals were weighed
weekly and were closely monitored for any changes in their gross appearance for 80 weeks
after the treatment.

Interestingly, long-term effects of low-dose radiation demonstrated pronounced sex-dependent
variations. While the survival rate of Clock/Clock female mice was significantly lower than in
their WT littermates, male mice did not demonstrate any considerable allele-specific difference
in mortality (Fig. 1A and Suppl. Fig. 1). Such sex-dependent variations have been described
before and could be attributed to molecular differences in acute radiation response in male and
female mice.19:20

At the same time, morbidity associated with the treatment (manifested by the loss of the body
weight) was more pronounced in Clock/Clock mice of both sexes. Starting at ~20 weeks after
TBI, both male and female mice stopped gaining weight and then started progressively loose
it (Fig. 1B and Suppl. Fig. 1). As aresult, at 80 weeks after TBI, Clock/Clock mice that normally
weigh 10-20% more than their WT littermates, showed significant reduction in their body
weight (Fig. 1C and Suppl. Fig. 2).

To determine whether decreased body weight correlates with an increased incidence of
neoplasia in the Clock mutant mice, we performed detailed necropsies on 13 WT and 12 Clock/
Clock female mice, because females demonstrated more pronounced genotype-related
differences in their responses to ionizing radiation. Since lymphomas are the most common
spontaneous and irradiation-induced malignancies in C57BI/6J mice,2! particular attention was
paid to lymphoid organs including spleen, thymus and lymph nodes.

None of the animals tested demonstrated thymic enlargement. In fact, in most of the animals
thymus was not detectable. In contrast, the size of the spleen in WT mice was significantly
increased in ten WT but only in one Clock/Clock female (Fig. 1D, Table 1), This increase
histologically correlated with the signs of extramedullary hematopoiesis (EMH) of the spleen,
which was detected in 10 out of 12 WT mice but only in 4 out of 12 Clock/Clock mice (Fisher’s
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exact test p = 0.0361; Fig. 2, Table 1). Only 2 WT and 1 Clock mutant mouse developed
follicular lymphoma (Fig. 2, Table 1).

Although more Clock/Clock mice showed enlargement of mandibular lymph nodes (9 out of
12 compared to 1 out of 13 in WT females), histopathological analysis suggested that such an
increase in size was due to hyperplastic lesions (follicular hyperplasia and medullary
plasmacytosis, Suppl. Fig. 3, Table 1) and most likely reflected reactive response rather than
neoplasia. Such non-neoplastic lesions are most common in ageing mice (reviewed in ref. 22)
and increase in their frequency is well consistent with observed accelerated ageing of Clock/
Clock mice (see below).

No allele-specific differences in frequencies of lesions were observed in other organs and
systems (Table 1). Taken together, the histological data suggest that WT and Clock mutant
mice show similar incidence of tumor formation in response to ionizing radiation. Consistent
with our histopathological evaluation, no differences in total blood cell counts were detected
in peripheral blood of mice of both genotypes (Suppl. Table 1). Thus, disruption of the circadian
function due to the mutation in the Clock gene does not make animals more cancer-prone.

The Clock mutation affects cell proliferation and apoptosis in vivo

The process of lymphomagenesis, which involves a combination of various genetic and
epigenetic factors, is often associated with the enhancement of proliferation and inhibition of
differentiation and anti-apoptotic activities.

It has been reported that CLOCK regulates cell growth and proliferation. Gene profiling studies
performed on liver and muscle tissues of WT and Clock mutant mice showed that the Clock
mutation results in upregulation of several cell cycle inhibitory genes and downregulation of
proliferative genes.13 This expression pattern correlated with in vivo studies, in which both
proliferation and cell growth were measured in several independently obtained primary cultures
of WT and Clock/Clock fibroblasts.13

Since circadian regulation shows a high level of tissue specificity, in order to address possible
deregulation of these genes in relation to lymphoma-agenesis, we performed quantitative
analysis of a set of cell cycle- and apoptosis-related genes in the spleen of WT and Clock mutant
mice using Pathway Focused RT2 Profiler PCR Array System (SuperArray Bioscience Corp.).
Out of 84 cell cycle-related genes represented on Mouse Cell Cycle Array, 9 were upregulated
at least 1.5-fold and 5 were downregulated in tissue of Clock/Clock mice (Suppl. Table 2).
Importantly, the majority of genes that were upregulated are the ones that are associated with
growth arrest whereas three out of five that are downregulated are associated with proliferation.
Analysis of the gene expression level for the transcripts present on Mouse Apoptosis Array
demonstrated from 2 to 5-fold upregulation of several genes with pro-apoptotic activities
(Suppl. Table 3). These results were confirmed by real-time RT-PCR for individual genes
performed on individual RNA samples isolated from spleens of WT and Clock/Clock mice
(Fig. 3A).

