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The mammalian circadian system consists of a central oscillator in
the suprachiasmatic nucleus of the hypothalamus, which coordinates peripheral clocks in organs throughout the body. Although
circadian clocks control the rhythmic expression of a large number
of genes involved in metabolism and other aspects of circadian
physiology, the consequences of genetic disruption of circadiancontrolled pathways remain poorly defined. Here we report that
the targeted disruption of Nocturnin (Ccrn4l) in mice, a gene that
encodes a circadian deadenylase, confers resistance to dietinduced obesity. Mice lacking Nocturnin remain lean on high-fat
diets, with lower body weight and reduced visceral fat. However,
unlike lean lipodystrophic mouse models, these mice do not have
fatty livers and do not exhibit increased activity or reduced food
intake. Gene expression data suggest that Nocturnin knockout
mice have deficits in lipid metabolism or uptake, in addition to
changes in glucose and insulin sensitivity. Our data support a
pivotal role for Nocturnin downstream of the circadian clockwork
in the posttranscriptional regulation of genes necessary for nutrient uptake, metabolism, and storage.
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ircadian clocks are present in most tissues of the body, where
they control the expression of 5–10% of the tissue-specific
mRNAs through both transcriptional and posttranscriptional
regulation (1, 2). The widespread importance of circadian clock
regulation is evident in that generalized disruption of normal
clock function results in tumor formation, sleep disorders, and
metabolic problems (reviewed in refs. 3 and 4). For example,
mutations in the central clock genes Clock or Bmal1 result in
metabolic changes found in obesity and the metabolic syndrome
(5–8), and numerous genes involved in fatty acid, cholesterol,
and glucose metabolism in liver are regulated in circadian or
diurnal patterns (9–15), indicating that the clock plays a broad
role in regulating metabolism. Nonetheless, the large number of
genes, metabolic pathways, and cell/tissue types that are under
general circadian control impose a major challenge in understanding the molecular details. Further advances in this area
require refined understanding of the specific circadian output
pathways by which the clocks regulate physiology.
For cycling mRNAs to closely reflect daily rhythmic transcriptional drive, their half-lives must be relatively short. There are
several examples of rhythmic posttranscriptional regulation in
which the mRNA half-life or adenylation state changes over the
course of the day (16–19), but very little is known about the
mechanisms responsible. A likely contributor is Nocturnin
(Ccrn4l, Noc), which has been implicated in the posttranscriptional regulation of mRNA stability and/or translatability by the
circadian clock (20). Noc is expressed rhythmically in many
tissues, with particularly high-amplitude rhythms in liver where
mRNA levels are increased 100-fold in early night (21). Noc is
at a pivotal position to play a role in shaping the rhythmic pattern
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of gene expression either within the core molecular clockwork or
in regulatory output pathways of the clock.
We report here that Noc⫺/⫺ mice, produced through targeted
disruption of the Noc gene, have normal circadian behavior and
clock gene expression. This suggests that Noc is in an output
pathway downstream of the central circadian clockwork. The
importance of this output pathway in metabolic control is
revealed by our finding that Noc⫺/⫺ mice are resistant to
diet-induced obesity and exhibit other metabolic changes. This
metabolic phenotype is profoundly different from the metabolic
syndrome seen in mice with general central clock disruption and
suggests that Noc controls specific circadian pathways related to
lipid uptake and/or utilization.
Results
Nocⴚ/ⴚ Mice Exhibit Normal Circadian Rhythms and Clock Gene
Expression. To investigate Noc’s role in clock-regulated posttran-

