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SUMMARY

Cellular circadian clocks direct a daily transcriptional program that supports homeostasis and resilience.
Emerging evidence has demonstrated age-associated changes in circadian functions. To define age-depen-
dent changes at the systems level, we profile the circadian transcriptome in the hypothalamus, lung, heart,
kidney, skeletal muscle, and adrenal gland in three age groups. We find age-dependent and tissue-specific
clock output changes. Aging reduces the number of rhythmically expressed genes (REGs), indicative of
weakened circadian control. REGs are enriched for the hallmarks of aging, adding another dimension to
our understanding of aging. Analyzing differential gene expression within a tissue at four different times of
day identifies distinct clusters of differentially expressed genes (DEGs). Increased variability of gene expres-
sion across the day is a common feature of aged tissues. This analysis extends the landscape for understand-
ing aging and highlights the impact of aging on circadian clock function and temporal changes in gene
expression.

INTRODUCTION

Aging is characterized by a progressive loss of homeostatic con-

trol, leading to functional declines and decreased resilience.

Over the past 3 decades, there have been numerous studies

that used microarray and RNA-seq to examine age-related

changes in gene expression across tissues (reviewed in Frenk

and Houseley1). These studies contributed to the mechanistic

understanding of aging biology, leading to defined hallmarks of

aging.2,3 More recent comprehensive RNA-seq studies in ro-

dents captured age-dependent transcriptomic changes across

multiple organs and various ages and highlighted age-related

increases in inflammation and loss of proteostasis across tis-

sues.4,5 However, these previous studies did not consider the

time of day or the impact of aging on the circadian clock, thus

overlooking a critical dimension of aging physiology.

In mammals, virtually every cell in the body has a functional

circadian clock. The circadian system consists of a network of

central and peripheral oscillators that give rise to various rhyth-

mic outputs largely in a tissue-specific manner.6,7 The suprachi-

asmatic nucleus (SCN) of the hypothalamus serve as the central

clock that receives the daily light input and regulates the sleep/

wake cycle.8 SCN neurons and peripheral tissue cells share a

similarmolecular clockmechanism that is based on an autoregu-

latory transcriptional negative feedback loop. The core feedback

loop consists of the transcriptional activators BMAL1 and

CLOCK and their negative regulators PER and CRY.6 The core

clock also directs a daily transcriptional program that is cell

Cell Reports 42, 111982, January 31, 2023 ª 2022 The Author(s). 1
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type specific. It is this circadian transcriptional output that

prepares the cell for daily environmental changes and underlies

predictive vs. reactive homeostasis.9,10 Recent studies have es-

tablished that circadian functions decline over the lifespan. For

example, age-related changes in the timing and amplitude of

sleep/wake activity, body temperature, and hormone release in

rodents and humans have been well documented (reviewed in

Hood and Amir11). Aging is also associated with a reduced ability

to re-entrain to a new light/dark cycle, and increased mortality

following repeated ‘‘jet lag.’’12–14 It can be posited that circadian

attenuation likely contributes to increased damage accumula-

tion,15 frailty phenotypes,16 and decreased resilience seen with

aging.17

Although age-related decline of circadian physiology and

behavior has been generally recognized, significantly less is

known about age-related changes in the circadian transcrip-

tional output. A few recent aging-related circadian transcrip-

tomic studies show that the core clock genes in aged tissues

remain largely intact under light/dark conditions but the genes

comprising the transcriptional output are altered (reviewed in

Welz and Benitah18). For example, the circadian transcriptome

is reprogrammed from 3 months to 24 months in the mouse

liver,19 and this was also apparent in stem cells from skin and

muscle of 18-month-old mice.20 Age-dependent circadian tran-

scriptomic reprogramming has also been reported for the human

prefrontal cortex21 as well as inDrosophila,22 demonstrating that

altered circadian output is a conserved characteristic of aging.

While these initial investigations brought attention to aging circa-

dian clock output, there has been a lack of systematic design

and analyses of the circadian transcriptome across organs and

ages. We therefore carried out a 48-h circadian transcriptomic

analysis in male mice at three ages, (6, 18, and 27 months) and

six organs and tissues (hypothalamus, lung, heart, kidney, skel-

etal muscle, and adrenal gland). We define age-related changes

in the number and identity of the clock output. The temporal res-

olution of our data also offered an opportunity to examine the

genes that were not rhythmic but displayed differential expres-

sion patterns at four distinct time domains of the day (e.g., active

phase vs. rest phase). We suggest that altered circadian clock

output with age should be considered a hallmark of aging that

contributes to the changes in cell and tissue homeostasis and

likely contributes to frailty and compromised resilience in the

old. To disseminate these data, we constructed a ‘‘CircaAge’’

database that provides investigators the ability to query the

expression patterns of any gene in any of the organs across

circadian time (CT) and age. Mechanistic insights into the inter-

play between the circadian and aging systems will offer an op-

portunity to enhance circadian function and promote healthy

aging.

RESULTS

Profiling the aging circadian transcriptome across
organs
Our study examined the circadian transcriptome in multiple tis-

sues at multiple time points across the lifespan. We obtained

male C57B6/J-NIA mice at 4, 16, and 25 months old. The mice

were maintained under 12 h:12 h light/dark conditions until 6

(Young), 18 (Aged), or 27 months (Old) of age. Prior to tissue har-

vest, mice were released into constant darkness (CT or CT0) to

study circadian gene expression under free-running conditions.

Tissue collections began at CT18 and continued every 4 h for

48 h, with a total of 12 time points, in accordance with the guide-

lines for analysis of circadian genome data.23 Our systems-level

analysis included the hypothalamus, which contains the central

SCN clock, and five other peripheral tissues, lung, kidney, skel-

etal muscle, heart, and adrenal gland (Figure 1A). We obtained

high-quality RNA sequencing (RNA-seq) data from all tissues/or-

gans with the exception of the first 24 h of data from the adrenal

gland of agedmice due to a technical issue. These adrenal gland

data were included as supplemental data (Figure S1) but

excluded in our larger analysis.

Age-dependent decline in the number of circadian
clock-regulated genes across tissues
All RNA-seq samples were sequenced to a depth of at least 40

million reads aligned to the mouse genome. To identify the circa-

dian transcriptome,wedeployed thecosinormodel implemented

in the diffCircadian software.24 Specifically, we defined circadian

clock output genes as those with 24-h cosine oscillations in tran-

script abundance based upon a raw p value <0.01. We provide a

table with the number of circadian rhythmically expressed genes

(REGs) for each tissue and at each age for different p values and

corrected formultiple testing (q values) (Table S1).We first exam-

ined the impact of age on the REGs in each organ and tissue

(TableS1).Overall, themajority of theREGs in theYoungwere tis-

sue-specific, consistent with previous multiorgan genomic

studies using young mice.7 Across all tissues, we found an age-

associated decline in the number of REGs. The largest REGs

change was seen in the kidney with �75% decline from Young

to Old. The heart showed the least change with �34% decline.