Based on gene expression analysis, one would expect that the Clock mutation should result in
a low proliferation and high apoptotic rate in vivo. To test this prediction, we first estimated
the rate of apoptosis in radiation-sensitive tissues (thymus and spleen) of WT and Clock/
Clock mice after exposing them to 8.5 Gy of ionizing radiation. Quantitative flow cytometry
analysis of different populations of T and B cells did not reveal any differences in their basal
levels in thymuses and spleens of untreated animals of both genotypes (data not shown).
However, after TBI, a number of viable (Annexin V-negative) cells in tissues of Clock/
Clock mice significantly decreased when compared to irradiated WT animals (Fig. 3B and C).
Thus, the elevated levels of expression of several key pro-apoptotic genes detected in our
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experiments correlated with a higher rate of radiation-induced apoptosis in both types of
lymphoid tissues tested.

To demonstrate the direct involvement of CLOCK in regulation of cell growth, we generated
several stably transfected LLC1 cell lines, in which the endogenous CLOCK protein is
suppressed by specific small interfering RNA (siRNA). Western blot analysis showed that two
of these cell lines (LLC1/siClock-835 and LLC1/siClock-2467) efficiently suppressed CLOCK
protein (Fig. 4A), whereas two other lines (LLC1/siClock-1375 and LLC1/siClock-1388) had
no effect on the abundance of the endogenous protein. Consistently, suppression of the CLOCK
protein in line LLC1/siClock-835 and LLC1/siClock-2467 resulted in decrease in mMRNA
abundance of key transcriptional targets of the CLOCK/BMAL1 complex (Periods and
Cryptochromes; data not shown).

To test whether the suppression of CLOCK affects the growth characteristics of the cells, we
compared the growth rate of the parental LLC1 cell line with the lines transfected with sSiRNA.
As shown in Figure 4B, the growth rate of LLC1 that was infected with lentivirus expressing
an inactive siRNA construct (siClock-1375) was indistinguishable from the parental line. In
contrast, two clones that efficiently suppress CLOCK (siClock-835 and siClock-2467 were
growing much slower and never reached confluency (Fig. 4B). When the cells LLC1/
siClock-2467 were inoculated into C57BL/6J mice, they formed tumors; however, the rate of
tumor growth was significantly slower than in parental line (Fig. 4C). Taken together, the gene
expression data and in vivo functional assays demonstrate that the deficiency in CLOCK
protein function indeed results in the increase of apoptotic response and decrease in cell
proliferation. This pattern is consistent with histopathological analyses showing no
predisposition for tumor formation in response to ionizing radiation. Consistently, the higher
incidence of such proliferative lesion as EMH in the spleen of WT mice may result from growth
suppressive effects of CLOCK deficiency.

TBI accelerates the ageing process in Clock/Clock mice

Although Clock mutant mice did not demonstrate a higher incidence of tumor formation, they
still show elevated sensitivity to TBI. Most obviously this was manifested by higher mortality
(demonstrated by female mice) and significant weight loss (both in males and females) that
started not immediately after the treatment but 20-25 weeks later (Fig. 1 and Suppl. Fig. 1).
Necropsy results suggest that this reduction could be explained by a size reduction in several
major organs (liver, spleen and kidney) as well as the loss of adipose tissue.

In addition to body weight reduction, Clock/Clock mice showed signs of hair graying
significantly earlier. In Clock/Clock females hair graying started as early as 6 weeks after TBI,
while in WT females graying occurred only after 30 weeks. Radiation-induced alopecia was
also more pronounced in Clock/Clock females where it could be detected at 13 weeks after TBI
(compared to 37 weeks in WT females).

The higher level of radiation-induced morbidity in Clock/Clock mice was also manifested by
increased incidents of eye pathologies that were observed in 8 Clock mutants but only in 3WT
animals. The Clock/Clock mice started developing cataracts and eye inflammation at 40 weeks
after radiation at the age of 52-54 weeks. Untreated mice and irradiated WT mice showed no
signs of eye inflammation or cataract development at this age (Fig. 5A-C). Histological
examination of H&E stained lens posterior zone in mice of both genotypes after 80 weeks of
TBI showed that the severity of cataracts is more pronounced in Clock mutants (Suppl. Fig.
4). Together, all pathological conditions that developed in Clock/Clock mutant mice after low
doses of TBI were reminiscent of the manifestation of the premature aging phenotype
previously described for Bmal1~~ mice.23 Thus, although under normal conditions Clock/
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Clock mice do not display signs of premature aging, exposure to genotoxic treatment such as
ionizing radiation, accelerates the ageing program without affecting the rate of carcinogenesis.

