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SUMMARY

Independent lineages showing similar phenotypic traits can use different genetic paths to achieve the same 

phenotypic outcome. Instances of such convergence at the genotypic level, however, remain underexplored. 

In this study, we generated and used a homozygous knock-in mouse model to characterize a previously iden

tified mutation, CRY1 R263Q, that has repeatedly evolved in a highly conserved protein domain across line

ages adapted to caves and subterranean environments. Indirect calorimetry experiments revealed that the 

mutation alters circadian patterns of energy expenditure, locomotor activity, and feeding behaviors in the 

dark phase, but no further metabolic phenotypes. We also found that the mutation causes the aberrant 

expression of canonical circadian and metabolic genes in the liver, consistent with circadian clock and meta

bolic dysregulation reported in subterranean dwellers, which may be adaptive in such environments. Our 

work highlights the capacity for selection to drive repeated phenotypic evolution through repetitions of the 

same underlying genetic change.

INTRODUCTION

Repeated evolution is the recurrence of similar phenotypic traits in 

multiple lineages. Often, these lineages inhabit similar environ

ments and may face similar selection pressures to develop these 

traits.1,2 The same developmental or physiological pathway 

can be perturbed at different points to produce the same gross 

phenotype and therefore genetic changes underlying repeated 

phenotypes are not necessarily the same in different lineages. 

However, instances of repeated evolution are also observed at 

the molecular level. Moran et al.3 reported a mutation in the 

gene Cryptochrome-1 (Cry1) that results in the substitution of an 

arginine (R) residue at position 263 in the CRY1 protein with a 

glutamine (Q) residue in a highly conserved domain (Figure 1A). 

Moreover, this mutation has arisen independently at least 5 times 

during animal evolution, in lineages that inhabit cave or subterra

nean environments (Figure 1B). Given that this specific mutation 

has repeatedly occurred in a highly conserved gene across spe

cies sharing similar environmental pressures, we hypothesize 

that it does not result simply in a loss of function but rather alters 

a specific function of the CRY1 protein. We refer to this mutation 

henceforth as the CRY1 R263Q mutation, or simply R263Q.

CRY1 is one of the major proteins regulating circadian 

rhythms,5–9 which are intrinsically generated 24-h rhythms in 

the gene expression, physiology, metabolism, and behavior of 

an organism, and are ubiquitous across the tree of life.10 Addi

tionally, CRY1 also regulates glucose homeostasis, and lipid 

and steroid metabolic processes.11–14 The animals that naturally 

carry the CRY1 R263Q mutation inhabit caves and underground 

burrows and are reported to have altered their circadian rhythms 

and metabolism.15–26 One of the best-studied models of cave 

adaptation, the Mexican tetra Astyanax mexicanus, which carries 

the CRY1 R263Q mutation, has dysregulated its molecular circa

dian clock at least twice independently in two independent cave 

colonization events.17,26 These cavefish also carry a nonsense 

mutation in period2, which codes for a close interacting partner 

of CRY1 and controls adipogenesis through its negative regula

tion of PPAR-gamma, leading to truncated transcripts.27 Such 

dysregulation in transcriptional and behavioral rhythms has 

been suggested to aid in saving energy by eliminating rhythmic 

metabolism in nutrient-limited environments.28 An unrelated 

species of cavefish, the Somalian cavefish Phreatichthys andruz

zii, which also carries the CRY1 R263Q mutation, has completely 

lost its ability to entrain to light-dark cycles (but retains the ability 

to entrain to food cues19,20). Further, mutations have been re

ported in P. andruzzii’s period2 ortholog as well.18,27 In mam

mals, the naked mole-rat Heterocephalus glaber has phase- 

reversed expression of major circadian genes in comparison to 
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Figure 1. A mouse model to study the repeatedly evolved mutation in CRY1 orthologs of subterranean dwellers 

(A) Partial amino acid sequence alignment of CRY1 orthologs from animal lineages including cnidarians, jawless fish, teleosts, and mammals. The red rectangle 

marks the site of the R263Q mutation, with the Q highlighted in boldface red font. Alignment redrawn from Moran et al.3 licensed under CC BY-NC-ND 4.0. 