scriptional events, we generated mice with a targeted disruption of
the Noc gene [supporting information (SI) Fig. 5]. Noc⫺/⫺ mice lack
the entire coding region of exon 3, which contains most of the
protein coding sequence including the catalytic domain (20, 21). No
detectable Noc protein is made in the mice, suggesting that this is
a null allele. Both Noc⫺/⫺ and Noc⫹/⫺ mice on the C57BL/6J
background (7–10 generations) used in these studies appeared
grossly normal and reproduced successfully.
Noc is widely expressed in association with known elements of
the molecular clockwork (21). To determine whether it is
essential for the generation of circadian rhythms we measured
locomotor activity in WT and Noc⫺/⫺ mice maintained in
running wheel cages. Differences in activity profiles were not
detected in either cyclic light [light:dark (LD)] or in constant
darkness (SI Fig. 6). The free-running period () in the WT mice
was 23.78 ⫾ 0.03 h compared with 23.74 ⫾ 0.02 h in the Noc⫺/⫺
mice. The mutant mice entrained normally to LD cycles and also
exhibited normal phase-shifts to light pulses (SI Fig. 6 and data
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not shown). Consistent with this finding, we also found that
mRNA rhythms of several circadian clockwork genes in liver
were indistinguishable in WT and Noc⫺/⫺ mice (SI Fig. 6 and
data not shown). Together, our data suggest that Noc is neither
a part of the core circadian clockwork nor necessary for light
entrainment. Instead, it is likely to provide a circadian output
that affects downstream physiologic rhythms.
Nocⴚ/ⴚ Mice Are Resistant to Diet-Induced Weight Gain. Our inves-

tigation of downstream rhythms focused on the liver because Noc
exhibits a high-amplitude rhythm in this tissue. Because many
rhythmic mRNAs in liver encode genes involved in glucose and
lipid metabolism (10, 11, 14, 22), we reasoned that Noc might
play a role in their circadian regulation. In support of this
hypothesis, morphological examination of the livers of the
Noc⫺/⫺ mice revealed that they accumulate significantly less lipid
in lipid droplets than WT controls (Fig. 1A).
The marked decrease in lipid droplets suggested alterations in
lipid uptake or metabolism in Noc⫺/⫺ mice; therefore, we
examined weight gain in Noc⫺/⫺ mice. On a standard diet (8%
kcal from fat) their weights were indistinguishable from WT
mice (Fig. 1B). However, Noc⫺/⫺ mice fed a high-fat diet (45%
kcal from fat) exhibited an obese-resistant phenotype (Fig. 1 C
and D). WT mice, as expected, gained weight on this diet and
became obese. However, Noc⫺/⫺ mice gained less weight and
were only slightly heavier than on a standard diet. This weight
difference was not due to changes in general growth because the
body lengths of the two genotypes were indistinguishable (data
not shown). In WT mice the high-fat diet also caused a large
accumulation of fat in the liver that was visible even under gross
examination, whereas the Noc⫺/⫺ mice had non-fatty livers (Fig.
1E). The diet-induced increase in visceral adipose tissue mass in
epididymal fat pads was also less in Noc⫺/⫺ mice (Fig. 1F).
The livers of Noc⫺/⫺ mice on standard and high-fat diets were
Green et al.

examined for changes in expression profiles of mRNAs for
Ppar␥, Srebp-1c, Srebp-1a, Scd1, and L-Fabp, five genes known
to be involved in lipid uptake, storage, and metabolism (Fig. 2).
Because Ppar␥ and Srebp-1c are transcription factors that control
many genes in lipid-related pathways and have been reported to
exhibit circadian profiles (10, 13), we collected samples at 4-h
intervals around the clock to assess rhythmicity in addition to
overall changes in expression. In the case of Ppar␥, although
average daily levels were not different between genotypes (Fig.
2 A Left), the robust diurnal rhythm in WT mice on the high-fat
diet is in marked contrast to the nonrhythmic and highly variable
levels seen in Noc⫺/⫺ mice (Fig. 2 A Center and Right). Levels of
Srebp-1c mRNA increased significantly in the WT mice on the
high-fat diet and showed a marked rhythm, whereas the Noc⫺/⫺
mice maintained low levels, similar to that seen with the standard
diet (Fig. 2B).
We also examined the expression of Scd1 (steroyl-CoA desaturase), Srebp-1a, and L-Fabp (liver-specific fatty acid binding
protein), three nonrhythmic liver mRNAs (10, 13). Scd1 is a
direct target of Srebp-1c that is involved in lipogenesis (23),
Srebp-1a is a splice variant encoded by the same gene as Srebp-1c,
which has roles in cholesterol synthesis in addition to lipogenesis
(24), and L-Fabp is a cytosolic lipid carrier (25, 26). Scd1 and
L-Fabp mRNA levels were substantially lower in Noc⫺/⫺ mice
than in WT on a high-fat diet; L-Fabp mRNA was also significantly lower in Noc⫺/⫺ animals on a standard diet. In contrast,
differences between genotypes were not seen for Srebp-1a
mRNA (Fig. 2 C and D). These gene expression changes in key
factors related to lipid metabolism are consistent with lack of
accumulation of lipid in Noc⫺/⫺ mice.
Food Intake, Activity, and Metabolic Rate of Nocⴚ/ⴚ Mice. The

