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There is a growing body of evidence that components of the circadian clock are involved in modulation of numerous
signaling pathways, and that clock deregulation due to environmental or genetic factors contributes to the develop-
ment of various pathologies, including cancer. Previous work performed in tissue culture and in in vivo mouse mod-
els defined mammalian PERIOD proteins as tumor suppressors, although some experimental inconsistencies (the use
of mice on mixed genetic background, lack of sexual discrimination) did not allow a definitive conclusion. To address
this issue in a systematic way, we performed a detailed analysis comparing the incidence of tumor development after
low-dose ionizing radiation in male and female wild-type, Per1~~, and Per2~- mice. We showed that in contrast to previ-
ous reports deficiency in either Perl or Per2 genes by itself does not make mice more tumor-prone; moreover, some of
the long-term effects of ionizing radiation in Per2-deficient mice are reminiscent more of accelerated aging rather than
tumor-prone phenotype. Our histopathological analysis also revealed significant sexual dimorphism both in the rate of
radiation-induced tumorigenesis and in the spectrum of tumors developed, which underscores the importance of using
sex-matched experimental groups for in vivo studies. Based on our results, we suggest that the role of PER proteins as

bone fide tumor suppressors needs to be reevaluated.

Introduction

It is widely accepted that proper synchronization of various
tissues within an organism as well as proper synchronization of
an organism with its environment are important factors of an
organism’s well being. Desynchrony caused by either genetic or
environmental factors is associated with development of various
pathological conditions, including carcinogenesis. A series of pre-
vious epidemiological studies reported a high incidence of tumor
formation in shift workers' and an increased incidence of breast
cancer among flight attendants.>® 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.” However,
molecular mechanisms underlying the clock—cancer connection
are still poorly understood. Moreover, recent studies using vari-
ous circadian mutant mouse models indicate that the relation
between carcinogenesis and the circadian clock is more complex
than initially proposed.

Hence, none of the circadian mutant mice demonstrate a pre-
disposition to development of spontaneous tumors, and the data
on radiation-induced carcinogenesis in mice deficient in different
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components of the circadian clock remain controversial. Thus,
it has been reported that Per2-deficient mice challenged with
-radiation exhibited a higher rate of tumor incidence as well
as more pronounced characteristics of aging (i.e., earlier hair
graying).’ 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.” Independent lines of evidence link-
ing 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,® in
endometrial carcinomas,” and in non-small cell lung cancer.® In
addition, intratumoral delivery of Per2 inhibited PCNA expres-
sion and induced apoptosis in Lewis lung carcinoma tumors, sug-
gesting that the PER2 protein may act as a tumor suppressor.’
At the same time, circadian disruption caused by deficiency of
other clock components was not associated with an increase in
predisposition for tumor development. Thus, treatment of ani-
mals deficient in both Cryptochromes with the DNA-damaging
agents does not facilitate carcinogenesis;'® moreover, loss of CRY
proteins reduces risk of cancer in highly tumor-prone p53--
mice."" In line with these reports, our previous work has demon-
strated that ionizing radiation does not increase the rate of tumor
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formation in Clock/Clock mice.'* Taken together, these data sug-
gest that despite being the essential components of the circadian
time-keeping mechanism, each clock protein may be involved in
regulation of other pathways in its own unique way. It also raises
the question of whether the tumor suppressor function is charac-
teristic to PER proteins, as it has been proposed previously® given
some inconsistency both in in vitro and in vivo studies (mixed
genetic background of circadian mutant mice used, lack of dis-
crimination between male and female animals, etc.).

To address this controversy, we performed a study involv-
ing a large number of wild-type, Per/”~ and Per2- male and
female mice on pure C57BL/6] genetic background, which all
were simultaneously exposed to low dose of total-body irradia-
tion early in life. These animals, together with age-, sex-, and
genotype-matched non-irradiated littermates were visually moni-
tored for potential tumor development throughout their lifespan
and were analyzed pathohistologically upon completion of the
experiment at 86 weeks of age. Here, we show that the rate of
spontaneous tumors in non-irradiated mice was very low in all
3 genotypes. Total-body irradiation promoted tumorigenesis in
sex- and in gene-specific ways. Thus, WT and Per/”~ female
mice appeared to be more tumor-prone than males demonstrat-
ing high incidence of ovarian tumors. The rate of ovarian tumors
was identical between the 2 genotypes; however, the tumor spec-
trum was changed. To our surprise, deficiency in either Perl
or Per2 did not make mice more tumor-prone, as incidence of
tumors in knockout animals did not differ from sex-matched
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Figure 1. The Kalpan-Meier survival curves of male (A) and female
(B) WT (black), Per1~~ (blue) and Per2~- (red) mice after exposure to 4 Gy
of TBI. Untreated animals, solid line; irradiated animals, dashed line. Total
numbers of animals used in each group are shown on the graph

3674

Cell Cycle

WT controls. Our data underscore the importance of using stan-
dard experimental conditions for in vivo studies and raise the
question of whether PER proteins can be considered as bona fide
tumor suppressors.