Colored residues indicate amino acid changes. Inset on the left is the crystal structure of mouse Cryptochrome-1 or CRY1 photolyase homology region (PDB: 

7D0M). Colors indicate degree of amino acid conservation of mouse CRY1 with human CRY1, zebrafish CRY1a and Xenopus CRY1, with blue indicating 100% 

conservation and red indicating divergence. The arrow marks the position of the CRY1 R263Q mutation in the crystal structure. Structure visualized using 

ChimeraX 1.5rc202211120143. 

(B) Animal phylogeny showing the occurrence of the CRY1 R263Q mutation. The branches in red are lineages in which the mutation has been detected. Phylogeny 

redrawn from Moran et al.3 licensed under CC BY-NC-ND 4.0. 

(C) Transcript and protein level expression of the mutant CRY1 R263Q locus. Left: plots of log2 values of mean counts per million (CPM) for total mRNA 

sequenced from CRY1 R263Q versus total mRNA sequenced from CRY1 WT male and female brain and liver tissues at ZT 12–13. The Cry1 CPM value for each 

case is shown as a larger colored point on the plot (pink for the female plots and sky blue for the male plots). Right: Western blots showing CRY1 protein 

expression in the brain (top) and liver (bottom) tissues from wild-type and CRY1 R263Q mice, male and female. The positive control lanes are lysates prepared 

from U-2 OS CRY1/2 KO human cell lines transfected with an expression vector for mouse CRY1 (pSG5 backbone containing coding sequence for mouse CRY1 

with FLAG, His and Myc epitope tags; pMC1SG5 vector as generated and described by Ye et al.4), and the negative control lanes are lysates prepared from 

untransfected U-2 OS CRY1/2 KO human cell lines. The CRY1 signal is shown in red (inside the yellow rectangles), and the GAPDH signal is shown in green as a 

loading control.
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mice,21 although they can show circadian activity patterns under 

a light-dark cycle.22 Collectively, the repeated evolution of circa

dian clock dysregulation in independent lineages suggests that 

clock dysregulation leads to adaptive consequences for subter

ranean life.

The finding that the CRY1 R263Q mutation has evolved 

repeatedly in similar environments suggests a critical role for 

this mutation in such organisms. To explore this hypothesis, 

we have generated a mouse line carrying the CRY1 R263Q mu

tation. We found that CRY1 R263Q mice show delayed energy 

expenditure, locomotor activity, and feeding patterns in the 

dark phase, but not in the light phase. Gene expression analyses 

revealed the altered expression of major circadian and metabolic 

genes in the livers of the mutant mice. Taken together, our data 

suggest that the CRY1 R263Q mutation dysregulates the circa

dian clock at the transcriptional as well as behavioral levels 

and may thus aid in adaptation to subterranean life. In a broader 

context, our findings support the notion that the repeated evolu

tion of phenotypes does not necessarily proceed by divergent 

genetic changes in independent lineages, and it is possible for 

shared environmental pressures to select for the same genetic 

change across independent lineages to drive the repeated evo

lution of a trait.

RESULTS

A mouse model for the repeatedly evolved CRY1 R263Q 

mutation

A mutation was recently reported in the gene Cry1 to cause an 

amino acid substitution from a positively charged arginine to 

an uncharged polar glutamine in a protein domain that is other

wise highly conserved across metazoans3 (Figure 1A). Moreover, 

this mutation has been detected in several species of cave- 

dwelling fish, namely, A. mexicanus, Sinocyclocheilus spp., 

P. andruzzii, and in two burrowing mammals, the naked mole- 

rat H. glaber, and the degu Octodon degus. Therefore, the 

CRY1 R263Q mutation has arisen independently at least 5 times 

during animal evolution (Figure 1B). Given that this specific mu

tation has repeatedly occurred in a highly conserved gene, in 

species that share similar environmental pressures, we hypoth

esize that this mutation does not result simply in a loss of func

tion. Rather, it might target a specific function of this protein.

