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Abstract

Background: Our recent studies demonstrate that the murine homolog of the human tumor suppressor
promyelocytic leukemia (PML) regulates circadian behavior of mice. To further gather insight into PML's
contribution to circadian behavior, we generated two strains of mice deficient in one of the two period (Per) genes
and the PML gene, with Per1™/PmI™~ and Per2”~/PmI”~ genotypes.

Results: Here we report the circadian behavior of these mice based on wheel-running behavioral analysis. In a free-
running environment, the Per1™~/PmI™~ mice maintained circadian rhythm but displayed a significantly shorter
period of 22.2 h. In addition, these mice displayed significantly enhanced phase response to a light pulse given at
zeitgeber time (ZT) 14 and 22. The Per2”~/Pml™" mice lose persistent rhythm when in a free-running environment,
as also the case for Per2”’~ mice. A transient post-light pulse rhythm seen in the arrhythmic Per2”~ mice was less
apparent in Per2”~/Pml”"~ mice. Both the Per1™/Pml™~ and Per2™"~/PmI”"~ mice displayed a more advanced
phase angle of entrainment activity during light—-dark cycles than the single gene deficient mice.

Conclusions: Beyond merely regulating PERT and PER2, the current behavioral studies suggest PML has additional

roles in mouse circadian behavior.
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Background

The protein, Promyelocytic leukemia (PML) has been
implicated in many important biological processes, in-
cluding the DNA damage response, cell division control
and chromosome instability [1,2]. A reciprocal chromo-
somal translocation t(15;17), which fuses the PML and
the retinoic acid receptor alpha (RARa) genes is the
underlying cause of over 95% of acute promyelocytic
leukemia (APL) cases [1]. Recently, we have shown that
PML is a circadian clock regulator [3]. Loss of PML dis-
rupts PER2 nuclear localization and dampens PER2
interaction with the clock transcriptional complex
BMALI1/CLOCK, resulting in reduced heterodimer me-
diated transcription. Our studies show that Pml~~ mice
have abnormal phase shift responses to a light pulse and
have circadian periods that display reduced precision
and stability. The period length instability had features
that were somewhat similar to the behavioral phenotype
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described for Perl™~ mice [4,5]. At a molecular level, we
observed that the loss of PML caused significantly
dampened expression of Perl [3]. These observations
raised the possibility that the phenotype of PML defi-
ciency may be linked to deregulation of PER1 function.
However, PML regulation of PER2 function could also
explain the dampened Perl expression profile in Pml ™~
mice since the loss of PER2 was shown to dampen Perl
expression [6]. To examine these possibilities, we gener-
ated Per1™~/Pml~~ and Per2”~/Pml~" mice to investi-
gate whether the circadian behavior of these double
knockout mice was similar to that of Pmi™~, Perl™",
Per2™~ or wild type mice. Our circadian behavioral ana-
lysis based on wheel-running activities revealed that loss
of PML further compromised the clock function of both
Perl™" or Per2”~ mice indicating that PML has a sig-
nificant role in the mammalian clock mechanism.

Materials and methods

Animal wheel-running activity

All mice were housed in a standard animal maintenance
facility under a 12 h light: 12 h dark (LD) cycle. The
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Pml™~ (129sv) animals were obtained from the Mouse
Models of Human Cancers Consortium repository, Na-
tional Cancer Institute [7]. The mPer2”~ (129sv/C57/
b6) and Perl™~ (129sv/C57/b6) mice were generated as
previously described [4]. Mice deficient in either PML/
PER1 or PML/PER2 were generated by initially breeding
Pml™~ with PerI™” or Per2”” animals to produce
the heterozygote F1. The double mutant animals for
Perl™/Pml™~ or Per2” /Pml~”~ were then obtained
from heterozygote F1 breeding and were genotyped by
PCR with primers specific to the respective genes.
The Perl™~, Pml™”’~ and Per2”~ mice used for these be-
havioral studies were derived from this breeding scheme.
Both male and female mice deficient in either
Perl™/Pml™~ or Per2”~/Pml~~ were viable, fertile and
were morphologically indistinguishable from wild type.
Male siblings of the respective genotypes aged about
16 weeks from the backcross were used in the wheel-
running studies. Wheel-running activity was monitored
as described [6]. Briefly, mice were initially entrained to
a LD cycle for at least 2 weeks, followed by their release
into a constant darkness free-running condition. To as-
sess the stability of the clock, the same mice were re-
entrained to an LD cycle for 2 weeks and then released
again into a free-running environment. For phase shift
studies, the protocol was as previously described [8,9].
Briefly, a light pulse of 15 min with an intensity of
480lux was given using white fluorescent tube light. A
linear regression using data from at least 10 days follow-
ing the light pulse was used to determine the level of
phase shift. Zeitgeber time zero (ZTO) is light on and
ZT12 is light off.