The REGs within each tissue were also age-dependent, with

less than 10% of REGs conserved across ages (Figures 1B–1G,

S2 and S3). In the hypothalamus, there were 495 REGs in both

the Young and Aged groups, but this declined to 196 in Old (Fig-

ure 1B and Table S2). We identified 793 REGs in the Young lung,

591 in Aged, and 251 in Old (Figure 1C and Table S2). The kidney

had 2,183 REGs in Young, 1,356 in Aged, and 550 in Old (Fig-

ure 1D and Table S2). As in the hypothalamus, the kidney circa-

dian transcriptome was clearly age-specific, with only 232 (8%)

of the REGs shared across all three ages. In skeletal muscle,

the number of REGs decreased from 941 in Young to 699 in

Aged and 474 in Old (Figure 1E and Table S2). Again, there was

limited overlap of the circadian transcriptome across ages, with

just 50 (3%) of the REGs shared across all three ages. We identi-

fied 1,186 REGs in Young hearts, 1,068 in Aged, and 785 in Old,

with 170 genes shared across all three ages (Figure 1F and

Table S2). Finally, in the adrenal gland, we identified 476 REGs

in Young, and only 178 in Aged and 216 in Old (Figure 1G). We

also plotted the changes in p values for the Young REGs with

age and in each tissue (Figure S3). Our analyses demonstrated

that the number of REGs declines in all tissues in an age-depen-

dent manner, and that few genes are rhythmically expressed

across all ages.

With such large changes in the circadian output with age, we

queried the aging effects on the expression patterns of the core

2 Cell Reports 42, 111982, January 31, 2023
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clockgenes representing the three interlocking loopsof the circa-

dian clock (Figures S3 and S5). The expression of Bmal1 was

most robust with age being largely rhythmic across all tissues

and ages. The one exception was that the core clock genes in

the hypothalamus were either weakly rhythmic or not rhythmic

across all ages, likely due to the differences in circadian timing

Figure 1. Circadian transcriptome analysis from six tissues and three ages

(A) Simplified study design schematic. Heatmap of z-scored rhythmically expressed genes (REGs) and a Venn diagram of the REGs from each age for the

(B) hypothalamus, (C) lung, (D) kidney, (E) skeletal muscle, (F) adrenal gland, and (G) heart. Due to technical difficulties with adrenal samples, only CT38-CT62 from

the Aged were included for circadian transcriptome analysis.

Cell Reports 42, 111982, January 31, 2023 3
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across the cell types and nuclei in this brain region.7,25 Recent

studies had suggested a limited impact of age on the core clock

genes.19,20 However, our statistical analysis revealed a notable

decline in the rhythmicity of the repressor components of the

clock. We found that Per1 and Per2 were dampened from Aged

to Old across all peripheral tissues (Figures S3 and S5). The sec-

ondary loop genes,Nr1d1 andNr1d2, also exhibited age-related

loss of rhythmicity but only in the skeletal muscle and hypothala-

mus (Figure S3). Thus, there are common aging effects on selec-

tive components of the negative limb of the core clock mecha-

nism across tissues. This observation is consistent with the

slowed rate of entrainment of the circadian system with age.13

Temporal patterns of age-associated differential gene
expression
Our time course collection also provided the opportunity to

explore temporal differences in age-related changes in gene

expression beyond circadian rhythmicity. We binned the 48-h

data over four time domains or phases: the rest phase (light phase

in the nocturnal mice), activity onset (rest-active transition), active

phase (dark phase), and activity offset (active-rest transition). We

used an ordinal analysis strategy to define time domain specific

genes that changed in the same direction from Young to Aged

to Old. This approach is similar to the linear gene expression

changes noted by Shavlakadze and colleagues.5 To our surprise,

we found that a large number of the differentially expressedgenes

(DEGs)weredetectedat unique timedomains, but this occurred in

a tissue-specific manner. These outcomes provide time of day

molecularmapsof tissueagingwith thepotential tomoreprecisely

target therapeutic strategies. We describe in each of the sections

below the unique clusters of DEGs for the distinct time domains.

Loss of circadianmetabolic and immune homeostasis in
the aging hypothalamus
The hypothalamus controls essential homeostatic and survival-

related functions. It is a small yet highly heterogeneous tissue,

with multiple cell types and functionally distinct nuclei, including

the SCN. Through projections to other nuclei, the central SCN

clock functions to coordinate various circadian rhythms such

as endocrine release and sleep/wake behavior.26,27 The RNA-

seq sensitivity enabled the detection of cellular markers specific

to cell types and nuclei, for example, Vip and Nms (SCN), Agrp,

Npy and Pomc (arcuate nucleus), Hcrt (lateral hypothalamic

area), Gfap (astrocytes), and Aif1 (microglia).28 The high-quality

data provide the first systems-level view of circadian transcripts

across ages in the hypothalamus. Circadian rhythmicity analysis

uncovered 495 REGs in Young and Aged, but significantly fewer

(196) in Old. Overall, there were fewer REGs in the hypothalamus

than in the peripheral tissues at the same cutoff, which is due in

part to its cellular heterogeneity.25 While some REGs were pre-

sent in all three ages, most of them were specific to one age

group. Most REGs in Young lost rhythmicity in Old, whereas

several genes gained rhythmicity in Old.

We used the Ingenuity Pathway Analysis (IPA) to analyze and

integrate the functional pathways enriched for the REGs across

ages. This analysis revealed conserved pathways across ages

as well as age-specific pathways (Figures 2A and 2B and

Table S3). For example, the NRF2 oxidative response was rhyth-

mic across the lifespan, although the genes contributing to the

pathway were different across ages. The HIF1, adipogenesis,

and neuregulin signaling pathways lost REG enrichment from

Young and Aged to Old (Figure 2A). Strikingly, many pathways

were enriched only in one of the three ages, with the highest num-

ber of the age-specific pathways occurring in Young (n = 80), fol-

lowed by Aged (n = 37) and Old (n = 27) (Figure 2B). We note

that, while changes in enriched pathways can occur when the

REG number is reduced, those changes from Young to Aged in

the hypothalamus occurred without a change in the REG number.

In general, however,we found that the changes in pathway enrich-

ment across all tissues with age are largely driven by changes in

specific genes. Interestingly, many of these REG pathways in

Old emerged from unique gain-of-rhythm genes. In general, the

REG pathways overrepresented in Young were involved in circa-

dian regulation, energyhomeostasis, proteostasis, andcell growth

and development, whereas those inOldwere related to stress and

adaptive responses and basic central nervous system functions

such as neurogenesis, axonogenesis, and synapse formation.

We next analyzed the REGs based on their CT of peak expres-

sion for each age group (Figures 2C–2E, top panels). Strikingly,

we observed an age-specific daily distribution of theREGs.While

the REGs in the Young hypothalamus had multiple peaks across

the circadian cycle, only two peaks were prominent in Aged, with

one at activity offset and the other at activity onset. The top en-

riched functional pathways reflect the time of day-dependent hy-

pothalamic functions (Figures 2C–2E, bottom panels and

Table S3). Notably, the REGs in the CRY1-PER2 complex had a

peak time between 12 and 16 h in Young and Aged but lost their

rhythms in Old, indicative of compromised active circadian

repression and weakened transcriptional outputs. Among the

genes that were not highly rhythmic in Young or Aged but gained

robust rhythms inOldwere vasoactive intestinal polypeptide (Vip)

and neuromedin S (Nms). These two neuropeptides play key

roles inphotic entrainment, neuronal coupling, andSCNsynchro-

nization. Other examples include the corticotropin-releasing hor-

mone (Crh) in the hypothalamus-pituitary-adrenocortical axis,

and factors involved in neuropeptide signaling (e.g., Auts2,

Drd2, Chrm3, and Adora2a), which became highly rhythmic in

Old, likely as an adaptive response to homeostatic stress.