To test this hypothesis and investigate the function of the 

CRY1 R263Q mutation, we used CRISPR-Cas9 to introduce 

the underlying G788A nucleotide substitution at the endogenous 

Cry1 locus of the mouse genome (Figures S1A and S1B, also see 

STAR Methods). We performed RNA sequencing (RNA-seq) us

ing brain and liver tissues collected at zeitgeber time (ZT) 12–13 

from wild-type (WT) and R263Q adult mice from both sexes and 

confirmed that Cry1 mRNA expression is not abrogated in these 

organs in R263Q individuals (Figure 1C, left). We then performed 

western blotting with brain and liver lysates from WT and R263Q 

mice from both sexes using CRY1 antibodies to confirm compa

rable CRY1 protein expression between WT and R263Q individ

uals (Figure 1C, right; Figure S1C, p = 1 for comparing WT and 

R263Q female brain as well as liver samples, p = 0.8 for 

comparing WT and R263Q male brain samples and p = 0.2 for 

comparing WT and R263Q male liver samples, Wilcoxon test, 

n = 3 for each group). Consequently, we conclude that the 

CRY1 R263Q mutation does not impact the normal transcrip

tion and translation of the Cry1 gene i.e., it does not phenocopy 

a CRY1 loss-of-function at the level of gene or protein 

expression.

CRY1 R263Q mice manifest delayed energy expenditure 

and locomotor activity patterns in the dark phase 

relative to wild-type mice

Since CRY1 is a key regulator of mammalian circadian rhythms 

and metabolism, we screened the CRY1 R263Q mice and WT 

controls for altered behavioral and metabolic parameters using 

indirect calorimetry (IC, see STAR Methods and Figure 2A; 

n = 14 WT females, 10 R263Q females, 8 WT males and 12 

R263Q males). We collected O2 and CO2 measurements (mL/ 

min) to infer energy expenditure (EE), as well as locomotor activ

ity (or simply activity) patterns measured as infrared beam 

breaks in the x- and y-directions, and feeding events (see 

STAR Methods for details). We observed no significant changes 

to gross EE, locomotor activity or feeding frequency (number of 

feeding events) in the R263Q mice over a full day or during spe

cific photoperiods (Figure S2), except for a slight increase in day

time feeding in R263Q males in comparison to WT (Figure S2C, 

p = 0.016, Wilcoxon test, n = 8 WT males and 12 R263Q males).

We then hypothesized that the CRY1 R263Q mutation may 

cause changes to the circadian patterns of variation in meta

bolism and behavior, rather than to the gross measurements of 

such parameters over a 12- or 24-h photoperiod. To refine the 

temporal resolution of our analyses, therefore, we examined 

EE, activity, and feeding events hourly over the course of a 

24-h day. We computed the mean values for hourly EE, activity, 

and feeding events across all the experiment days for each 

Figure 2. CRY1 R263Q individuals show changes to 24-h EE profiles, but no defects in glucose metabolism 

(A) Graphic of metabolic phenotyping using indirect calorimetry (IC). 

(B) 24-h profiles of EE as a function of ZT. Solid lines represent means of hourly values computed for all individuals in an experimental group and shaded areas 

indicate 95% confidence intervals around the means. Top: females; bottom: males. Gray rectangles from ZT12-ZT24 represent the dark phase. 

(C) Adjusted p-values for ANOVA models with different covariates comparing ZT-wise EE values for WT and R263Q individuals, separated by sex. Colors indicate 

-log10(adjusted p-value) as shown in the color scale. 

(D) Adjusted R2 values for ANOVA models in (C). Colors indicate -log10(adjusted p-value) as shown in the color scale. 

(E) Violin plots comparing the timings (measured in ZT) of the anticipatory rise in EE (left) and activity (right) at the end of the light phase. 

(F) Violin plots comparing the timings (measured in ZT) of the second peak in EE (left) and activity (right) during the dark phase. 

For 2E-F, the width of the violin plots represents the density of data points at the corresponding y values, and the overlaid scatter represents individual data points. 

p-values are computed using the Wilcoxon test. 

(G) Glucose response curves showing blood glucose levels (in mg/dL) as a function of time elapsed since glucose injection. Left: females; right: males. Points 

represent mean glucose levels for each group at a given time point, and the error bars represent standard error.
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mouse and visualized the values as a function of zeitgeber time 

(ZT) (Figures 2B and S3A).

We asked if the mutants showed any detectable changes to 

the circadian rhythmicity of hourly EE. We focused on EE since 

it is the final response variable used as a metabolic readout. 