All animal experiments in this study were carried out
under an institutional approved animal protocol: HSC-
AWC-06-077.

Results

Wheel-running circadian behavior of Per1™~/PmI”~ mice
Male wild type, Pmil ™", Perl™~ and Perl™/Pml™~ mice
were analyzed for their circadian behavior by monitoring
their wheel-running activity in a LD cycle followed by a
free-running period of 12 h dark/12 h dark (DD) cycles.
For all four genotypes, the mice entrained to an LD
cycle and were rhythmic in the free-running environ-
ment throughout our analysis. Interestingly, when re-
leased into a free-running state, the Perl™/Pml™~ mice
displayed an “after effect of entrainment” where their
daily period gradually shortened over the initial 20 days
(Figure 1A, B). The period lengths of Perl™ /Pml™~
mice were eventually shortened to an average 22.2 h in
the free-running environment (Figure 1B). The Perl
~~/Pml™"~ mice period lengths from day 20-40 and 20—
60 were not significantly different. Under a free-running
environment, the wild type, Perl™~ and Pml™”~ mice
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displayed periods that averaged 23.4, 22.8 and 23.2 h,
respectively (Table 1). The Perl ~~/Pml”~ mice
displayed a significant level of activity prior to light
off at ZT12 during the LD cycle (Figure 1A, also see
Figure 2). On average, the Perl” /Pml”” mouse phase
angle of entrainment activity onset in the LD cycle started
about 1.5 h prior to ZT12 (Figure 3). To a much lesser ex-
tent, the Perl”” mice displayed some activity prior to
ZT12 consistent with previous observations [9]. Wild type
and Pml™~ mice showed no significant wheel-running ac-
tivity before light off at ZT12. The current observations in-
dicate that Perl™ /Pml”~ mice have a significantly
advanced phase angle of entrainment compared to Pml ™",
Per1™~ or wildtype mice during LD cycles.

Next we examined whether the phase shift behavior of
Perl™~/Pml™"~ mice was different from that of wild type,
Pml™~ or Perl”~ mice. A protocol in which the light
pulse was given at either ZT14 or ZT22 on the last day
of entrainment and prior to release into a free-running
environment was used [8,9]. With this protocol, wildtype
mice displayed a -1.3+0.1 h and +0.8 h+0.2 h phase
delay and phase advance response to ZT14 and ZT22
light pulses, respectively (Table 1). The Perl™” mice
displayed a -1.5+0.2 h and +0.5 h+0.3 h phase delay
and phase advance response to ZT14 and ZT22 light
pulses, respectively. The Pmi~~ mice displayed a —1.0 +
0.1 h and +0.9 h £ 0.3 h phase delay and phase advance
response to ZT14 and ZT22 light pulses, respectively.
The Perl™ /Pml™~ mice displayed a -2.0 h+0.2 h
and +1.5 h+0.3 h phase delay and phase advance
response, respectively (Figure 2A-D, Table 1). These
observations demonstrate that the Perl™"/Pml™~ mice
have a significantly altered phase shift response, shorter
average period length and increased advance of phase
angle of entrainment when compared to wild type,
Pml™~ or Perl”~ mice. Together, these behavioral ob-
servations indicate that the loss of PML and PER1 func-
tions further altered the mammalian clock in vivo from
that observed for the single gene mutant mice.

Circadian behavior of Per2™~/PmI™~ mice

Next we examined the circadian behavior of Per2™/
Pml™" mice using a similar wheel-running analysis. When
released into a free-running environment, some of the
Per2”~/Pml™~ mice displayed a transient rhythm that de-
teriorated into arrhythmic activities (Figure 4A-C). These
behaviors were also observed in Per2”~ mice. Previous
studies of Per2™" mice described a similar behavioral
phenotype [6]. This similarity in the Per2™~ and Per2™"/
Pml™~ mice behavior suggests that the primary cause of
the loss of rhythm behavioral phenotype in the free-
running state is a loss of PER2 function. On the other
hand, all arrhythmic Per2”” mice (n=4) treated with a
light pulse transiently returned to rhythmic behavior, as
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previously observed (Figure 4B) [9]. However, the transi-
ent post-light pulse rhythm seen in the arrhythmic Per2™~
mice was not apparent in 50% of arrhythmic Per2”/
Pml™"~ mice (n = 4) that were similarly treated (Figure 4C).
These observations suggest that the endogenous clock of
Per2”~/Pml™~ mice is further compromised from that of
Per2”” mice.