obese-resistant phenotype of the Noc⫺/⫺ mice is not due to
increased activity, decreased food intake, or increased metabolic
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Fig. 1. Noc⫺/⫺ mice exhibit a diet-dependent lean phenotype. (A) Noc⫺/⫺ mice have decreased lipid accumulation in livers. Livers were stained with ORO, and
the area fraction of ORO staining was determined in liver chords surrounding portal and central veins separately by using size-calibrated images and Image J
software. The values represent group means (⫾ SEM) of sections from six mice per genotype [t test: P ⫽ 0.0035 for portal area; not significant (P ⫽ 0.06) for central
area]. (B) Body weights of male WT (filled symbols) and Noc⫺/⫺ (open symbols) mice from 4 to 13 weeks with ad libitum access to the standard diet were not
different (WT, n ⫽ 24; Noc⫺/⫺, n ⫽ 36; analysis of covariance: F1,59 ⫽ 0.1222, P ⫽ 0.728). (C) Male WT mice (filled symbols) gained more weight than male Noc⫺/⫺
mice (open symbols) when given ad libitum access to a high-fat diet (WT, n ⫽ 8; Noc⫺/⫺, n ⫽ 12) for 14 weeks beginning at 8 weeks of age (repeated-measures
ANOVA: P ⫽ 0.042). Values are group means ⫾ SEM. (D) Photograph of age-matched WT and Noc⫺/⫺ mice showing body size differences after 20 weeks on the
high-fat diet. (E) Noc⫺/⫺ livers at 20 weeks did not accumulate excess fat on the high-fat diet. Greater accumulation of lipid in WT (Left) compared with Noc⫺/⫺
(Right) livers at the macroscopic level (Upper) and in ORO-stained sections (Lower) was observed. (F) Epididymal fat pads dissected at ZT1 from Noc⫺/⫺ mice (open
bars) on a high-fat diet are significantly smaller than those of WT controls (filled bars). Shown are average weights (⫾ SEM) of one epididymal fat pad from each
mouse [for the standard diet, n ⫽ 5 for both genotypes (t test: P ⫽ 0.17); for the high-fat diet, n ⫽ 5 Noc⫺/⫺ and n ⫽ 4 WT (t test: P ⫽ 0.024)].

Fig. 2. Lipid-related genes have diet- and genotype-dependent expression
profiles. Ppar␥ (A), Srebp-1c (B), Scd1 (C), Srebp-1a (D), and L-Fabp (E) mRNA levels
were measured by using quantitative RT-PCR on total RNA isolated from livers
from WT (filled bars and symbols) and Noc⫺/⫺ (open bars and symbols) mice
maintained on either a standard diet (STD) or a high-fat diet (HF). Samples were
collected at 4-h intervals over 24 h from mice in a 12-h LD cycle. (A Left and B Left)
Data pooled from all time points. (A Center and Right and B Center and Right)
Data shown with respect to time of day (ZT0 is time of light onset, and ZT12 is light
offset; ZT0 points are replotted as ZT24 to aid in visualization of the rhythm).
There is a significant time of day effect for Ppar␥ in the WT mice (repeatedmeasures ANOVA: P ⫽ 0.022) but not for the Noc⫺/⫺ mice (P ⫽ 0.95) on the
high-fat diet. The time-of-day effect for Srebp-1c is not significant for either
genotype (P ⫽ 0.38, WT; P ⫽ 0.65, Noc⫺/⫺) on the high-fat diet, although on this
diet the WT have significantly higher levels of Srebp-1c than the Noc⫺/⫺ mice (P ⫽
0.026) (n ⫽ 2–3 mice per time point per genotype). (C–E) Only pooled data (n ⫽
15–18 mice per genotype) from all time points are shown because these mRNAs
are not rhythmic. Shown are group means ⫾ SEM. Asterisks denote statistically
significant differences between genotypes (differences between diets are not
marked): *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍ 0.001.