For this analysis, we used Kronos, an R-based tool for assessing 

circadian rhythmicity in biological datasets.29 Using Kronos, we 

modeled the hourly EE as a decomposition of sine and cosine 

components, and as a function of ZT with the period parameter 

set to 24 h. The Kronos analysis yielded sinusoid curves fitted to 

each dataset (WT females, R263Q females, WT males, and 

R263Q males), with much of the variance in the data explained 

by the fitted curves, and very similar acrophase values 

(Table S1). Based on this, we concluded that all 4 groups exam

ined in this study show clear circadian rhythmicity in their hourly 

EE patterns. However, we noticed that the sinusoid curves fitted 

by Kronos were overly smooth and failed to capture important 

features of the data that are seen in the mean EE plots 

(Figure 2B), such as the initial sharp peak in EE around ZT12 

for all the groups, and the second shallower peak (Figure S3B). 

Therefore, we did not proceed further with Kronos to compare 

the rhythmicities of the WT and R263Q EE patterns. Instead, 

we opted to fit an analysis of variance (ANOVA) model to 

compare the EE patterns between WT and R263Q animals of 

the same sex.

First, we sought to verify if the criteria for ANOVA are fulfilled by 

our dataset. Although the EE, activity, and feeding events for 

each individual were measured independently of each other, it 

is reasonable to expect that activity and feeding event patterns, 

both energy-consuming tasks, would directly impact the EE pat

terns over the course of a 24-h day. Indeed, we saw that both ac

tivity and feeding events were highly correlated with EE patterns 

(Figure S4A, Pearson correlation coefficients indicated on the 

respective correlation plots). Therefore, we decided to treat ac

tivity and feeding events as covariates while attempting to fit 

an ANOVA model to the dataset with genotype (WT and 

R263Q) and sex as independent variables. We found that the ge

notype had a significant effect on the EE at ZT10-12, while sex 

did not have an effect at any timepoint (Figure S4B; Tables S2

and S3). Activity and feeding events both significantly influenced 

the EE at a few ZT values, with activity having an impact on more 

ZT values than the feeding events. Since ZT11 showed the stron

gest effect of the genotype, we plotted the residual Q-Q plot at 

ZT11 (Figure S4C) and saw that the data points fall along a 

straight line. This indicates that the assumptions for performing 

an ANOVA analysis are valid.

Based on the above, we proceeded to fit ANOVA models to 

compare EE values between WT and R263Q individuals at all 

ZTs. We fit three ANOVA models, one with no additional covari

ates and two to include activity and feeding events as covariates 

to assess if the differences found in EE, if any, were attributable 

to the variation in these covariates. The ANOVA model with no 

covariate showed significant differences in EE at ZT11 between 

WT and R263Q females, and at both ZT11 and 12 between WT 

and R263Q males (Figure 2C and Table S4). Activity, when 

included as a covariate, could explain the difference in EE for fe

males, but not for males. Feeding events, on the other hand, 

could not fully explain the difference in EE for either sex. Indeed, 

this was reflected in the R2 values for each of the three models, 

with the highest R2 values across ZTs obtained when activity was 

used as a covariate (Figure 2D and Table S5). From this analysis, 

we conclude that the 24-h EE profiles when compared ZT-wise 

are not significantly different between genotypes except at the 

onset of the dark phase, and this difference can be explained 

at least in part by underlying differences in the 24-h activity 

patterns.

We noted that for all groups, the EE remains relatively constant 

up to ∼ ZT9, and then rapidly rises to form a peak between ZT9- 

12, just before the onset of the dark phase (Figure 2B). We 

measured the timing of this anticipatory rise in EE for each indi

vidual and saw that R263Q females achieved this rise signifi

cantly sooner than WT females (Figure 2E, left; p = 0.0011, Wil

coxon test, n = 13 WT females and 10 R263Q females). No 

such difference, however, was detectable for the males 

(p = 0.088, Wilcoxon test, n = 8 WT males and 11 R263Q males). 

These patterns were also reflected in the activity profiles 

(Figure 2E, right; for females, p = 0.0044, Wilcoxon test, n = 14 

WT and 10 R263Q; for males, p = 0.15, Wilcoxon test, n = 8 

WT and 12 R263Q). We further noted that after the first peak in 

EE close to the dark phase onset, there is a second, shallower 

peak in the dark phase (Figure 2B). We found that the timing of 

this second peak in EE was significantly delayed in R263Q males 

compared to wild-type males, with no such differences evident 

in females (Figure 2F, left; for males, p = 0.0033, Wilcoxon test, 

n = 7 WT and 10 R263Q; for females, p = 0.093, Wilcoxon test, 

n = 13 WT and 8 R263Q). These trends were also reflected in 

the activity profiles (Figure 2F, right; for males, p = 0.00055, Wil

coxon test, n = 7 WT and 10 R263Q; for females, p = 0.13, Wil

coxon test, n = 11 WT and 9 R263Q).