Figure 2. Age-dependent circadian transcriptomic changes in the hypothalamus

(A) Shared IPA pathways enriched by the REGs that cycle in two to three age groups.

(B) Age-specific circadian oscillatory IPA pathways.

(C–E) Peak time maps of all oscillating genes from the hypothalamus of (C) Young, (D) Aged, and (E) Old mice. Each dot represents the peak time of a single

significantly circadian gene. Underneath the peak time map is a histogram of top time of day-specific gene expression pathways.

(F–I) Heatmap of z-scored age-related differentially expressed genes (DEGs) and histograms of up- or downregulated pathways from the specific gene sets from

the active to rest transition period (F), the rest phase (G), the rest to active transition period (H), and the active period (I).

(J) Heatmap of z-scored age-related DEGs from all time domains and histograms of up- or downregulated pathways from the specific gene sets.
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In addition to theREGs,we founda largenumber ofDEGs in the

hypothalamus that exhibited unique expression patterns across

the four time domains of the day (Figures 2F–2J and Table S3).

Therewere 604DEGs thatwere either upregulated (514) or down-

regulated (90) across ages at all time domains (Figure 2J).

Pathway analysis revealed that the upregulated DEGs had an

overrepresentation for the immune and inflammatory responses

in Aged and Old tissues (e.g., Gfap, Aif1, Trem2, Adgre1, and

Ptgs1), whereas active transcription-related genes were signifi-

cantly downregulated. The shift from the metabolically active

and proliferative state in Young to an inflammatory state in Old

is consistent with findings from genomic studies in both

mice4,29 and rats.5 The DEGs at activity offset were enriched in

neurotransmitter synthesis and neuron differentiation and those

at activity onset were in stress and immune responses. Also of

note, during the rest phase, genes related to protein transport

(e.g., Vps35, Vps39, Vps45) and autophagy (e.g., Atg3) were

significantly upregulated with age (Figure 2G), whereas those

involved in vesicular transport (e.g., Srebf1, Slc2a8, Tbc1d17)

were upregulated during the active phase (Figure 2I). Taken

together, our findings fromboth theREGs and theDEGs highlight

the importance of considering the time of day when exploring

age-related changes in gene expression and functions.

Inflammation is a major feature of aging in the lung
Broadly speaking the lung functions primarily for gas exchange;

however, the organ also serves as a first-line site for defense

against pathogenic microbial species.30,31 Therefore, time of

day responses to stressorsare critical formaintaininghealthypul-

monary and organismal function. The lung REGs were enriched

for several stress-related pathways that were maintained across

the lifespan, including the unfolded protein response and xenobi-

otic metabolism (Figure 3A and Table S4). However, immune-

related pathways, such as CXCR4 signaling and the hypoxia

pathway, HIF1a, lost rhythmicity in the Old (Figure 3B). For

example, Tmem173/Sting1 and Unc93b1 were rhythmic in the

Young but lost rhythmicity with age. The REG pathways that

gained rhythmicity in Old were enriched for amino acid meta-

bolism and amino acid hormone synthesis (Figure 3B).

The peak time distribution of the REGs in the lung showed sim-

ilarities across ages. However, there were significant age-spe-

cific changes in the temporal distribution of the REG functions

(Figures 3C–3E and Table S4). For example, in the early rest

phase (peak time 0–8 h), the REGs in the Young contribute to

the immune response and antigen processing pathways but

these pathways were lost in the Aged and Old lungs. This would

implicate the diminished ability of the lungs to best defend

against the immune challenges with age. In the Old, the path-

ways overrepresented in the active part of the day (peak time

20–24 h) include response to corticosterone and redox state,

suggesting amore reactive set of REG functions related to stress

responses.

The lung exhibited large differences in the magnitude of the

DEGs across the four time domains. Specifically, activity onset

had the largest number of DEGs (1,557) while the rest phase

showed the smallest number (100) (Figures 3F–3I and Table

S4). Oxidative metabolic pathways were upregulated in the ac-

tivity onset as well as the rest phase while immune-related

DEGs were upregulated in the active phase and activity offset.

The upregulation of immune response DEGs in the active phase

suggests compensation for the loss of immune REGs in the

Young. Overall, this reinforces a decrease in the anticipatory na-

ture of the pulmonary response to pathogens, resulting in a time

of day vulnerability to pulmonary disease. Thus, the aging-asso-

ciated loss of circadian functions likely potentiates the inflamma-

tory response in the lung, potentially contributing to loss of

organismal resilience.

Aging blunted the oscillatory expression patterns of ion
transporters in the kidney
The kidney is critical for several aspects of systemic homeosta-

sis.32,33 One of its primary functions is to maintain electrolyte bal-

ance through ion transport. Relative to the other tissues, the kid-

ney had the most REGs at Young (2,183) and Aged (1,356), but

REGnumbersdecreased to550 inOld.Functional cluster analysis

of the REGs revealed that many pathways were maintained

across age including the unfoldedprotein response andfibroblast

growth factor signaling (Figure 4A and Table S5). However, the

aldosterone signaling pathway was enriched in the Young and

Aged but lost in the Old (Figure 4A). Notably, the two key REGs

unique to kidney function, Scnn1a (a subunit of the sodium chan-

nel) and Atp1a1 (a subunit of the Na+/K+ -ATPases) were highly

rhythmic in the Young but attenuated in the Old. The REG path-

ways were representative of the hallmarks of aging, including

AMPK signaling and ubiquitination, lost oscillations in Old (Fig-

ure 4A). Of the pathways enriched solely in Aged, eNOS signaling

likely reflects daily maintenance and homeostasis of the epithe-

lium as well as renal hemodynamics34 (Figure 4B). Finally, NAD+

salvage pathways and acute immune responses were unique to

Old, possibly asanadaptivemechanismtomaintainhomeostasis.

The overall peak time distribution of the REGs in the kidney did

not change dramatically with age. However, pathway analysis

highlighted age-specific changes in the temporal distribution of

the REG functions (Figures 4C–4E and Table S5). For instance,

in the Young andAged kidneys, genes related to pH homeostasis

were oscillating with a peak time between 8 and 12 h, but not in

Figure 3. Age-associated changes in the lung circadian transcriptional output and time of day-dependent interpretations of age-related

changes in gene expression

(A) Shared IPA pathways enriched by the REGs that cycle in two to three age groups.

(B) Age-specific circadian oscillatory IPA pathways.

(C–E) Peak time maps of all oscillating genes from the lungs of Young (C), Aged (D), and Old mice (E). Each dot represents the peak time of a single significantly

circadian gene. Underneath the peak time map is a histogram of top time of day-specific gene expression pathways.

(F–I) Heatmap of z-scored age-related DEGs and histograms of up- or downregulated pathways from the specific gene sets from the active to rest transition

period (F), the rest phase (G), the rest to active transition period (H), and the active period (I).

(J) Heatmap of z-scored age-related DEGs from all time domains and histograms of up- or downregulated pathways from the specific gene sets.
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Old. While ion transport processes remained rhythmic in the Old,

they peaked at different times compared with Young and Aged.