rate. Overall ambulatory activity (using infrared beam breaks
rather than running wheels) in Noc⫺/⫺ mice was less than the WT
on the standard diet and equal to the WT on the high-fat diet
(Fig. 3A). Both genotypes consumed equivalent calories (Fig.
3B) and exhibited similar metabolic rates on the two diets (Fig.
3C). Furthermore, the Noc⫺/⫺ mice had lower body temperatures on both diets, consistent with the idea that these animals
are not generating excess heat through increased metabolism
(Fig. 3D). The respiratory exchange rates were the same for both
genotypes on the standard diet (Fig. 3E). On the high-fat diet the
respiratory exchange rates decreased for both genotypes, consistent with an increased use of lipids as a fuel source. However,
the Noc⫺/⫺ mice showed a trend toward higher values when
compared with WT mice, suggesting lower lipid oxidation. In
conclusion, the Noc⫺/⫺ mice maintain the same weight on the
standard diet and remain lean on the high-fat diet, despite being
less (standard diet) or equally (high-fat diet) active, eating the
same amount of food, and producing less heat than the WT mice.
The most likely explanation for the surprising phenotype is
deficient food absorption from the intestine and/or abnormalities in lipid clearance, metabolism, or storage.
9890 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0702448104

Fig. 3. The lean phenotype is not due to hyperactivity or reduced caloric
intake in the Noc⫺/⫺ mice. (A) Noc⫺/⫺ (open bars) are less active than WT (filled
bars) mice on a standard diet (STD), but on a high-fat diet (HF) activity
measurements are similar. Mice were fed ad libitum (n ⫽ 4 per group), and
total activity was measured as infrared beam crossings in an Oxymax metabolic chamber system (Columbus Instruments). Values are group means ⫾ SEM
[t test: standard diet, P ⫽ 0.013; high-fat diet, not significant (P ⫽ 0.088)]. (B)
There is no difference in caloric intake between Noc⫺/⫺ (open bars) and WT
(filled bars) mice on either standard or high-fat diets. The same adult male
mice shown in A were analyzed for total caloric intake in the Oxymax metabolic chambers. All values represent group means ⫾ SEM. No significant
difference was determined by t test (P ⫽ 0.93 for both diets). (C) There are no
significant differences in metabolic parameters between Noc⫺/⫺ (open bars)
and WT (filled bars) adult male mice. Mice were provided ad libitum access to
either standard (Left) or high-fat (Right) chow in the Oxymax metabolic
chamber system. Oxygen consumption and CO2 production were measured,
and resting metabolic rate (RMR) was calculated (see Materials and Methods).
Values are group means ⫾ SEM (n ⫽ 4). There was no statistical difference
between groups (t test: P ⬎ 0.45). (D) Body temperature was decreased in
Noc⫺/⫺ mice. Six mice of each genotype were maintained on a standard diet,
and temperatures were recorded throughout a 21-day period using telemetry.
The mice were then switched to high-fat diets, and body temperature data
were collected for an additional 21 days. Body temperature means over the 21
days were calculated for each animal. Shown are group means ⫾ SEM [asterisks denote statistically significant differences (t tests) between groups: *, P ⬍
0.05 for standard diet; ***, P ⬍ 0.001 for high-fat diet]. (E) Respiratory
exchange rates were calculated by taking the ratio of VCO2/VO2 for each
animal from C. The decreased value of the respiratory exchange rate on the
high-fat diet is a reflection of the increased use of lipids as an energy source
in both genotypes (asterisks denote statistically significant differences between groups: *, P ⬍ 0.05; **, P ⬍ 0.005). The difference between genotypes
is not statistically significant on either diet (standard diet, P ⫽ 0.52, high-fat
diet, P ⫽ 0.24), although on the high-fat diet the Noc⫺/⫺ mice have a trend
toward lower lipid utilization than the WT mice.