Next, we also compared respiratory exchange ratios (RER) be

tween male and female genotypes. We did not detect any differ

ences either in the photoperiod average analysis (Figure S5A) or 

in the 24-h profiles (Figure S5B). Overall, IC analyses show that 

R263Q mutants show higher EE values than WT at ZT11 for fe

males, and ZT11 and 12 for males, with this difference partially 

explained by activity patterns at the same ZTs, and a significant 

delay in the second peak of EE and activity in the case of R263Q 

males compared to WT males.

Mutating or depleting mouse CRY1 has been previously re

ported to cause hyperglycemia and inability to regulate blood 

glucose levels following a glucose challenge.12,14,30 This pheno

type is present in Mexican cavefish that naturally harbor the 

R263Q mutation, raising the possibility that this mutation dis

rupts glucose tolerance.15 To test this hypothesis, we compared 

R263Q and WT mice using a standard glucose tolerance test 

(see STAR Methods and Figure S5C). We found no significant 

differences in fasting blood glucose levels between WT and 

R263Q individuals of either sex (Figure S5D; p = 0.35 for 

comparing WT and R263Q females, p = 0.34 for comparing 

WT and R263Q males, Wilcoxon test, n = 9 WT females, 7 

R263Q females, 9 WT males and 7 R263Q males). After a 

glucose challenge, all groups showed the expected increase in 

blood glucose levels in the first 30 min and were able to tolerate 

glucose and regulate blood glucose back to fasting levels within 

2 h of the glucose challenge (Figure 2G; n = 9 WT females, 7 

R263Q females, 9 WT males and 7 R263Q males). These data, 

iScience 28, 112874, July 18, 2025 5 

iScience
Article

ll
OPEN ACCESS



(legend on next page) 

6 iScience 28, 112874, July 18, 2025 

iScience
Article

ll
OPEN ACCESS



therefore, do not provide any evidence of insulin resistance or 

impaired glucose homeostasis capacity in the R263Q mice.

In summary, male mice carrying the CRY1 R263Q mutation 

exhibited an increase in EE at ZT11 and 12, as well as a delay 

in their energy expenditure patterns during the dark phase. 

R263Q females show an increase in EE at ZT11, an advance in 

the anticipatory rise in EE before the dark phase, but no signifi

cant delays in EE patterns in the dark phase. Locomotor activity 

patterns could reasonably explain the EE patterns. Finally, the 

R263Q mice do not have deficits in glucose metabolism as as

sayed by a standard glucose tolerance test.

CRY1 R263Q mice show dysregulation of circadian and 

metabolic genes in the liver

We next sought to examine the effects of the CRY1 R263Q mu

tation on gene expression to determine if it could explain the 

altered behavioral patterns observed by IC. Since we were as

saying for both circadian and metabolic phenotypes, we 

selected the brain and liver to perform RNA-seq and compare 

WT and R263Q mice to call differentially expressed (DE) genes. 

Moreover, since circadian and metabolic gene expression pro

files can vary depending on the time of day and can be set by 

external cues, we sampled brain and liver tissue at two different 

ZTs – onset of the dark phase (ZT 12–13) and onset of the light 

phase (ZT 22–23). Finally, sex can also influence circadian 

rhythms and metabolism.31,32 To ensure that the DE genes de

tected are indeed a consequence of the genotype, we controlled 

for tissue type, sex and sampling time by comparing WT and 

R263Q samples from the same sex and tissue type and collected 

at the same time to call DE genes. This resulted in 8 comparisons 

(2 sexes, 2 tissue types and 2 sampling times) across the data

sets to identify DE genes between genotypes (Figure S6A). A 

summary heatmap showing the fold changes of all the DE genes 

in the R263Q samples relative to WT under all the different con

ditions is shown in Figure 3A.

We found that the brain tissues showed almost no genotype- 

specific expression, regardless of sex or time of sampling/ZT 

(Figure 3A, the left four columns). One gene was differentially ex

pressed per comparison in the brain tissues. Interestingly, Cry1 

itself was downregulated in R263Q female brains at the onset 

of the light phase but showed no differential expression at the 

onset of the dark phase. By contrast, for males, while Cry1 

was not differentially expressed in the brain at the onset of the 

light phase, it was upregulated in R263Q samples at the onset 

of the dark phase (Figure 3A, blue rectangle with blue asterisk).