Discussion

The circadian system represents a complex temporal regulatory network that synchronizes
multiple biological processes with the environment. It has been recognized that deregulation
of such synchronization may be detrimental for an organism’s well-being and may result in
various pathological conditions, including development of tumors. The first potential link
between circadian rhythms and cancer biology came from studies in the field of chronotherapy
of tumors, which demonstrated (both in animal model and in clinical studies) that the efficacy
of many antitumor drugs strongly depended on the time of their administration (reviewed in
refs. 24 and 2°). These data were supported by a number of epidemiological studies that
correlated higher incidence of tumor development in shift workers and flight attendants with
the disruption of their circadian clock due to irregular working schedule.®> Manipulations with
the light/dark regimes may also affect the rate of tumor growth in the experimental systems.8
However, molecular mechanisms underlying the clock-cancer connection are still poorly
understood. Moreover, recent studies using various circadian mutant mouse models indicate
that the relation between carcinogenesis and the circadian clock is more complex than initially
proposed.

Thus, none of the circadian mutant mice demonstrate a predisposition to the development of
spontaneous tumors. When challenged by y-radiation, mPer2 deficient mice exhibited a higher
rate of tumor incidence as well as some characteristics of aging (i.e., earlier hair graying).10
The cancer-prone phenotype of Per2-deficient mice was attributed to defects in DNA damage
responses associated with changes in the expression patterns of several oncogenes and tumor
suppressor genes.10 Independent lines of evidence linking PERIOD proteins and
carcinogenesis came from the study of PER expression in human tumor cell lines and tumors.
The Perl expression was changed in primary colorectal tumors,2% in endometrial
carcinomas?” and in non-small cell lung cancer.8 In addition, intratumoral delivery of Per2
inhibited PCNA expression and induced apoptosis in Lewis lung carcinoma tumors, suggesting
that the PER2 protein may act as a tumor suppressor.2% However, these characteristics may be
unique for Per2 deficiency. Indeed, identical treatment of the animals deficient in both
Cryptochromes with the DNA-damaging agents does not result in an increase in carcinogenesis
suggesting that cancer predisposition in “clock-less” mice is dependent on which particular
way clock is disrupted.12 Consistent with this, the lifespan and the incidence of tumor
development in Clock mutant mice under normal conditions are indistinguishable from their
WT littermates. Moreover, as we demonstrate here, using ionizing radiation as a carcinogen
does not increase the rate of tumor formation in Clock/Clock mice compared to WT. Instead,
when challenged by y-radiation, mice with a functional deficiency in CLOCK protein
demonstrate acceleration of the aging process. This phenotype is consistent with a high
apoptotic and a low cell proliferation rate in lymphoid tissues of Clock mutant mice, and is
supported by gene expression profiling of a number of apoptosis and cell cycle-related genes.
Thus, after exposure to low doses of ionizing radiation, Clock/Clock mice start developing a
phenotype of premature aging, which is reminiscent of that normally occurring in Bmal1 ™/~
animals.

CLOCK is a transcription factor and a component of the molecular circadian oscillator, which
acts in complex with the circadian protein BMAL1.39 The heterodimerization of these two
proteins is important for their posttranslational regulation and transcriptional activity.3! The
activity of the CLOCK/BMAL1 complex is impaired in both Clock mutant and Bmal1 ™/~
animals, resulting in a partial overlap in changes in the expression of the CLOCK/BMAL1
target genes in tissues of mutant animals, however, the phenotypes are not completely identical.

Cell Cycle. Author manuscript; available in PMC 2009 September 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Antoch et al.