Another notable example was proteostasis-related pathways

that were enriched across the circadian cycle in Young and

Aged but limited to the late active phase in Old.While pH homeo-

stasis andproteostasis-relatedgeneswere rhythmic in theYoung

andAged kidney, the daily timingbecomesout of phasewith age.

These age-dependent changes in temporal alignment between

key physiological processes may exacerbate aging kidney

phenotypes.

There were profound age-related changes in the DEGs, with

2,438 genes differentially regulated with age at all times, in addi-

tion to the DEGs that were specific to different time domains

(Figures 4F–4J and Table S5). We observed downregulation of

mitochondrial genes and an increase in stress fiber assembly at

activity onset. Moreover, the upregulated genes at activity onset

were enriched for primary focal segmental glomerulosclerosis,

highlighting kidney-specific changes in gene expression with

age (Figure 4H). As in the lung andhypothalamus, therewas a sig-

nificant upregulation of immune-related pathways with age at all

time domains, accompanied by a decrease in proteolysis and

lipid metabolism (Figure 4J). In addition, the decreased proteo-

stasis REGs in Old were paralleled by the decreases in the

DEGs (Figures 4F–4J; bottom panels).

Skeletal muscle circadian transcriptome changes with
age highlight autophagy and myogenic programs
Skeletal muscle is critical for health through its role in regulating

movement and metabolism and it is emerging as a source of

circulating factors such as myokines.35,36 In the context of aging,

epidemiological studies have shown strong correlations between

loss of muscle strength and increased morbidity and mortality.37

As with other tissues, there was a significant decline in the num-

ber of REGs with age. Across the REGs there was a preservation

of functional groups including insulin receptor andHIF1 signaling,

but pathways such as AMPK, PI3K/AKT, and unfolded protein

response lost rhythmicity with age (Figure 5A and Table S6).

The functional categories that gained rhythmicity with age include

dilated cardiomyopathy and interleukin-1 signaling (Figure 5B).

The distribution of the peak times for the REGs in muscle was

similar to that in the hypothalamus. In the Young, the REGs were

distributed across the day, but in the Aged the REGswere largely

bimodal with clusters at activity onset and offset (Figures 5C–5E

and Table S6). Of note, the REGs that contribute to autophagy

peaked at activity offset in Young, and Tfeb, considered a key

upstream regulator of autophagy,38,39 is one of the REGs in

that temporal cluster. In the Aged, Tfeb is no longer circadian

and the autophagy cluster is centered toward the middle of the

rest phase (Figure 5D). Recent studies have implicated changes

in the timing of autophagy as a contributor to aging in flies and

mice.40,41 The REGs in the Old muscle were largely unimodal,

peaking at activity offset. This cluster includes myofibril assem-

bly and vascular endothelial growth factor pathway suggesting

enrichment of muscle tissue maintenance functions in the Old

(Figure 5E).

Analysis of the muscle DEGs revealed significant differences

across the four different time domains. The largest cluster of

DEGs was found in the active phase (833 DEGs) with only 47

DEGs in the rest phase and 136 DEGs were found in all time do-

mains (Figures 5F–5J and Table S6). In the active phase, the

downregulated DEGs contributing to RNA processing, transcrip-

tion, and genome maintenance were overrepresented, whereas

autophagy and mitophagy pathways were upregulated DEGs

with age. The increase in autophagy DEGs may compensate

for the loss of rhythmic control of autophagy with age. Among

the DEG pathways that were common across all time domains

was the upregulated nuclear factor-kB signaling, which is

consistent with inflammation being a common issue that all

tissues are responding to with age (Figure 5J). The other upregu-

lated cluster across all time domainswas related to skeletal mus-

cle contraction and sarcoplasmic reticulum, suggesting that

maintenance of muscle function is a priority in the Old.

Limited impact of age on circadian and steady-state
mRNA expression in mouse hearts
The heart is required for maintenance of gas and nutrient deliv-

ery, as well as cellular waste removal through the circulation.42,43

The heart is unique among all the tissues in that the core clock

components exhibit very little change with age and the REG

pathways were largely conserved across age. These include

many pathways linked to the hallmarks of aging, such as protein

homeostasis and senescence (Figure 6A and Table S7). There

were some pathways enriched only in the Young and Aged,

including some essential processes like p53 and iNOS signaling

that were no longer enriched in the Old. In contrast to the other

tissues, the heart does not have new REG pathways unique to

the Old (Figure 6B).

The peak time distribution of the REGs showed little change,

consistent with very little apparent cardiac-specific circadian

disruption. Across the three ages, the REGs were evenly distrib-

uted throughout the 24-h day (Figures 6C–6E and Table S7),

similar to the kidney and lung tissues. In addition to maintaining

this daily distribution of genes, pathways related to circulatory

maintenance (e.g., angiogenesis and circulatory system devel-

opment) were consistently peaking at the activity offset across

all ages. Despite this pathway conservation with age, there

Figure 4. Age-associated changes in the kidney circadian transcriptional output and time of day-dependent interpretations of age-related

changes in gene expression

(A) Shared IPA pathways enriched by the REGs that cycle in two to three age groups.

(B) Age-specific circadian oscillatory IPA pathways.

(C–E) Peak time maps of all oscillating genes from the kidneys of Young (C), Aged (D), and Old mice (E). Each dot represents the peak time of a single significantly

circadian gene. Underneath the peak time map is a histogram of top time of day-specific gene expression pathways.

(F–I) Heatmap of z-scored age-related DEGs and histograms of up- or downregulated pathways from the specific gene sets from the active to rest transition

period (F), the rest phase (G), the rest to active transition period (H), and the active period (I).

(J) Heatmap of z-scored age-related DEGs from all time domains and histograms of up- or downregulated pathways from the specific gene sets.
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were age-related changes in the heart REGs at the activity onset,

where the Young and Aged hearts were enriched for metabolic

processes, while the Old were enriched for stress responses.

While aging hada limited impact on theREGs in the heart, it had

the highest number of unique DEGs at activity offset (891; Fig-

ure 6F). During this transition period, we observed age-related

decreases in ribosomebiogenesis, RNAprocessing, and transla-

tion processes, suggesting reduced proteostasis in the Old.

Relevant to cardiac function,Ca2+ signaling pathwayswere upre-

gulated at activity offset with age. In contrast, DEGs enriched for

mitochondria and fatty acid oxidation were decreased at all time

domains, supporting the concept of age-related decrements in

metabolic capacity in the Aged and Old.44 In addition, cytokine-

related genes were upregulatedwith age across all time domains

in the heart (Figures 6F–6J and Table S7).

Increased daily transcriptional variability is conserved
across tissues
Most recently, studies have identified consistent age-associated

increases in the variability of gene expression.45,46 We queried

non-rhythmic genes and found that there was an increase in the

variability of gene expression with aging in all tissues except

the heart (Figures 7A–7F). For example, the hypothalamus and

lung had 2,516 and 2,452 genes with high variation, respectively.

Surprisingly, we found that even common housekeeping genes,

including Gapdh and Rplp0, were significantly more variable

with age across tissues (Table S8). The increase in variability

was prevalent from Aged to Old in the hypothalamus, lung, and

kidney, but not the heart and skeletal muscle. Skeletal muscle

wasunique in thatmost of the variably expressedgenesoccurred

from Young to Aged with fewer changes in Aged to Old. In the

heart, the numbers of variably expressed genesweremuch lower

than in other tissues, but the changes were similar from Young to

Aged and from Aged to Old (Figure 7G). Comparison of the

variable genes across tissues identified that lung, kidney, and

skeletal muscle shared 212 genes, suggesting common age-

associated changes in transcriptional regulation (Figure 7H).