To distinguish among these possibilities we examined circulating triglyceride, cholesterol, and free fatty acid levels. We
hypothesized that lipid levels would be increased if lipid storage
or insulin sensitivity were altered. However, total circulating
cholesterol and triglyceride levels were the same between the
two genotypes under fasting and fed conditions on both the
standard and high-fat diets (SI Fig. 7). Fasting free fatty acid
levels were also not statistically significantly different, but there
was a trend to higher levels in the Noc⫺/⫺ mice on both diets. The
lack of major differences in circulating lipids in combination with
Green et al.
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reduced accumulation of lipid in liver and white adipose tissue
in Noc⫺/⫺ mice (Fig. 1) point toward altered uptake of lipid from
the intestine.
whether resistance to steatosis was also associated with alterations
in hepatic glucose metabolism, we also examined glucose homeostasis and insulin sensitivity. On the standard diet, circulating
glucose levels were slightly increased in the Noc⫺/⫺ mice (Fig. 4A
Left), but there was no difference in circulating insulin levels (Fig.
4A Right). On the high-fat diet glucose levels increased relative to
those on standard diet, but there was no difference between
genotypes. Insulin levels also increased significantly on the high-fat
diet in both genotypes, but the increase was much more dramatic
in WT mice; the increase was ⬇10-fold in WT compared with 3-fold
in Noc⫺/⫺ mice. Nonetheless, the 3-fold increase in Noc⫺/⫺ mice
was sufficient to maintain the same blood glucose levels as the WT
mice (Fig. 4A).
Insulin and glucose tolerance tests using mice on a standard
diet (Fig. 4 B and C) revealed that Noc⫺/⫺ mice had moderately
impaired glucose tolerance and moderately increased insulin
sensitivity. These observations point to a problem in responding
to a glucose challenge with an appropriate increase in insulin
secretion, rather than a problem in insulin action. Similar testing
after a high-fat diet revealed that both WT and Noc⫺/⫺ mice
became increasingly intolerant to glucose and insensitive to
insulin (Fig. 4 D and E). The magnitude of these effects is
reflected in the fact that to obtain data comparable to the
standard diet (Fig. 4 B and C) the bolus of glucose was decreased
by half (Fig. 4D). In the insulin tolerance test both Noc⫺/⫺ and
WT mice failed to respond even after increasing the dose of
injected insulin by 2-fold (Fig. 4E). This insulin insensitivity is
consistent with the increased levels of circulating insulin in both
genotypes (Fig. 4A). However, it should be emphasized that
insulin increased to a much greater extent in WT mice. In
conclusion, both WT and Noc⫺/⫺ mice develop insulin resistance
on the high-fat diet, but Noc⫺/⫺ mice exhibit mixed insulin
sensitivity and impaired glucose tolerance compared with WT
mice.
Discussion
Our analysis shows that Noc⫺/⫺ mice are resistant to dietinduced obesity, as reflected in lower body weight, smaller
visceral fat pads, decreased fat accumulation in the liver, decreased lipogenic gene expression, and better insulin sensitivity
on the high-fat diet. This suggests that Noc participates at
multiple levels in energy homeostasis, including lipid and carbohydrate metabolism. Reduced accumulation of fat in liver
hepatocytes is a signature feature of Noc⫺/⫺ mice and is consistent with reduced expression of lipogeneic genes such as
Ppar␥, Srebp-1c, and L-Fabp in liver. The Noc⫺/⫺ phenotype is
distinct from lipodystrophic mice, a class of ‘‘lean’’ mice, which
have defects in white adipocyte differentiation or function (27).
Lipodystrophic mice lack normal adipocytes and accumulate fat
in nonadipose tissues, resulting in fatty livers, elevated circulating trigylceride levels, and insulin resistance. In contrast, adipocyte size and adipose tissue mass are normal in Noc⫺/⫺ mice
on a standard diet and do not increase to the same extent as WT
on the high-fat diet (Fig. 1 and N.D., S. Q. Duong, and C.B.G.,
unpublished observation). Thus, Noc⫺/⫺ mice exhibit decreased
lipid storage in adipose tissue but do not exhibit increased
circulating triglyceride levels or hepatic steatosis.
Other classes of lean mice with normal adipocytes but depleted lipid stores have been described. In general, those mice
have normal, non-fatty livers and normal triglyceride levels,
similar to the Noc⫺/⫺ mice (27). Decreased lipid storage can
result from such factors as increased metabolic rates in peripheral tissues or decreased energy availability, appetite, or intesGreen et al.