The phase shift response of Per2”~/Pml™~ mice was
also examined using a similar protocol in which a light
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pulse was given at either ZT14 or ZT22 on the last day
of entrainment prior to release into a free-running
environment. The phase shift response could not be de-
termined accurately due to immediate loss of rhythm in
many of the Per2”"/Pml™~ mice when released into a
free-running condition. Comparing Per2™~/Pml™~ mice
to Per2”” mice, it was apparent that the Per2”/
Pml™~ mice were much more active in the LD cycle
(Figure 4C). The daily activity onset of Per2”~/
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Figure 1 Wheel-running behavior of Per1™~/PmI™’~ mice. The wheel-running actograms are double plotted showing a 12 h light/12 h dark
cycle (LD) and a free-running period of 12 h dark/12 h dark (DD) cycles. Transition from LD to DD is indicated by the marker. Actograms are
representative of (A) a wild type mouse, a Per1”~, a Pml”~ and a Per1™”"/PmI”~ mouse. (B) Summary of periods obtained from wild type (N=7)
and Per7™"/Pml™" (n=12) mice over 1-20, 20-40 and 40-60 days in a free-running environment. Error bar indicates SEM* p < 0.05.
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Table 1 Comparison of periods and light pulse responses in mice with different genotype

Genotype Periods Light pulse ZT14 Light pulse ZT22
[phase delay] [phase advance]
Hours (SEM) Hours (SEM) Hours (SEM)
WT (n=6) 236 (0.1) 13(0.1) 0.8 (0.2)

PERT (n=4) 228 (0.2) 15(0.2) 0.5(0.2)

PER2 (n=8) arrhythmic N.D. N.D.

PML (n=12) 232 (0.2) 1.0 (0.1) 0.9 (0.3)
PERT/PML (n = 23) 222 (0.2) 20(0.2) 1.5(0.3)
PER2/PML (n=6) arrhythmic N.D. N.D.
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Figure 2 Phase shift behavior of Per1™~/PmI™~ mice. Mice were entrained to a 12 h light/12 h dark cycle (LD) and a light pulse was given on the
last day of LD at ZT 14 or ZT 22. (A) & (B) Phase delay response to a ZT14 light pulse (15 min) of wild type, Per1™~, Pmi™~ and Per1™~/Pml”~ mice. (C) &
(D) Phase advance response to a Z122 light pulse (15 min) of wild type, Per1 ™", Pmi™~ and Per1™~/Pml™" mice. Error bar indicates SEM. p < 0.05, (n=9).
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Figure 3 Average time of activity onset during LD cycles. The
average time of activity onset over 14 days before ZT12 was
measured for wildtype, Per1™~, Pml™~, Per1™~/Pml™~ and Per2
~~/PmI”~ mice. Activity onset for Per2”~ and Per1™~ mice was
previously reported by Spoelstra et al., 2004. Error bar indicates SEM.
*p <005, (n=6).
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Pml™”~ mice in an LD cycle was highly variable and
changed from day to day, unlike that seen in Per2™~
mice (Figure 4B, C). On average, the phase angle of
entrainment was about 2.5 h prior to ZT12 (Figure 3).
This is significantly greater than the value of 0.4 h prior
to ZT12 previously reported for Per2”" mice [9]. These
observations suggest that the robustness of LD entrain-
ment is affected and the phase angle of entrainment is
also advanced when mice are deficient in both PER2 and
PML when compared to PER2 or PML deficient mice.

Discussion

Core clock genes are primarily defined by the altered cir-
cadian behavioral phenotype when the gene is mutated
in an organism. In the current paradigm, a core clock
gene deficiency is likely to disrupt circadian behavior in
a drastic manner, while a clock-controlled gene defi-
ciency is unlikely to have an impact on circadian
behavior. However, in mammals, this differentiation is
complicated by the presence of redundant homologs of
core clock genes. Existing evidence appears to show that
single gene mutations in mice rarely result in a total dis-
ruption of the endogenous clock. One possible exception
is Bmall and to a lesser extent Per2, where a loss of
function mutation can result in arrhythmic phenotypes
[6,10]. Surprisingly, constitutive expression of Bmal2 in
Bmall™~ mice restored circadian rhythmicity [11]. The
loss of rhythm phenotype of Bmall™™ is linked to
BMALI regulation of Bmal2 expression. For other iden-
tified core clock genes in mice, gene redundancy pre-
vents loss of circadian rhythm when a key clock gene is
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mutated. In some instances, the endogenous clock
rhythm can be as robust as wildtype, such as in CLOCK
or NPAS2 null deficiency [12,13]. Similar findings were
also observed for REV-ERBa or REV-ERBp deficiency
[14]. Other outcomes seen in core clock gene deficiency
are shortening or lengthening of period length, as in the
loss of CRY1 and CRY?2, respectively. The characteristics
of PER1 and PER2 deficiency phenotype is an unstable
period and a clock with a transient shortened period that
lose persistence in rhythm, respectively. In free-running
conditions, double knockout mice with either CLOCK/
NPAS2 [15], REV-ERBa/REV-ERBf [14], CRY1/CRY2
[16] or PER1/PER2 [4] deficiency displayed arrhythmic
locomotor behavior indicating that the endogenous
clock machinery was completely disrupted. The loss of
DEC1 (SHARP2) and its redundant paralog DEC2
(SHARP1) mildly impacted clock entrainment [17]. At a
molecular level, decreased expression amplitude of key
clock regulators in the SCN and peripheral organs was
observed. The phenotype and molecular profiles of
DEC1 (SHARP2) and DEC2 (SHARP1) deficient mice
are consistent with a central clock mechanism that is
largely intact. Possible explanations are that these are
players in a minor clock regulatory loop or perhaps they
are clock-controlled genes.