Functional cluster analysis of these 212 variable genes identified

protein transport and ubiquitination, chromatin organization, and

immune system processes (Figure 7I and Table S8). The

increased variability in gene expression is consistent with the

concept that the physiology underlying frailty with age occurs

through increased dysregulation of gene expression.16

CircaAge: Database of age-dependent changes in
circadian and non-circadian gene expression patterns
Genome-wide age-dependent changes in gene expression,

circadian or not, are difficult to visualize. To disseminate these

data, we developed a web-application database, ‘‘CircaAge’’

(https://circaage.shinyapps.io/circaage/). This publicly acces-

sible resource allows the user to query any gene(s) of their

interest and visualize transcript expression patterns across 2

circadian days and three age groups in one central and five pe-

ripheral tissues. This database also provides model fitness pa-

rameters and significance levels of circadian rhythmicity. Users

may specify (1) single or batch entry of genes of interest, (2)

one to three ages of interest, and (3) one to six tissue types of in-

terest. Data can be conveniently exported as *.csv files with sta-

tistical outputs including peak time, amplitude, basal expression

(i.e., Midline Estimating Statistic of Rhythm [MESOR]), phase,R2,

and p values.24

DISCUSSION

Aging is characterized by declines in physiological functions and

a reduced capacity to maintain homeostasis.2,3,47 Aging is also

characterized by declines in circadian functions, such as

sleep/wake cycles.11,48,49 The circadian clockwithin each cell di-

rects a daily transcription program that temporally segregates

important cell functions to support homeostasis and resilience.

This clock function underlies what is known as predictive ho-

meostasis, as the changes within the cell and system occur prior

to, and not in reaction to, known changes in the environment

linked with the light/dark and rest/activity cycles.9,50,51 Previous

studies of circadian transcriptomeswith age have been limited to

the liver and stem cells and they were done in only two age

groups.19,20,22 Our goal was to obtain a systems-level under-

standing of the aging circadian transcriptome through analysis

of six tissues and across three ages. In the present work, we

identified significant changes in the circadian transcriptomes

(i.e., REGs) with age and across all tissues.While there is conser-

vation of some functional pathways, we found that key age-

related pathways either lost rhythmicity or showed significant

changes in their timing or phase of expression. Our observations

identify age-associated changes in circadian gene expression as

well as temporal shifts in gene expression. We propose that the

age-associated changes in circadian clock output lead to

reduced predictive homeostasis and an increased reliance on

reactive pathways in response to stressors. This loss of predic-

tive homeostasis pathways is part of a new concept in aging

that will contribute to decreased resilience and increased frailty.

We suggest that circadian clock output reprogramming be

considered as a new hallmark of aging and that the circadian

clock and its transcriptional program may serve as a new thera-

peutic target for improving tissue and systemic health across the

lifespan.

Figure 5. Age-associated changes in the muscle circadian transcriptional output and time of day-dependent interpretations of age-related

changes in gene expression

(A) Shared IPA pathways enriched by the REGs that cycle in two to three age groups.

(B) Age-specific circadian oscillatory IPA pathways.

(C–E) Peak time maps of all oscillating genes from the skeletal muscle of Young (C), Aged (D), and Old mice (E). Each dot represents the peak time of a single

significantly circadian gene. Underneath the peak time map is a histogram of top time of day-specific gene expression pathways.

(F–I) Heatmap of z-scored age-related DEGs and histograms of up- or downregulated pathways from the specific gene sets from the active to rest transition

period (F), the rest phase (G), the rest to active transition period (H), and the active period (I).

(J) Heatmap of z-scored age-related DEGs from all time domains and histograms of up- or downregulated pathways from the specific gene sets.
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Age-related changes in gene expression have been providing

significant insights into the understanding of the etiology of ag-

ing.4,5,52–54 Interestingly, clock genes were among the most

differentially expressed across tissues with age.4 We leveraged

our time course data to ask whether there are clusters of aging

genes and pathways that are unique to specific phases of the

day. The discovery that there are tissue-specific and time

domain aging clusters includes many aging hallmark pathways.

One example is that genes related to autophagy were upregu-

lated with age in the rest phase in the hypothalamus but in the

active phase in skeletal muscle. The increase in autophagy-

related DEGs occurred as the circadian regulation of auto-

phagy-related genes was lost, consistent with emerging evi-

dence highlighting the importance of the circadian control of

autophagy in healthy aging.40 By considering the time of day,

the DEGs provide a new, more precise insight into the

complexity of aging.

The age-dependent circadian decline can result from internal

and external factors. A better understanding of the role of the

circadian clock in aging physiology can offer new strategies for

interventions. As environmental factors such as light, food

intake, and physical activity are known to influence the circadian

system, lifestyles that conform to circadian rhythms may repre-

sent an attractive non-pharmacologic regimen to slow down ag-

ing and improve healthspan. For example, the time-restricted

feeding regimen extends healthspan at least in part by improving

the circadian transcriptome.55,56 It should be noted that our data

demonstrated a rapid decline in clock output from Aged to Old.

Thus, the middle age period may represent a window of oppor-

tunity for early intervention that considers circadian concepts in

healthy lifestyle choices. Mechanistically, enhanced circadian

function improves cell and systemic homeostasis, which in turn

can delay and mitigate damage accumulation and frailty pheno-

types, increase resilience, and extend healthspan.

In summary, this aging circadian resource provides a rich data-

set highlighting the impact of bothageand timeofdayon the tran-

scriptome in multiple tissues. We suggest that the age-related

changes in clock output are linked to a loss of resilience. This da-

taset will help foster collaborations across multiple disciplines.

Future work to determine if the age-related changes in circadian

clockoutput and function canbepreventedor reversedbyknown

pro-longevity interventions should be explored.

Limitations of the study
One limitation of our study is that we only analyzed tissues from

three ages of male C57B6/J-NIA mice. We recognize the poten-

tial for sex differences in the circadian transcriptome, especially

given known sex differences in aging,57,58 warranting additional

work in female mice. Also, we found tissue-specific changes in

the circadian transcriptome but they were limited to only hypo-

thalamus, lung, heart, kidney, skeletal muscle, and adrenal

gland. It is very clear that the circadian clock mechanism regu-

lates very tissue-specific gene expression so how these patterns

change with age will also likely be tissue specific. For example,

the liver is an important metabolic organ that has been charac-

terized before in the circadian aging field19 and its inclusion

would increase the ability to compare our results with others.

Last, we only tested at three ages, 6, 18, and 27 months and in

particular, the changes from 18–27months were very striking. In-

clusion of ages from 6–18 months and 18–27 months will be

important to better understand the mechanisms underlying the

decline as well as providing an opportunity for testing gero-

science-based interventional strategies.
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S.E., Sit, R., Lee, D.P., Losada, P.M., Zardeneta, M.E., et al. (2020). Ageing

hallmarks exhibit organ-specific temporal signatures. Nature 583,

596–602. https://doi.org/10.1038/s41586-020-2499-y.