The liver tissues showed a much more pronounced transcrip

tional response to the R263Q mutation than the brain. In general, 

the number of DE genes called was higher in the male samples 

than the female samples across all conditions. Of note, we found 

very few genes that were differentially regulated in the same di

rection (up or down) at both sampling times, indicating that the 

R263Q mutation’s transcriptomic effects depend on the ZT. 

Also, most of the genes identified as differentially regulated at 

one sampling time are not identified as such at the other sam

pling time. This is consistent with the fact that CRY1 is a circa

dian rhythm regulator whose levels vary throughout the course 

of a 24-h day, resulting in circadian variation in the expression 

of the genes that it regulates.

Very interestingly, we found one cluster in the male liver sam

ples that contains DE genes showing the strongest response to 

sampling time. These genes were upregulated in R263Q sam

ples at the onset of the light phase but were downregulated at 

the onset of the dark phase. These genes turned out to be canon

ical regulators of circadian rhythms,8 mostly repressors which 

also regulate metabolism (Figure 3B). In this group we found nu

clear receptor subfamily 1 group D members 1 and 2, Nr1d1 and 

Nr1d2, which function in a feedback loop auxiliary to the core 

circadian feedback loop consisting of the clock circadian regu

lator (Clock), basic-helix-loop-helix ARNT-like 1 (Bmal1 or Arntl), 

Cry and period circadian clock (Per) genes and fine-tune this 

core loop.8,33 Nr1d1 and Nr1d2 are transcribed by Bmal1, and 

the resulting proteins, the REV-ERBs, inhibit the transcription 

of Bmal1. We also found the D site albumin promoter binding 

protein (Dbp) and thyrotroph embryonic factor (Tef) genes, which 

are transcribed by the core circadian transcription factors 

CLOCK and BMAL1, and code for proline and acidic amino 

acid-rich basic leucine zipper (PAR-bZIP) transcription factors 

that participate in a second auxiliary circadian feedback loop, 

besides regulating the expression of several metabolic genes.8

We also found the circadian associated receptor of transcription 

(Ciart) gene, predicted to be a regulator of circadian gene 

expression.34 In the same cluster, we also found that Per2 and 

Per3 were upregulated at the onset of the light phase but not 

differentially expressed at the onset of the dark phase. The Per 

genes code for PER proteins that function alongside the CRY 

proteins as repressors of the circadian clock.4,8,35 We found a 

few other major circadian repressors in a different cluster 

following a pattern similar to the Per genes – basic-helix-loop- 

helix family member e40 (Bhlhe40), cryptochrome-2 (Cry2) and 

max-binding protein (Mnt) which function by inhibiting Bmal1 

Figure 3. RNA-seq analysis shows dysregulation of circadian and metabolic genes in the liver 

(A) Heatmap of log2 fold change values for all genes identified as DE in at least one comparison of R263Q vs. WT. Fold changes are calculated from the contrasts 

shown in Figure S6A. The order of the comparisons from left to right is: female brain at the onset of the light phase; female brain at the onset of the dark phase; 

male brain at the onset of the light phase; male brain at the onset of the dark phase; female liver at the onset of the light phase; female liver at the onset of the dark 

phase; male liver at the onset of the light phase; male liver at the onset of the dark phase. Colors indicate -log10(adjusted p-value) as shown in the color scale. 

(B) Expression patterns of DE circadian rhythm-associated genes in the liver. Expanded from (A). 

(C) GO pathway enrichment analysis for all DE genes shown in (A). The vertical dotted lines represent the threshold of adjusted p-value < 0.05 (Fisher’s exact test). 

(D) Venn diagram showing DE gene loci co-occupied by CRY1 and various NRs. The list of genes co-occupied by CRY1 and all four NRs examined is provided on 

the right. 

For samples collected at the onset of the light phase, n = 6 WT female brain samples, 5 R263Q female brain samples, 5 WT male brain samples, 6 R263Q male 

brain samples, 5 WT female liver samples, 6 R263Q female liver samples, 5 WT male liver samples, and 5 R263Q male liver samples. 