Fig. 4. Noc⫺/⫺ mice have diet-dependent changes in glucose and insulin
tolerance. (A) Circulating glucose (Left) and insulin (Right) levels in Noc⫺/⫺
(open bars) and WT (filled bars) mice on standard (STD) and high-fat (HF) diets
were measured from blood at ZT5 after a 5-h fast. Shown are mean levels (⫾
SEM) from five animals from each genotype. On the standard diet, the Noc⫺/⫺
mice had slightly increased glucose levels over the WT mice (t test, P ⫽ 0.048)
but had no difference on the high-fat diet (t test, P ⫽ 0.88). The insulin levels
on the standard diet were not significantly different between genotypes (t
test, P ⫽ 0.22) but were significantly decreased in the Noc⫺/⫺ mice as compared
with the WT mice on the high-fat diet (t test, P ⬍ 0.005). (B) Glucose tolerance
tests performed on fasted (16 h) WT (filled symbols) and Noc⫺/⫺ (open symbols)
male mice at ZT4 revealed impaired glucose tolerance in Noc⫺/⫺ mice on a
standard diet. Mice were injected i.p. with D-glucose (1.5 g/kg of body weight;
Sigma), and blood glucose values were measured at 0, 10, 20, 30, 60, 90, and
120 min after glucose injection (n ⫽ 12; repeated-measures two-way ANOVA,
P ⫽ 0.041). Values are group means ⫾ SEM. (C) Insulin tolerance tests on ad
libitum-fed WT (filled symbols) and Noc⫺/⫺ (open symbols) male mice at ZT8
revealed greater insulin sensitivity in Noc⫺/⫺ mice on a standard diet. Blood
glucose values were assayed immediately before and at 15, 30, 60, and 75 min
after i.p. injection of mammalian crystalline insulin (0.75 units/kg of body
weight; Lilly) (n ⫽ 18 WT and n ⫽ 17 knockout; repeated measures two-way
ANOVA, P ⫽ 0.029). Values are group means ⫾ SEM. (D) Both Noc⫺/⫺ and WT
mice exhibit glucose intolerance when fed a high-fat diet. Glucose tolerance
tests were performed as in B except that the glucose dose was decreased by
half to 0.75 g/kg. Values are group means ⫾ SEM. There was no significant
difference between genotypes (repeated-measures two-way ANOVA, P ⫽
0.055). (E) Insulin tolerance tests conducted exactly as in C except with a
2-fold-higher insulin dose (1.5 units/kg of body weight) revealed that both WT
(filled symbols) and Noc⫺/⫺ (open symbols) mice become insulin-resistant
when maintained on a high-fat diet for 3– 4 months. Values are group
means ⫾ SEM (n ⫽ 14 per group). Significant differences between genotypes
were not detected by using repeated-measures ANOVA (P ⫽ 0.80). Similar
results were obtained with the standard 0.75 units/kg insulin dosage (data not
shown).

tinal absorption. These effects may be due to local changes in one
or more specific tissues or to systemic changes caused by altered
CNS regulation. In comparison to these models, we show that
Noc⫺/⫺ mice eat the same, exhibit equal or less activity, and have
similar whole-body energy expenditure as WT mice, suggesting
that a more general lipid uptake mechanism may be altered.
The Noc⫺/⫺ mice show similarity to one lean mouse model, the
L-Fabp-deficient mouse (28). L-Fabp⫺/⫺ mice are resistant to
weight gain and fat accumulation in the liver and also develop
changes in glucose homeostasis on a high-fat diet. L-Fabp is
expressed mainly in the liver and the upper gastrointestinal tract,
and its down-regulation in Noc⫺/⫺ livers (Fig. 2E) on both
PNAS 兩 June 5, 2007 兩 vol. 104 兩 no. 23 兩 9891
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Nocⴚ/ⴚ Mice Exhibit Alterations in Glucose Homeostasis. To assess