Page 7

32 Recently we have reported that mice deficient in the core circadian gene Bmal1 are
characterized with reduced lifespan and various symptoms of premature aging, including
sarcopenia, cataracts, organ shrinkage and others.23 Although aging is often associated with
increased carcinogenesis, surprisingly, none of the Bmal1~~ mice developed tumors in the
course of their lifespan. Thus, despite similar behavioral phenotype displayed by various
circadian mutants, only Per2 mutation is associated with an increased rate of carcinogenesis.
While accelerated aging occurs spontaneously in Bmal1™~ animals, it can be provoked in
Clock/Clock and Per2 mutants. There are currently no reports describing accelerated aging in
Cry1l~~Cry2~/~ double knockout animals. Altogether, our results provide additional evidence
of diverse roles for the circadian proteins in various physiological processes, which are not
completely understood at the mechanistic level.

These data also present an intriguing example of the complex relationship between such
fundamental processes as cancer and aging and their interconnection with the molecular clock.
Based on the link that exists between advanced age and increased incidence of cancer, cancer
has always been considered a major age-related disease (reviewed in ref. 33). It has been
proposed that aged tissues create an environment that stimulates the growth of tumor cells.34
At the same time, recent data suggest that at least some tumor suppressor mechanisms can
promote aging phenotypes32:36 further suggesting more antagonistic interconnection between
the two processes. Thus, mice with chronically activated p53 (a critically important tumor
suppressor) demonstrate exceptional protection against cancer, which is accompanied by
acceleration of a number of degenerative processes associated with aging. Thus, aging may
result as a consequence of the same mechanisms that serve to prevent tumor formation at an
early age. The results obtained for Clock mutant and Bmall-deficient animals are within the
framework of this concept.

In summary, our results suggest the existence of a complex interconnection between aging,
carcinogenesis and the circadian clock. Future study of physiological activities of core
circadian proteins will contribute to our understanding of the mechanisms of aging and cancer
progression.

Materials and Methods

Animals

Clock mutant mice1®:37:38 were backcrossed to C57B1/6J mice for 16 generations. Twenty wild
type (WT) and Clock/Clock males (10 of each genotype) and 30 WT and Clock/Clock females
(15 of each genotype) received 4 Gy of total body irradiation (TBI) (Cs-137 source; 2.5 Gy/
min) at 12-14 weeks of age. After irradiation, mice were monitored by visual inspection and
weighed weekly. Animals were sacrificed 80 weeks post irradiation or earlier if they lost more
than 20% of their original body weight or displayed any other signs of morbidity. All animals
were evaluated for their gross appearance (including body weight and hair graying), gross
pathological changes in major organs, whole blood cell analysis and pathohistology of
lymphoid organs (spleen, lymph nodes and thymus). All animal studies were conducted in
accordance with the regulations of the Committee of Animal Care and Use at the Cleveland
Clinic Foundation.

Tissue collection, histology and whole blood cell analysis

For histological analysis, tissue samples were fixed in 10% neutral-buffered formalin,
dehydrated, embedded in paraffin, sectioned at 5 um, and stained with H&E. Histological
sections were masked and interpreted independently by two investigators. Total blood cell
analysis was performed on samples obtained through retro-orbital bleeding as previously
described.1® For mRNA expression analysis, untreated animals (18 WT and 18 Clock/Clock)
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were maintained on a 12 h: 12 h light:dark cycle. Three animals of each genotype were
sacrificed every 4 hours though the course of the 24-hr cycle, spleens were removed,
immediately frozen on dry ice and stored at -80°C until RNA extraction.

RNA isolation and real-time RT-PCR

RNA was isolated from individual samples using TriZol reagent (Invitrogen) according to
manufacturer’s protocol. In order to estimate relative abundance of cell cycle- and apoptosis-
related genes in spleens of animals of the two genotypes, 18 individual WT and 18 Clock/
Clock RNA samples collected around the clock were pooled in equimolar ratio to obtain a
single representative sample for each genotype. One microgram of each pooled RNA sample
was converted to cDNA with RT? First Strand kit (SuperArray Biosience Corp.) and used in
real-time PCR performed on Mouse Cell Cycle and Mouse Apoptosis RT2 Profiler PCR Arrays
(SuperArray Bioscience Corp.) according to manufacturer’s protocol. Data analysis was
performed using AACt method and Gapdh expression for normalization. TagMan RT-PCR
technology (Applied Biosystems, Foster City, CA) was employed to validate array results and
measure expression of genes in the spleen using pre-made TagMan gene expression assays and
EZ RT-PCR kit (Applied Biosystems).