The clock behavioral rhythm based on wheel-running
activities revealed that mice deficient in both PML and
PER1 have significant abnormalities of their endogenous
clock. Some of the circadian behavior abnormality
appeared significantly different from circadian behaviors
of either Pml™~, Per1™~ or wild type mice. Two previ-
ous studies showed that the phase delay of our Perl™~
mice was similar to that of wildtype mice, while the
phase advance was moderately reduced [8,9]. Our new
analysis confirmed these previous observations. In con-
trast, the Pmi~"/Perl1”’~ mice described here displayed
significant differences in period length, phase shift re-
sponse and phase angle of entrainment from those of
Pml™"~, Per1™" or wild type mice.

The arrhythmic free-running behaviors of Per2”"/
Pml”~ mice are similar to those of Per2 deficient mice
[6]. However, the restoration of transient rhythm by a
light pulse during arrhythmic behavior of Per2”~ mice
in a free-running state was less apparent in Per2”/
Pml™~ mice [9]. In addition, Per2”~/Pml”~ mice dis-
played a significantly more advanced phase angle of en-
trainment in an LD cycle than Per2”” mice. Together,
the behavioral analysis suggests that the loss of PML
caused additional perturbation to the already com-
promised Per2™~ or Perl™~ clock mechanism.

Our previous studies showed that loss of PML signifi-
cantly decreased PER2 nuclear entry, which in turn re-
duced its interaction with BMAL1 and CLOCK [3].
Other studies have indicated that PML directly interacts



Miki et al. Journal of Circadian Rhythms 2013, 11:9
http://www.jcircadianrhythms.com/content/11/1/9

Page 6 of 7

representative Pm/~~
LD cycle.

Figure 4 Wheel-running behavior of Per2™~, PmI”’~ and Per2~~/PmI”’~ mice. The wheel-running actograms are double plotted showing a
12 h light/12 h dark cycle (LD) and a free-running period of 12 h dark/12 h dark (DD) cycles. The marker identifies the transition from LD to DD.
Light pulse (LP) is indicated by the red asterisk. Actograms are representative of (A) a wild type mouse, (B) two representative Per2”~ mice, (C) a

mouse, and (D) two representative Per2”~/PmI™~ mice. Note the level of increased activity onset prior to ZT12 in the

with BMAL1 [18]. These observations suggest that PML
likely modulates BMAL1/CLOCK mediated transcrip-
tion of its target genes. Indeed, using Perl-Luc reporter
assay, we observed that PML enhanced BMAL1/CLOCK
mediated transcription of the Perl promoter (data not
shown). In addition to BMALI1 and PER?2, a growing list
of PML interacting proteins including SIRT1, CBP,
WDR5 and SIN3A have been reported to interact with
key clock regulators or be involved in the circadian clock
mechanism [19-22]. Thus, the additional clock behav-
ioral defects of Per2™~/Pml™~ or Perl™ /Pml~~ mice,
in contrast to the individual gene deficient mice, suggest

that PML likely regulates additional regulators of the
mammalian clock mechanism.

Conclusions

The current studies show that the circadian behavior of
Per1™ /Pml™~ and Per2”~/Pml™’~ mice differs signifi-
cantly from that of Perl =/~ Per2”” and Pml~" mice,
suggesting that PML has additional roles in mouse circa-
dian clock beyond merely regulating PER1 and PER2.
These observations based on behavioral analysis suggest
that PML’s regulatory role in the mouse clock mechan-
ism may involve multiple targets.
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