5. Shavlakadze, T., Morris, M., Fang, J., Wang, S.X., Zhu, J., Zhou, W., Tse,

H.W., Mondragon-Gonzalez, R., Roma, G., and Glass, D.J. (2019). Age-

related gene expression signature in rats demonstrate early, late, and

linear transcriptional changes from multiple tissues. Cell Rep. 28, 3263–

3273.e3. https://doi.org/10.1016/j.celrep.2019.08.043.

6. Takahashi, J.S. (2017). Transcriptional architecture of the mammalian

circadian clock. Nat. Rev. Genet. 18, 164–179. https://doi.org/10.1038/

nrg.2016.150.

7. Zhang, R., Lahens, N.F., Ballance, H.I., Hughes, M.E., and Hogenesch,

J.B. (2014). A circadian gene expression atlas in mammals: implications

for biology and medicine. Proc. Natl. Acad. Sci. USA 111, 16219–16224.

https://doi.org/10.1073/pnas.1408886111.

8. Mohawk, J.A., Green, C.B., and Takahashi, J.S. (2012). Central and pe-

ripheral circadian clocks in mammals. Annu. Rev. Neurosci. 35,

445–462. https://doi.org/10.1146/annurev-neuro-060909-153128.

9. Moore-Ede, M.C. (1986). Physiology of the circadian timing system: pre-

dictive versus reactive homeostasis. Am. J. Physiol. 250, R737–R752.

https://doi.org/10.1152/ajpregu.1986.250.5.R737.

10. Koronowski, K.B., and Sassone-Corsi, P. (2021). Communicating clocks

shape circadian homeostasis. Science 371, eabd0951. https://doi.org/

10.1126/science.abd0951.

11. Hood, S., and Amir, S. (2017). The aging clock: circadian rhythms and later

life. J. Clin. Invest. 127, 437–446. https://doi.org/10.1172/JCI90328.

12. Davidson, A.J., Sellix, M.T., Daniel, J., Yamazaki, S., Menaker, M., and

Block, G.D. (2006). Chronic jet-lag increases mortality in aged mice.

Curr. Biol. 16, R914–R916. https://doi.org/10.1016/j.cub.2006.09.058.

13. Sellix, M.T., Evans, J.A., Leise, T.L., Castanon-Cervantes, O., Hill, D.D.,

DeLisser, P., Block, G.D., Menaker, M., and Davidson, A.J. (2012). Aging

differentially affects the re-entrainment response of central and peripheral

circadian oscillators. J. Neurosci. 32, 16193–16202. https://doi.org/10.

1523/JNEUROSCI.3559-12.2012.

14. Inokawa, H., Umemura, Y., Shimba, A., Kawakami, E., Koike, N., Tsuchiya,

Y., Ohashi, M., Minami, Y., Cui, G., Asahi, T., et al. (2020). Chronic circa-

dian misalignment accelerates immune senescence and abbreviates life-

span in mice. Sci. Rep. 10, 2569. https://doi.org/10.1038/s41598-020-

59541-y.

15. Gladyshev, V.N., Kritchevsky, S.B., Clarke, S.G., Cuervo, A.M., Fiehn, O.,

de Magalh~aes, J.P., Mau, T., Maes, M., Moritz, R.L., Niedernhofer, L.J.,

et al. (2021). Molecular damage in aging. Nat. Aging 1, 1096–1106.

https://doi.org/10.1038/s43587-021-00150-3.

16. Fried, L.P., Cohen, A.A., Xue, Q.-L., Walston, J., Bandeen-Roche, K., and

Varadhan, R. (2021). The physical frailty syndrome as a transition from ho-

meostatic symphony to cacophony. Nat. Aging 1, 36–46. https://doi.org/

10.1038/s43587-020-00017-z.

17. Kirkland, J.L., Stout, M.B., and Sierra, F. (2016). Resilience in aging mice.

J. Gerontol. A Biol. Sci. Med. Sci. 71, 1407–1414. https://doi.org/10.1093/

gerona/glw086.

18. Welz, P.-S., and Benitah, S.A. (2020). Molecular connections between

circadian clocks and aging. J. Mol. Biol. 432, 3661–3679. https://doi.

org/10.1016/J.JMB.2019.12.036.

19. Sato, S., Solanas, G., Peixoto, F.O., Bee, L., Symeonidi, A., Schmidt, M.S.,

Brenner, C., Masri, S., Benitah, S.A., and Sassone-Corsi, P. (2017).

Figure 7. Age-related changes in variably expressed genes across tissues and summary of age-related changes in circadian and non-

circadian gene expression

(A) Tissue-specific table of age-related changes in variable gene expression.

(B) Hypothalamic variably expressed genes, ‘‘Change in Variability’’ means ‘‘change in variability (measured by absolute deviance) per unit change in age group

(young vs. age or age vs. old)’’. Change in Variability above 0 indicates genes that are more variably expressed with age, notated by the red arrow.

(C–F) (C) Lung variable gene dispersion plot, (D) kidney variable gene dispersion plot, (E) skeletal muscle variable gene dispersion plot, (F) heart variable

dispersion plot.

(G) Number of variably expressed genes changing from Young to Aged and Aged to Old.

(H) Venn diagram of overlapping variable genes across tissues.

(I) Top biological processes enriched by overlapping variable genes in the muscle, kidney, and lung.

Cell Reports 42, 111982, January 31, 2023 15

Resource
ll

OPEN ACCESS



Circadian reprogramming in the liver identifies metabolic pathways of ag-

ing. Cell 170, 664–677.e11. https://doi.org/10.1016/J.CELL.2017.07.042.

20. Solanas, G., Peixoto, F.O., Perdiguero, E., Jardı́, M., Ruiz-Bonilla, V.,

Datta, D., Symeonidi, A., Castellanos, A., Welz, P.-S., Caballero, J.M.,

et al. (2017). Aged stem cells reprogram their daily rhythmic functions to

adapt to stress. Cell 170, 678–692.e20. https://doi.org/10.1016/J.CELL.

2017.07.035.

21. Chen, C.-Y., Logan, R.W., Ma, T., Lewis, D.A., Tseng, G.C., Sibille, E., and

McClung, C.A. (2016). Effects of aging on circadian patterns of gene

expression in the human prefrontal cortex. Proc. Natl. Acad. Sci. USA

113, 206–211. https://doi.org/10.1073/PNAS.1508249112.

22. Kuintzle, R.C., Chow, E.S., Westby, T.N., Gvakharia, B.O., Giebultowicz,

J.M., and Hendrix, D.A. (2017). Circadian deep sequencing reveals

stress-response genes that adopt robust rhythmic expression during ag-

ing. Nat. Commun. 8, 14529. https://doi.org/10.1038/ncomms14529.

23. Hughes, M.E., Abruzzi, K.C., Allada, R., Anafi, R., Arpat, A.B., Asher, G.,

Baldi, P., de Bekker, C., Bell-Pedersen, D., Blau, J., et al. (2017). Guide-

lines for genome-scale analysis of biological rhythms. J. Biol. Rhythms

32, 380–393. https://doi.org/10.1177/0748730417728663.

24. Ding, H., Meng, L., Liu, A.C., Gumz, M.L., Bryant, A.J., Mcclung, C.A.,

Tseng, G.C., Esser, K.A., and Huo, Z. (2021). Likelihood-based tests for

detecting circadian rhythmicity and differential circadian patterns in tran-

scriptomic applications. Brief. Bioinform. 22, bbab224. https://doi.org/

10.1093/bib/bbab224.