Flow cytometry and annexin assay

Cell culture,

WT and Clock/Clock animals received 8.5 Gy of TBI and were sacrificed 1, 4 and 8 hrs post
irradiation. Spleens and thymuses were removed, dispersed by passing through the cell strainer
(Beckton Dickinson), washed from red blood cells by 1-min incubation in hypotonic solution,
and resuspended in PBS. Detection of apoptotic cells was performed using Annexin V/FITC
Apoptosis Detection Kit (Alexis Biochemicals) as suggested by the manufacturer. Data was
analyzed using a FACSCalibur and FACSComp Software (BD Biosciences, San Jose, CA).
Sample data were collected on 10,000 ungated cells. In each experiment, thymocytes and
spleenocytes from untreated mice were used to determine the fluorescence window specific
for the B (B220-positive) and T (CD3-positive) cells, and these windows were used to gate the
cell population when analyzing the experimental samples to determine the percentage of B220-
(or CD3)-expressing cells stained with Annexin. FITC-labeled anti-mouse B220 PE-labeled
CD3 antibodies (Pharmingen) were used according to manufacturer’s protocol.

growth assay, siRNA constructs and western blotting

Lewis Lung carcinoma (LLC1) cells were maintained in DMEM supplemented with 10% fetal
bovine serum. For stable expression of siRNAs targeting Clock we used the pLSLP lentiviral
vector that contains a sSiRNA-expression cassette within the U3 region of the right LTR as
previously described.?3 The following sequences, representing 19 bp stretches of the Clock
MRNA were present in the hairpin transcripts: siClock-832, 5TCTTGTGGATCAAAGTATA;
siClock-1375, 5TTTGCCTTTTCCATATTGC,; siClock-2467,
5AAATCTTATCTGTCTGTCC. Generation of recombinant lentiviruses and cell infection
were performed as described.39 The efficiency of inhibition of CLOCK expression was
monitored by Western blot analysis with anti-CLOCK antibody. LLC1 cells infected with
siClock-1375 construct showed no suppression of CLOCK protein and were used as control.
To address the effect of suppression of CLOCK protein on the growth rate of cells in culture,
parental LLC1 line, LLC1 expressing siClock-1375 and two independently obtained lines
expressing siClock-2467 were plated on 24-well plates at the density of 2 x 10% cells/well.
Three wells of each line were fixed with 50% ethanol daily for 7 days and quantitated for cell
density using methylene blue calorimetric assay at the end of the experiment.
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Tumorigenicity assay

Parental LLC1 cells and cells expressing inactive (siClock-1375) or functional (siClock-2467)
si-constructs were inoculated subcutaneously into 40 C57BL/6J male mice at 10° cells/site.
Each animal received two injections: LLC1 or siClock- 1375 on one side and siClock-2467—
on the other side. In order to eliminate the effect of position of inoculation site, the left and the
right sides were alternated. Tumor size was measured with a caliper and volumes were
calculated as L x W2 x 0.52,

Statistical analyses

All statistical analyses in this study were done with SigmaStat 3.5 software (Systat Software,
Inc., CA). Survival fractions were calculated using the Kaplan-Meier method and survival
curves were compared by log-rank Mantel-Haenszel tests. P values <0.05 were considered as
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Increased mortality and body weight loss of Clock/Clock female mice after low-dose
irradiation. (A) Kaplan-Meyer survival curve (mean survival for WT and Clock/Clock mice
are 73.2 and 63.6 weeks respectively, p = 0.022). Solid line—WT mice, dotted line—Clock/
Clock mice. All survived animals were sacrificed 80 weeks post irradiation (B) Changes in
body weight of WT and Clock mutant mice; t = 0 corresponds to the time of irradiation. Fifteen
WT and fifteen Clock/Clock mice were weighed weekly. Starting at 20 weeks after irradiation
Clock mutant mice demonstrate progressive weight loss (p < 0.001). Data shown as mean *
s.e.m. Closed circles—WT; open circles—Clock/Clock. (C) Gross appearance of WT (right)
and Clock/Clock (left) female mice 80 weeks after TBI. Note significant reduction in weight,
kyphosis and cataract in Clock mutant female. (D) Weight of major organs from female mice
after 80 weeks of TBI (mean + s.e.m.; *p < 0.01; filled bars—WT, open bars—Clock mutant
mice. Liver, spleen and kidney of Clock/Clock female mice showed significant reduction when
compared to age-matched WT mice.
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Figure 2.