Results

Effects of low-dose of total-body irradiation on lifespan,
gross appearance, and body weight of wild-type, Perl”~, and
Per2-'- mice

Wild-type, Perl~-, and Per2-~ untreated and irradiated mice
of both genders were monitored at regular intervals for signs and
symptoms of illness. As shown in Figure 1, the survival rate of
both male and female mice of all 3 genotypes was very similar,
with slightly reduced survival in the irradiated group; however,
none of the differences reached statistically significant values
(Kaplan—Meier log-rank survival test). Figure 2 provides the
summary of the body weight measurements, which were per-
formed biweekly during the entire animals’ lifespan. It shows that
irradiation had no effect on total body weight in male mice of all
3 genotypes. In females, only Per2-'~ mice demonstrated modest
decline in the body weight starting 50 wk after TBI. Evaluation
of gross appearance did not reveal any differences between geno-
types or sexes. Wild-type, Perl™~, and Per2-'~ start to develop var-
ious pathological conditions beginning from 40-50 weeks of age.
These pathologies, which include development of kyphosis, eye
inflammation, and hair loss, were slightly more pronounced in
radiation-treated animals; however they were identical between
genotypes and in most cases resemble radiation-induced acceler-
ated aging phenotype of Clock-AI19 mutant mice.'

Sex- and allele-specific differences in incidence of tumor
development in Per-deficient mice

To determine whether TBI increases the incidence of neopla-
sia in allele-specific and/or gender-specific manner, we performed
detailed necropsies on a large group of animals that were sacri-
ficed 80 weeks after exposure to a low dose of TBI. The results
of this analysis are summarized in Table 1 and Figure 3, which
show representative examples of histopathological evaluation of
radiation-induced tumors detected in mice of all three genotypes.

As seen from the data presented in Table 1, both male and
female non-irradiated WT mice did not show any signs of tumor
development by 86-wk-of-age (the time when the experiment was
terminated). TBI promoted tumorigenesis in WT mice of both
genders: tumors were detected in 5 out of 14 males [36%] and
11 out 19 females [58%]). In males, they were represented by
lymphomas and liver cystadenomas (60 and 40%, respectively),
while in females the prevailing pathology was the development
of ovarian cystadenomas (73%). As expected, statistical analy-
sis confirmed a significant effect of TBI on tumorigenesis (P =
0.039 and P < 0.001 for males and females, respectively, Fisher
exact test). No statistically significant sex-specific differences
were detected.

When compared with WT animals, mice with a targeted
disruption of the Perl gene showed a modest increase in spon-
taneous tumorigenesis, which was manifested in males only
(4 out 16 mice [25%] developed tumors that were diagnosed as
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lymphomas and lymphosarcomas [50% each]; however, this dif-
ference did not reach statistical significance (P = 0.098, Fisher
exact test). Low-dose TBI did not increase rate of tumorigenesis
in Perl”~ male mice (only 3 out of 15 [23%] developed tumors
represented by 2 cases of lymphoma and 1 case of leukemia).
In contrast, TBI significantly increased tumor development in
females, both WT (58%) and Perl~~ (63%). These were repre-
sented mainly by ovarian granulosa cell tumors (sex-cord stromal
malignant tumor) and ovarian cystsadenomas (benign epithelial
tumors). Although the incidences of ovarian tumors were similar
between the 2 genotypes, deficiency in Per! resulted in a change
in tumor spectrum, with more granulosa cell tumors present in
Perl”~ compared with WT females (60% and 9%, respectively).
Statistical analysis confirmed the significant effect of TBI on
tumor development in Per/”~ females (P < 0.001); the lack of
difference between irradiated WT and Perl~- mice (p = 0.67 and
0.74 for males and females, respectively) and the increase in the
incidence of ovarian granulosa cell tumors in Per/~~ when com-
pared with WT females (P = 0.024).