25. Wen, S., Ma, D., Zhao, M., Xie, L., Wu, Q., Gou, L., Zhu, C., Fan, Y., Wang,

H., and Yan, J. (2020). Spatiotemporal single-cell analysis of gene expres-

sion in the mouse suprachiasmatic nucleus. Nat. Neurosci. 23, 456–467.

https://doi.org/10.1038/s41593-020-0586-x.

26. Acosta-Rodrı́guez, V.A., Rijo-Ferreira, F., Green, C.B., and Takahashi, J.S.

(2021). Importance of circadian timing for aging and longevity. Nat. Com-

mun. 12, 2862. https://doi.org/10.1038/s41467-021-22922-6.

27. Kramer, A., Lange, T., Spies, C., Finger, A.-M., Berg, D., and Oster, H.

(2022). Foundations of circadian medicine. PLoS Biol. 20, e3001567.

https://doi.org/10.1371/journal.pbio.3001567.

28. Chen, R., Wu, X., Jiang, L., and Zhang, Y. (2017). Single-cell RNA-seq re-

veals hypothalamic cell diversity. Cell Rep. 18, 3227–3241. https://doi.org/

10.1016/j.celrep.2017.03.004.

29. Hammond, T.R., Dufort, C., Dissing-Olesen, L., Giera, S., Young, A., Wy-

soker, A., Walker, A.J., Gergits, F., Segel, M., Nemesh, J., et al. (2019). Sin-

gle-cell RNA sequencing of microglia throughout the mouse lifespan and

in the injured brain reveals complex cell-state changes. Immunity 50,

253–271.e6. https://doi.org/10.1016/J.IMMUNI.2018.11.004.

30. Eddens, T., and Kolls, J.K. (2012). Host defenses against bacterial lower

respiratory tract infection. Curr. Opin. Immunol. 24, 424–430. https://doi.

org/10.1016/j.coi.2012.07.005.

31. Skloot, G.S. (2017). The effects of aging on lung structure and function.

Clin. Geriatr. Med. 33, 447–457. https://doi.org/10.1016/j.cger.2017.

06.001.

32. Verschuren, E.H.J., Castenmiller, C., Peters, D.J.M., Arjona, F.J., Bindels,

R.J.M., and Hoenderop, J.G.J. (2020). Sensing of tubular flow and renal

electrolyte transport. Nat. Rev. Nephrol. 16, 337–351. https://doi.org/10.

1038/s41581-020-0259-8.

33. Seifter, J.L. (2019). Body fluid compartments, cell membrane ion trans-

port, electrolyte concentrations, and acid-base balance. Semin. Nephrol.

39, 368–379. https://doi.org/10.1016/j.semnephrol.2019.04.006.

34. Nishimura, K., Taguchi, K., Kishi, S., Brooks, C.R., Ochi, A., Kadoya, H.,

Ikeda, Y., Miyoshi, M., Tamaki, M., Abe, H., et al. (2021). Dual disruption

of eNOS and ApoE gene accelerates kidney fibrosis and senescence after

injury. Biochem. Biophys. Res. Commun. 556, 142–148. https://doi.org/

10.1016/j.bbrc.2021.03.111.

35. Cartee, G.D., Hepple, R.T., Bamman, M.M., and Zierath, J.R. (2016). Exer-

cise promotes healthy aging of skeletal muscle. Cell Metab. 23, 1034–

1047. https://doi.org/10.1016/j.cmet.2016.05.007.

36. Wolfe, R.R. (2006). The underappreciated role of muscle in health and dis-

ease. Am. J. Clin. Nutr. 84, 475–482. https://doi.org/10.1093/ajcn/84.

3.475.

37. Goodpaster, B.H., Park, S.W., Harris, T.B., Kritchevsky, S.B., Nevitt, M.,

Schwartz, A.V., Simonsick, E.M., Tylavsky, F.A., Visser, M., and Newman,

A.B. (2006). The loss of skeletal muscle strength, mass, and quality in older

adults: the health, aging and body composition study. J. Gerontol. A Biol.

Sci. Med. Sci. 61, 1059–1064. https://doi.org/10.1093/gerona/61.

10.1059.

38. Napolitano, G., and Ballabio, A. (2016). TFEB at a glance. J. Cell Sci. 129,

2475–2481. https://doi.org/10.1242/jcs.146365.

39. Settembre, C., Di Malta, C., Polito, V.A., Garcia Arencibia, M., Vetrini, F.,

Erdin, S., Erdin, S.U., Huynh, T., Medina, D., Colella, P., et al. (2011).

TFEB links autophagy to lysosomal biogenesis. Science 332, 1429–

1433. https://doi.org/10.1126/science.1204592.

40. Ulgherait, M., Midoun, A.M., Park, S.J., Gatto, J.A., Tener, S.J., Siewert, J.,

Klickstein, N., Canman, J.C., Ja,W.W., and Shirasu-Hiza,M. (2021). Circa-

dian autophagy drives iTRF-mediated longevity. Nature 598, 353–358.

https://doi.org/10.1038/s41586-021-03934-0.

41. Juste, Y.R., Kaushik, S., Bourdenx, M., Aflakpui, R., Bandyopadhyay, S.,

Garcia, F., Diaz, A., Lindenau, K., Tu, V., Krause, G.J., et al. (2021). Recip-

rocal regulation of chaperone-mediated autophagy and the circadian

clock. Nat. Cell Biol. 23, 1255–1270. https://doi.org/10.1038/s41556-

021-00800-z.

42. Rana, S., Prabhu, S.D., and Young, M.E. (2020). Chronobiological influ-

ence over cardiovascular function: the good, the bad, and the ugly. Circ.

Res. 126, 258–279. https://doi.org/10.1161/CIRCRESAHA.119.313349.

43. Pittman, R.N. (2011). The Circulatory System and Oxygen Transport (Mor-

gan & Claypool Life Sciences).

44. Barton, G.P., Sepe, J.J., McKiernan, S.H., Aiken, J.M., and Diffee, G.M.

(2016). Mitochondrial andmetabolic gene expression in the aged rat heart.

Front. Physiol. 7, 352. https://doi.org/10.3389/fphys.2016.00352.

45. Bahar, R., Hartmann, C.H., Rodriguez, K.A., Denny, A.D., Busuttil, R.A.,
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Additional information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Karyn

Esser (kaesser@ufl.edu).

Materials availability
This study did not generate new, unique reagents.

Data and code availability
RawRNA-seq data have been deposited under GEOwith accession number GSE201207 which is publicly available as of the date

of publication. Accession numbers are also listed in the key resources table.