Major pathological changes in spleens of Clock/Clock and WT mice at 80 weeks after TBI. (A
and B) Lymphoma with loss of normal architecture in the white pulp (A, arrow) and numerous
mitotic figures (B, arrows). Two wild-type and one Clock/Clock mouse were diagnosed with
lymphoma. (C and D). Extensive extramedullary hematopoiesis (EMH, C, arrow) in the red
pulp of the spleen. Note large number of megakaryocytes (arrow) as well as myeloid and
erythroid precursors, (D) EMH was diagnosed in 9 WT mice, but in only 4 Clock mutants.
Calibration Bar: (A and C) 400 um; (B and D) 50 pm.
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Figure 3.

The Clock mutation affects the level of radiation-induced apoptosis in radiation-sensitive
lymphoid tissues. (A) Upregulation of several key proapoptotic and growth arrest-specific
genes in the spleen of Clock/Clock mutant mice. Data presented as mean * s.e.m., n = 18; *p
<0.001. WT—Dblack bars, Clock/Clock— grey bars. mRNA expression levels were determined
by real-time RT-PCR. Expression of the proproliferative gene Weel was significantly (p =
0.025) reduced in Clock mice. Consistent with previously reported data, spleens of Clock/
Clock mice also showed significantly reduced levels of expression of direct transcriptional
targets of the CLOCK protein, Dbp and Per2 (p = 0.002). (B) Percentage of viable (annexin
V-negative) CD3- positive cells in thymuses of WT (black bars) and Clock/Clock (grey bars)
mice at different times after 8.5 Gy of TBI. Data presented as mean = s.e.m., n =4, p = 0.005.
(C) Percentage of viable (annexin V-negative) B220-positive cells in spleens of WT (black
bars) and Clock/Clock (grey bars) mice after 8.5Gy of TBI. Data presented as mean * s.e.m.,

n=4,p=0.05.
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Figure 4.
Suppression of CLOCK protein reduces cell proliferation. (A) CLOCK suppression by siRNA.
Western blot of lysates from LLC1 cells infected with four different siClock lentiviral
constructs and probed with a CLOCK-specific antibody. Three independently obtained clones
(si-Clock-832, siClock-2467-1 and siClock-2467-2) showed significant reduction in CLOCK
abundance. (B) CLOCK suppression by siClock-832 (open circles) or 2467-1 (closed triangles)
results in a decrease in cell growth rate when compared to parental LLC1 (closed circles) or
inactive LLC1-siClock-1375 (open trianges) cell lines, presented as mean = s.e.m.,n =3, *p
< 0.05, **p < 0.01; (C) CLOCK suppression by siClock-2467 reduces the tumor growth rate.
LLC1 cells infected by inactive (siClock-1375, circles) or functional (siClock-2467, trianges)
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lentiviral constructs were inoculated s.c. into C57BL/6J mice. Tumor volumes were measured
starting day 5 after inoculation. Data shown as mean * s.e.m., n = 20, at all days p < 0.01.
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Figure 5.

Eye pathologies in Clock/Clock mice after 4Gy of TBI. (A) Gross appearance of wild type and
Clock/Clock female mice at 80 weeks after TBI. Eye inflammation and opacity of lens can be
observed in Clock/Clock animals. (B and C) Representative example of eye histology. (B)
Cornea inflammation. Infiltration by immune cells and abundant changes in the structure of
cornea in Clock/Clock mice as compared to WT animals. (C) Cataract development. Posterior
cataract (this cataract was graded as grade 111 in Suppl. Fig. 4) developed in the lens of the
Clock/Clock mutant mouse. Only minor changes can be observed in posterior zone of wild type
lens.
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Table 1

Histopathological evaluation of wild-type (WT) and clock/clock female mice

Page 18

WT (lesion/total) Clock/clock (lesion/total) Fisher’s exact test
p (*significant)

Spleen
Splenomegaly (>200 mg) 10/13 1/12 0.0010*
Hyperplasia of the white pulp 2112 4/12 0.6404
Follicular lymphoma 2/12 1/12 1.0000
Extramedullary hematopoiesis 10/12 4/12 0.0361*
Hemangioma 1/12 1/12 1.5217
Mandibular lymph nodes
Visually enlarged 1/13 9/12 0.0010*
Hyperplasia/medullary plasmacytosis 4/12 9/11 0.0361*
Angiectasis 6/12 1/11 0.0686
Other lesions:
Liver, ductal cystadenoma 2/13 2112 1.0000
Liver, hemangioma 0/13 1/12 0.4800
Liver, hepatocellular adenoma 1/13 0/12 1.0000
Ovary, cystadenoma 1/13 112 1.0000
Ovary, granulosa cell tumor 0/13 1/12 0.4800
Salivary gland, ductal cystadenoma 2/13 1/12 1.0000
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