standard and high-fat diets is likely to account for at least some
features of the phenotype such as reduced lipid storage in the
liver.
Likewise, the altered Ppar␥ and Srebp-1c expression levels in
the Noc⫺/⫺ mice are likely to contribute to the protection from
hepatic steatosis on the high-fat diet. Ppar␥ is a principal
regulator of adipogenesis in adipocytes but is also expressed in
a circadian pattern in liver, and Srebp-1c activates transcription
of several lipogenic genes. Furthermore, overexpression of either Papr␥ or Srebp-1c in liver results in a hepatic steatosis (29,
30). The reduced expression of these factors in Noc⫺/⫺ mice on
the high-fat diet is consistent with their lack of hepatic steatosis.
Noc as a Clock Output in Metabolic Regulation. The striking phe-

notype of the Noc⫺/⫺ mice, along with data that place Noc in an
output pathway of the circadian clock, illustrate that nutrient
uptake, metabolism, and/or storage are controlled by the circadian clock. Several recent studies have demonstrated a link
between the circadian clock and metabolism. For example, Clock
and Bmal1, two core genes in the circadian clock mechanism,
have been shown to be important for normal glucose homeostasis (6), and Bmal1 contributes to the regulation of adipogenesis
(8). Furthermore, Clock mutant mice (on a C57BL/6J background) exhibit an obese phenotype associated with features of
the metabolic syndrome (5). The clearly distinct phenotype of
the Noc⫺/⫺ mice compared with the Clock mutant mice is
consistent with the idea that Noc is outside of the clock and that
its loss affects only a specific subset of clock output pathways.
The circadian system likely controls metabolic processes at
numerous levels including transcriptional and posttranslational
control (15). It therefore seems reasonable that loss of circadian
regulation of mRNA half-life could have effects different from
the more universal loss of circadian timing, as occurs in the Clock
mutant mice, with a defective central clock mechanism.
Noc as a Deadenylase and Circadian mRNA Decay. Because Noc has

been shown to exhibit deadenylase activity, an attractive hypothesis is that Noc targets specific mRNAs for degradation. There
are five currently known deadenylases in mammalian cells, and
Noc is unique among them in its circadian regulation (10, 20, 21)
and in its response to acute stimuli such as serum shock in
cultured cells (31). Because Noc is highly expressed in the early
evening in a number of different tissues, its general function
could be to down-regulate mRNAs in the night as cells transition
to a new metabolic state. To date, however, identification of
specific targets has proven elusive. In our analysis we have
identified several genes with altered expression in Noc⫺/⫺ mice
on a high-fat diet. Although these gene expression changes
provide support for the resistance of the Noc⫺/⫺ animals to the
high-fat diet, these genes are unlikely to be direct targets of Noc
deadenylase activity, as one would expect such targets to be
increased in the Noc⫺/⫺ mice. More likely, changes in the
expression of these genes are secondary to the dysregulation of
the primary targets of Noc.
In addition to providing a means for understanding how the
circadian clock controls specific output rhythms, the Noc⫺/⫺
mice provide a new tool for understanding the interplay between
the circadian clock and the regulation of body weight and glucose
and lipid homeostasis in response to different diets. This is an
issue of much importance because the prevalence of obesity in
affluent western cultures has increased dramatically over the
past several decades and is rising to the forefront of health
problems facing our population. Also, irregular and hectic
lifestyles that are prevalent in the contemporary world may
disrupt the circadian clock and change the susceptibility to
high-fat diets. The Noc⫺/⫺ mice should provide a valuable tool
for studying the relationships of these two pathways.
9892 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0702448104

Materials and Methods
Targeted Disruption of Noc. The Noc (Ccrn4l) gene was disrupted

by homologous recombination in mouse D3 embryonic stem
cells, and mouse chimeras were produced by blastocyst injection
in the Medical College of Wisconsin Transgenic Facility (see SI
Methods for detailed strategy). Antibodies to a mouse Noc
peptide (amino acids 125–150) were produced in guinea pigs by
Covance Research Products (Madison, WI). Mice used in these
experiments are either siblings from heterozygous matings or
age-matched mice from homozygous matings bred in our facility
between 3 and 6 months of age.
Quantitation of Clock Gene Expression by Real-Time PCR. Mice raised
in a 12:12 h LD cycle were transferred to constant darkness for
24 h and were killed by cervical dislocation under CO2 anesthesia. RNA from freshly frozen liver was extracted by using the
RNeasy Mini Kit (Qiagen). cDNA was produced from 250 ng of
total RNA by using the iScript cDNA Synthesis Kit, diluted 1:3,
and 1 l was used in 25-l PCRs using iQ SYBR Green Supermix
in a MyiQ thermal cycler and detection system (Bio-Rad).
Relative mRNA abundance was calculated and normalized to
the levels of GAPDH. The highest value from among WT
samples was set to 100, and all other values were normalized to
that. Primers are included in SI Table 1.
Quantitation of Lipid-Related Gene Expression by Real-Time PCR.