This paper does not report the original code. We implemented a user-friendly interactive website (https://circaage.shinyapps.io/

circaage/) for users to query and visualize circadian genes.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal care and use
6 month, 18 month, and 27 month old C57BL/6Nia male mice (n = 24/age) were used to assess circadian robustness and molecular

clock transcriptional output. All procedures were approved by the University of Florida Institutional Animal Care and use Committee,

in accordance with AAALAC guidelines. Mice were ordered from the National Institute on Aging (NIA) colony 2 months prior to col-

lections. Following a twoweek quarantine, animals were allowed a twoweek acclimation period to ensure entrainment to the 12h:12h

light/dark cycle (lights on: 6am). Prior to tissue collection, animals were released into constant darkness in light-tight circadian

cabinets (Actimetrics, Wilmette, IL, USA). To assess the circadian transcriptome in each age, collections occurred every 4h for

48h, starting at CT18. Mice were euthanized by cervical dislocation under dim red light. 2 animals for each age were collected at

each time point.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

TRIzol reagent Invitrogen Cat# 15596018

Critical commercial assays

RNeasy Mini kit Qiagen Cat# 74106

RNeasy Plus Micro kit Qiagen Cat# 74034

TURBO DNA-free kit Invitrogen Cat# AM1907

Deposited data

mRNA profiling data of

tissues at different ages

This paper GEO: GSE201207

Experimental models: Organisms/strains

Mouse: C57BL/6 NIA C57BL/6Nia

Software and algorithms

Prism 9 GraphPad http://www.graphpad.com/

Ingenuity Pathway Analysis Qiagen http://www.ingenuity.com/

products/pathways_analysis.html

g:Profiler Raudvere et al.59 http://biit.cs.ut.ee/gprofiler/

DAVID Huang et al.60 http://david.ncifcrf.gov/

Other

Resource website ‘Circaage’ This paper https://circaage.shinyapps.io/circaage/
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METHOD DETAILS

RNA isolation and library preparation
RNAwas isolated from the hypothalamus, kidney, lung, gastrocnemius, adrenal glands, and heart using a modified TRIzol extraction

procedure as previously described.61,62 Briefly, frozen tissues were lightly ground in a mortar and pestle constantly submerged in

liquid nitrogen. Frozen tissue between 10 and 100 mg was placed into RNase-free tubes containing TRIzol and RNase-free stain-

less-steel beads ranging in diameter from 0.9 to 2.0mm (NextAdvance, Troy, NY, USA). Tissues were homogenized using a bullet

blender at 4�C. Chloroform was used to separate the phases, and the RNA-containing aqueous phase was subjected to a modified

column purification kit using RNeasy Mini RNA extraction kit for all tissues except the hypothalamus, prepared with RNesay Micro

RNA extraction kit (Qiagen, Germantown, MD, USA). RNA was DNase treated, and purified RNA was checked for integrity using an

Agilent Bioanalyzer, all samples had an RNA integrity number above 8.0. Poly-A selected RNAseq libraries were prepared using Illu-

mina mRNA Prep kit (Illumina, San Diego, CA, USA). Libraries were pooled to equal molarity and sequenced on an Illumina NovaSeq

(2 3 100bp) to achieve a minimum of 40M reads per sample. FastQ files were downloaded to the University of Florida HiPerGator

computing cluster. Raw FastQ files, counts, and normalized counts per million data were uploaded to GEO: GSE201207. A file

with the raw counts was also included as Table S9.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatics and data preprocessing for RNA-Sequencing data
Reads from the RNA-Sequencing data were aligned to theMusmusculus genome assembly GRCm38 (mm10) using the HISAT2 soft-

ware. Duplicated aligned reads were marked and removed using the Picardtools software. The gene expression count data were

extracted using the HTseq software. The raw count data were normalized to cpm (counts per million reads), followed by log2 trans-

formation (i.e., log2(cpm+1) where 1 is the pseudo count to avoid log2(0)). For each tissue, we filtered out genes with mean

log2(cpm+1) < 1. These non-expressed genes were likely to be false positives, and thus removing them could help reduce the mul-

tiple testing burden in the later statistical analysis. All data preprocessing was performed using R software.

Circadian rhythmicity analysis
To identify genes showing circadian rhythmicity patterns for each age group within each tissue type, we deployed the cosinor model

implemented in the diffCircadian software. To be specific, the cosinor model assumes the following relationship between the expres-

sion level and

Yi = A3 sin

�
2p

24
ðti + B Þ

�
M

Where i ð1 % i %nÞ is the sample index; n is number of samples in each age group within each tissue type; yi is the log2 trans-

formed cpm value for sample i; ti is the circadian time for sample i; A, 4, and M denote the amplitude, phase, and MESOR (Midline

Estimating Statistic of Rhythm) of the sinusoidal curve; the period was fixed at 24-h. The goodness of fit of the cosinor model was

accessed via the coefficient of determination (R2), and the p value was determined by the finite-sample-corrected likelihood ratio

test.24 Raw p value<0.01 was used as the statistical significance cutoff to declare rhythmically expressed genes (REGs). A table

showing the change in the number of REGs using different statistical thresholds is included (Table S1). We also provide Figure S3

visualizing the change in p value for the Young REGs across age within each tissue. To further compare the phase concordance be-

tween age groups, the Watson’s Two-Sample Test of Homogeneity was adopted. This comparison was performed for each pair of

age groups, and for each tissue, respectively.

Differential expression analysis associated with aging
We first created 4 time domain of day groups: including (i) Active Phase: CT18,22,42,46; (ii) Activity Offset: CT22,26,46,50; (iii) Rest

Phase: CT30,34,54,58; and (iv) Activity Onset: CT34,38,58,62. To detect genes showing increasing/decreasing expression values

with respect to the ordinal age groups (Young to Aged to Old), we employed negative binomial models implemented in R software

edgeR package, which is specifically designed for RNA-Sequencing count data. In thismodel, the expression value of a genewas the

outcome variable, the ordinal age groups were coded as the continuous predictor (0: Young group; 1: Aged group; 2: Old group).

Multiple testing was corrected by the Benjamini-Hochberg method, in which the raw p values were converted to q-values (FDR-

adjusted p values), where FDR stands for the false discovery rate. This analysis was performed for each time of day group within

each tissue, respectively. Q-value<0.05 was used as the statistical significance cutoff to declare differentially expressed

genes (DEGs).

Variability analysis associated with aging
To identify genes showing increasing/decreasing variability in expression values with respect to the ordinal age groups (Young to

Aged to Old), we used DiffVar function in the missMethyl package.63 The variability for each sample of a gene in one age group

was calculated using absolute deviations. A linear model with empirical Bayes shrinkage was then fitted, where the variability was
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the outcome variable, the ordinal age groups were coded as the continuous predictor (0: Young group; 1: Aged group; 2: Old group).

p-value<0.01 was used as the statistical significance to declare variably expressed genes.

Pathway analysis
To examine the function annotation of the putative REGs (raw p value <0.01), DEGs (q-value <0.05), and variably expressed genes

(raw p value <0.01), pathway enrichment analyses were performed using Ingenuity Pathway Analysis software (REGs), and both

g:Profiler59 and DAVIDv6.960 for the DEGs.

To further compare and integrate the REGs’ pathway information (i.e., p values) across all three age groups, an adaptively weighted

Fisher’s method was adopted, which is a meta-analysis to examine whether a pathway is enriched in at least one age group. Unlike

the regular Fisher’s method that assigns equal weight for all three age groups, the adaptively weighted method searches for the

optimal binary adaptive weight (1 for enriched and 0 for not enriched) for each age group (Young/Aged/Old) given a pathway. These

binary adaptive weights can capture the similarities across the three age groups. For instance, an adaptive weight of (1,1,1) indicates

a pathway is enriched in all three age groups; and an adaptive weight of (1,0,0) indicates a pathway is enriched only in the young

group. A meta-analyzed p value was also reported, followed by multiple comparison correction using the Benjamini-Hochberg

method. This analysis was performed for each tissue type, respectively.
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