In contrast to our expectations, both male and female Per2--
mice showed a very low rate of tumorigenesis, both spontaneous
and radiation-induced (Table 1). The spectrum of tumors was
identical to those detected in WT and Per/”’- mice: 1 case of

lymphoma and 1 case of liver cystadenoma were detected in irra-
diated Per2-"- male mice, and 1 liver cystadenoma and 2 granu-
losa cell tumors were present in irradiated Per2-/~ female mice.
Taken together, these data indicate that deficiency in PER pro-
teins has no effect of tumor incidence in irradiated mice. It also
revealed significant sex-specific differences both in the rate of
radiation-induced tumorigenesis and in the spectrum of tumors
developed.

Low dose of irradiation induces changes in blood composi-
tion in Per2'-

To get additional insight into potential differences between
WT and Per-deficient mice in long-term effects of TBI, we per-
formed a total blood cell analysis of control and irradiated animals

mice reminiscent of the effects of aging.

upon completion of the experiment (at 86 weeks of age). In Perl~~
mice, all basic hematological parameters in control and irradiated
animals were identical to those of WT. Similarly, no differences
were detected between non-irradiated WT and Per2”~ mice.
However, radiation induced changes in several parameters that
were specific to a Per2 deficiency. Thus, irradiated mice of both
sexes showed a significant reduction in white blood cell counts
(Fig. 4A) and an altered lymphocyte/neutrophil ratio (Fig. 4B),
which both are characteristic for aging C57BL/6] mice. In addi-
tion, irradiated Per2”~ male mice show significant increase in

Table 1. Summary of histological analysis of various tissues of control and irradiated mice performed at 80 wk after low-dose irradiation (number/%

of total)
Mice . Ovarian .
. . Liver cyst- . Ovarian
with Lymphoma, | Lymphosarcoma, | Hemangiosarcoma, Leukemia, granulosa
adenoma, cystade-
tumors, n/% n/% n/% n/% cell tumor,
n/% noma, n/%
n/% n/%
Male 0/0
WT (n=13)
control | Female
(h=18) 0/0
Ma '1645” 5/36 3/60 2/40
WT IR
Female |, 1/5q 19 19 19 8/73
(n=19)
Male s 2/50 2/50
Perl1~/~ (n=16)
control | Female
(n=13) 0/0
Male
(n=13) 3/23 2/67 1/33
Per1~-IR
Female |, /63 1/10 1/10 6/60 4/40
(n=16)
Male |67 1/100
per2- [ (n=15)
Control
Female 0/0
(n=14)
Male
(h=12) 2/17 1/50 1/50
Per2- IR
Female
(n=13) 3/23 1/33 2/67
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the number of circulating platelets, whereas in females, it was
reduced (Fig. 4C). These data in combination with our histologi-
cal analysis and previously reported phenotyping data describing
age-dependent increase in the number of platelets (most promi-
nently manifested in males) in C57BL/6] mice (Mouse Phenome
Database) suggest that rather than promoting tumorigenesis,
TBI of Per2-deficient mice accelerates their aging program.

Discussion

Tumor suppressor genes are defined as genes which deregula-
tion (due to mutation, homozygous deletion, epigenetic silenc-
ing, haploinsufficiency, etc.) predispose to cancer. Although
many functional characteristics of tumor suppressors can be
recapitulated in tissue culture models, showing that loss of func-
tion results in increased tumor initiation, growth, or progression
in vivo is the key proof allowing for defining a gene as a tumor
suppressor.'

There are 3 lines of evidence for a tumor-suppressor func-
tion of PER proteins. The first one is based on experiments per-
formed in tissue culture, which showed that manipulation of Pers
expression affected tumor cell proliferation and their responses
to anticancer drugs and radiation. Overexpression of PER2 in
the mouse Lewis lung carcinoma (LLC), mammary carcinoma
cell line EMTG6," human K562 leukemia cells,” and murine sar-
coma S-180 cells'® reduced cellular proliferation and promoted
apoptosis. Overexpression of PER2 in human pancreatic cells
not only inhibited cell growth, but also sensitized them to cis-
platin.'” At the same time, some contradictory reports have dem-

onstrated that LLC and EMT6" and NIH-3T3Y cells with high

levels of PER2 expression show increased resistance to ionizing
radiation. Based on these data, it was suggested that PER2 acts as
an inhibitor in tumor radiotherapy. Moreover, the implication of
PERI and PER?2 in radiation-induced apoptosis as well as direct
involvement of PERI in repair of DNA double-strand brakes via
interaction with ATM and CHK2 proteins could not be indepen-
dently reproduced.?