Liver tissue was collected from mice killed at 4-h intervals over
24 h in a 12-h LD cycle. RNAs were extracted from tissues (three
mice per genotype per time point) by using TRIzol reagent
(Invitrogen), and cDNA was synthesized with the SuperScript II
system (Invitrogen) with random hexamers according to the
manufacturer’s instructions. The real-time PCRs were performed with a Bio-Rad iCycler using iQ SYBR Green Supermix
(Bio-Rad) as described for the clock genes above. Relative
mRNA levels were calculated by normalization to ␤ 2microglobulin mRNA (see SI Table 1 for primers).
Oil Red O (ORO) Staining and Quantification. Lipid accumulation was

assessed by ORO staining of 10-m frozen sections of livers fixed
in phosphate-buffered 4% paraformaldehyde. ORO staining
was quantified by using digital images taken adjacent to either
portal or central veins. Color images were acquired by using a
CoolSnap Color camera, saved as TIFF files, and analyzed by
using Image J software. An overlay consisting of a 100-m2 grid
was generated over each image, and the area fraction, defined as
(points over ORO)/(points over image) ⫻ 100, was determined
for multiple images from five to seven different animals for each
experimental group. Values are presented as area fraction
percentage.
Feeding and Weight Collection. Mice were maintained on a 12-h LD

cycle on a standard diet containing 8% kcal from fat (8604
rodent chow; Harlan Teklad) or a high-fat diet containing 45%
kcal from fat (D12451; Research Diets, New Brunswick, NJ).
Weights were determined gravimetrically.
Metabolic Cage Measurements. Mice were maintained on a
14 h:10-h LD cycle in a pathogen-free animal facility. Food
intake, ambulatory activity, oxygen consumption, and CO2 production were simultaneously determined for four mice per
experiment in an Oxymax metabolic chamber system (Columbus
Instruments, Columbus, OH). Adult male mice (8–14 weeks old
when on a standard diet and 14–19 weeks old when on a high-fat
diet) were placed in a chamber, and every 15 min one reading per
mouse was taken over 72 h. The mice were allowed to adjust to
the cages during the first 24 h, and thus only the last 48 h of each
experimental run was used for data analysis (n ⫽ 4 for both
Green et al.

Measurement of Body Temperature. Temperature transponders

(G2 E-mitter; Mini Mitter, Bend, OR) were implanted i.p. in six
WT and six Noc⫺/⫺ mice. Mice were individually housed in 12-h
LD cycles, and data were collected every 10 min by using
ER-4000 Energizer/Receivers and VitalView software.

on serum isolated from whole blood from animals on various
feeding regimens as described in the figure legends. Cholesterol
and triglycerides were measured by using a VetTest Chemistry
Analyzer (IDEXX, Westbrook, ME). Free fatty acid levels were
determined by an enzymatic colorimetric endpoint test (NEFA
C test; WAKO Chemicals, Cape Charles, VA).

For the glucose tolerance tests male mice were fasted for 16 h
before an i.p. injection of D-glucose (1.5 or 0.75 g/kg of body
weight; Sigma, St. Louis, MO) at 4 h after light onset (ZT4).
Blood glucose was measured from tail blood by using a OneTouch Ultra glucometer (Lifescan, Milpitas, CA). For the insulin
tolerance test male mice were fed ad libitum and injected i.p. at
ZT8 with mammalian crystalline insulin (0.75 or 1.5 units/kg of
body weight; Lilly, Indianapolis, IN). Serum insulin was determined by using an insulin RIA (Linco, St. Charles, MO).
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Measurement of Blood Lipids. Blood lipid assays were performed
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genotypes). Resting metabolic rate was determined by measuring VO2 for each animal during a 150-min period of inactivity.