Another line of evidence is based on numerous observations of
deregulation of PER1 and/or PER2 expression in various types
of cancer. Thus, expression of Perl, Per2, and Per3 is deregulated
in breast cancer tissue.”*' Perl (but not Per2) expression was sig-
nificantly reduced in non-small cell lung, endometrial, pancre-
atic, prostate, and colorectal cancers.**** Alcthough potentially
important, these observations remain correlative, as it is still not
clear whether they represent the cause or the consequence of
malignant tumor development. Therefore, demonstration of the
tumor-prone phenotype upon deregulation of a certain gene in
in vivo mouse model provides the most compelling proof for its
tumor suppressor function. However, the data in support of the
tumor suppressor function of Pers as well as other circadian genes
remain controversial >!112:20:25

Here we used a systematic approach for evaluating the tumor-
prone status of mice with deficiencies in either PER1 or PER2
proteins. These 2 lines were maintained on a pure genetic back-
ground (C57BL/6]); all mutant and control animals were born
and maintained under identical conditions throughout their
lifespan; the 3 groups were irradiated at the same time and were
monitored using a uniform protocol. Our experimental design
and analysis also took into account sex-related differences, an
important parameter that is often neglected. As a result, our
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Figure 2. Changes in body weight of WT, Per1-/- and Per2~ male (A) and female (B) mice monitored through 80 wk after exposure to 4 Gy of total body
irradiation. Closed circles, untreated animals; open circles, irradiated animals. Radiation-induced loss of body weight was observed in Per2~- females
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data revealed prominent sex- and gene-specific variations in
radiation-induced tumorigenesis in circadian mutant mice.
Most importantly, it indicates that Per deficiency by itself does
not make mice more tumor-prone. This was particularly strik-
ing in the case of Per2~ mice, which, in contrast to previous
reports,»? after exposure to radiation develop similar number of
tumors as age- and sex-matched WT animals. One of the poten-
tial explanations for the discrepancy is the use of pure genetic
background in our study (12 backeross generations to C57BL/6]
mice) compared with mixed background of animals used in
the original report.’ Previous work performed in highly tumor-
prone mouse models (i.e., 53~ mice) has demonstrated that
genetic background has a profound effect on the onset, tissue
specificity, morphology, and metastatic potential of tumors.***
This argument is somewhat weakened by the apparent use of
pure genetic background in the follow up study,” which, given
the coat color variations of the animals used, also raised seri-
ous concerns.”® Therefore, at this point, we cannot provide a
specific reason for the discrepancy; however, the large number
of mice used in our work, the uniform experimental conditions,

and the separate analysis performed for male and female animals
give us confidence in our conclusions. It is also important to
mention that the phenotypic changes observed in Per2-deficient
mice after irradiation were reminiscent of the ones developed
by Clock-AI19 mutant mice and described as radiation-induced
acceleration of aging program,'? suggesting that PER2 may be
defined as an aging suppressor rather than a tumor suppressor
protein.

Another interesting observation coming out of our study is
the demonstration of the female-specific role of PER1 in tumori-
genesis. Histological evaluation of ovarian lesions indicates that
although the number of pathological changes in the ovary was
identical in WT and Perl~ females, deficiency in Perl increases
the incidence of granulosa cell tumors (GCT). These tumors
comprise a distinct subset of ovarian cancers that account for
about 5% of ovarian malignancies in female cancer patients”
and that are different from ovarian cystadenomas, benign
tumors of epithelial origin that were prevailing in irradiated
WT females. Although the etiology of GCT remains a debatable

issue, there are indications that continuous exposure to estrogen

Figure 3. Representative images of H&E staining of tumors detected in mice of all 3 genotypes. Top row: Lymphoma in irradiated Per1~~ male mouse:
large tumor of expansively proliferating uniform neoplastic lymphoid cells encompasses the thymus and mediastinal space (A) and has spread in the
white pulp (WP) and partially in the red pulp (RP) of the spleen (B), in the kidney with only single glomeruli (Gl) and tubules(t) remaining visible among
the proliferating neoplastic cells(star) (C) and liver (not shown), effacing the normal morphology of these organs. Middle row: Malignant granulosa cell
ovarian tumors, found in female mice of all 3 genotypes: monotonous neoplastic cells with clear cytoplasm and rounded or oval nuclei forming follicles,
cords, or bands with scanty stroma in between (A); metastasis in mesenteric lymph node with neoplastic cells replacing the normal structure(star) and
only remnants of normal lymphocytes (arrow) (B); metastasis in intestinal wall (star) with intact enterocytes(arrow) separating it from the lumen(upper
left) (C); metastatic growth(star) in liver leaving thin layer of normal hepatocytes (arrow) (D). Bottom row: Ovarian cystadenoma in irradiated Per1~/~
female mouse (A): interconnected spaces lined by a single layer epithelium on mostly acellular underlying stroma; bile duct cystadenoma in liver of
irradiated Per2~- female mouse (B): various in size cysts lined with cuboidal or flattened secreting epithelial cells on mesenchymal stroma or liver paren-
chyma with normal liver tissue in the right lower corner; Hemangiosarcoma in spleen of irradiated Per1-"- female mouse (C): the normal spleen morphol-
ogy (upper right) is replaced by variably-sized endothelium-lined vascular spaces (lower right); Hepatoma in liver of irradiated Per2~~- male mouse: rows
and plates of well differentiated neoplastic cells (blue star) grow expansively and compress the adjacent normal liver (red arrow).
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receptor-modulating drugs (routinely used to treat infertility)
increases the risk of tumor development.?® In this respect, it is
noteworthy that PER1 has been shown to regulate expression of
estrogen receptor 3 (ERPB) via repression of CLOCK/BMALI-
dependent activation of ERP promoter.®® Consistently, knock-
ing down PERI expression in a cell-based model led to constant
elevation in ERB expression.” Thus, the increased incidence of
GCT in Perl”~ females may result from constitutively elevated
estrogen signaling. Interestingly, a significant gender-specific
difference in Perl expression was observed in colorectal tumors
when compared with normal mucosa; Per! levels were reduced in
tissues of female patients only, while no change was detected in
tumor samples from males.*

In summary, the data presented here suggest that the role
of PER protein as conventional tumor suppressors has to be re-
evaluated, and that more research needs to be done to mech-
anistically dissect the roles of various circadian proteins in
tumorigenesis.

Materials and Methods

Animals

Mice with targeted disruption of Perl or Per2 genes were
originally obtained from Dr Weaver.” Mice were backcrossed to
C57BL/6] strain for 12 generations, after which both lines were
maintained as homozygous matings. Male and female wild-type
(WT), Perl”~, and Per2-~ mice received 4 Gy of total body irra-
diation (TBI) at 6 weeks of age (Cs-137 source; 2.5 Gy/min).
Animals were weighed biweekly and were closely monitored for
any changes in their gross appearance. Animals were sacrificed 80
wk post-irradiation or earlier if they lost more than 20% of their
original body weight or displayed any other signs of morbidity.
All mice were evaluated for gross pathological changes in major
organs, whole-blood cell analysis, and pathohistology of organs
that showed gross abnormalities. All animal experiments were
approved by the Institutional Animal Care and Use Committee
of Roswell Park Cancer Institute.
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Figure 4. Whole blood cell analysis of control and irradiated WT, Per1~/- and Per2-'- mice performed 80 wk after exposure to 4 Gy of total body irradiation.
Data are presented as mean = s.d. (A) Per2~ mice of both sexes show a decrease in the number of white blood cells (*P = 0.02; ** P = 0.03, Student t test);
Closed bars, control animals; open bars, irradiated animals. (B) White blood cell composition of control and Irradiated WT, Per1~'- and Per2-'- mice. Each
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blue, and the large unstained cell population is purple; C, control; IR, irradiated. JAX-18mo and JAX-24mo stacks represent cell type percentage in male
and female C57BL/6J mice at 18 and 24 mo of age, respectively (Mouse Phenome Database (http://phenome.jax.org) (C) Sex-specific differences in the
number of platelets in control and irradiated Per2~- mice (*P = 0.014; ** P = 0.003, Student t test).
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Total blood cells analysis

Peripheral blood obtained from the retro-orbital sinus
was collected into EDTA-treated tubes, and the complete
blood counts with differentials were measured using an Advia
120 hematology system (Bayer) and analyzed with the soft-
ware applications for C57BL/6] mice. All control parameters
were within the range previously described for this mouse
strain (Justice M. Clinical hematology parameters. MPD:132.
Mouse Phenome Database Web Site, the Jackson Laboratorys;
http://www.jax.org/phenome, 2002).

Histological evaluation

The mice were visually inspected for tumor development and
weighed biweekly. For histological evaluation, all tissues were
fixed in 10% neutral formalin for 24 h, and then transferred
to 70% ethanol. Samples were embedded in paraffin, sectioned
and stained with hematoxylin and eosin. Histopathological
examination using Zeiss Axiolmager Al with Axiocam MRc
digital camera was performed on all tissues with a focus on

lymphoid tissues (spleen and thymus) and gross lesions. The
guidelines of Bethesda classification were used in determining
the diagnosis.”

Statistical analyses

Survival curves were analyzed using the Kaplan—Meier
log-rank test; differences in incidents of tumors were evalu-
ated using Fisher exact test; other comparisons were performed
using Student 7 test. P values below 0.05 were considered statis-
tically significant.
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