For samples collected at the onset of the dark phase, n = 4 WT female brain samples, 4 R263Q female brain samples, 6 WT male brain samples, 5 R263Q male 

brain samples, 5 WT female liver samples, 5 R263Q female liver samples, 7 WT male liver samples, and 6 R263Q male liver samples.
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transcription or BMAL1-mediated transactivation.8,36–38 This 

cluster also contained RAR-related orphan receptor gamma 

(Rorc) which codes for one of the ROR proteins that form a pos

itive transcription-translation feedback loop with Bmal18; and 

ubiquitin-specific peptidase 2 (Usp2), which has roles in photic 

entrainment, locomotor circadian rhythms, and nuclear accumu

lation of the PER1 protein.39–42 We also saw that several of the 

genes described above – Nr1d1, Nr1d2, Dbp, Tef, Per2, Per3, 

Cry2, Mnt and Usp2 – show similar patterns in female liver sam

ples. Notably, when we examined Cry1 levels in the liver, we 

observed an opposite pattern of expression in male liver 

samples, but consistent patterns in female liver samples 

(Figure 3A, blue rectangle and blue asterisk). When we searched 

for the differential expression of canonical circadian activators in 

the liver, we found that Arntl (or Bmal1) showed a pattern oppo

site to that of most of the repressors described above, but similar 

to Cry1 – it was not differentially regulated in male livers at the 

onset of the light phase but was upregulated at the onset of 

the dark phase (Figure 3A, gold rectangle and gold asterisk). 

Clock, the other circadian activator, was not found to be differen

tially expressed under any conditions.

We performed a Gene Ontology (GO) pathway enrichment 

analysis on the entire set of DE genes, the results of which are 

shown in Figure 3C. Seven out of the top 20 biological processes 

enriched in the list of DE genes (including the most significantly 

enriched biological process) were related to circadian rhythms. 

This agrees with the large number of differentially regulated 

circadian genes that we found and described in Figures 3A 

and 3B. Other enriched biological processes were mostly related 

to metabolism, such as cellular ketone metabolism, lipid meta

bolism, glucose and carbohydrate metabolism, hormone meta

bolism, and small molecule metabolism. These enriched biolog

ical pathways point to a general disruption of circadian rhythms 

and metabolic pathways in the livers of R263Q mice. The top en

riched molecular functions in the list of DE genes were consistent 

with the enriched biological processes. The most significantly 

enriched molecular function was E-box binding, which is the pro

moter element bound by core circadian transcription fac

tors,43,44 followed by a slew of various types of metabolic 

enzyme activity terms. These include monooxygenase activity, 

(characteristic of the cytochrome P450 enzymes,45 many of 

which are differentially regulated in the liver samples), heme 

binding, sterol and lipid transporter activity, ligand-activated 

transcription factor activity, and FAD binding.

Nuclear receptors (NRs) regulate metabolic pathways by tran

scribing genes in response to ligands.11,46 Since CRY1 is known 

to influence transcription independently of CLOCK:BMAL1 by 

functioning as a corepressor with nuclear receptors,11,46 we 

asked if the disrupted metabolic pathways enriched in our data

set could be explained by the interaction of CRY1 with nuclear 

receptors. We overlapped publicly available lists of genomic 

loci co-occupied by CRY1 and various nuclear receptors in the 

liver46 with our list of DE genes in the liver. Intriguingly, we found 

that over 50% (134 out of 249) of our DE genes were co-occu

pied by CRY1 and the glucocorticoid receptor (GR), 37% 

(93 out of 249) were co-occupied by CRY1 and PPARa, and 

36.5% (91 out of 249) each were co-occupied by CRY1 and 

REV-ERBa, and CRY1 and REV-ERBb. 32% (80 out of 249) of 

the DE genes in the liver were found to be shared occupancy 

sites for CRY1 and all the above-mentioned NRs and are 

involved in diverse metabolic pathways including glucose 

metabolism, lipid metabolism and xenobiotic detoxification 

(Figure 3D). This suggests that the CRY1 R263Q mutation might 

impact CRY1’s normal co-repressor activity with several NRs at 

a shared set of genomic loci.

We also repeated the GO pathway enrichment analysis for 

subsets of DE genes in the liver based on sex and sampling 

time to identify classes of genes that are differentially regulated 

by genotype in a sex- and ZT-dependent manner (Figure S6B). 

We found that at the onset of the light phase, circadian rhythm 

terms were among the most significantly enriched biological pro

cesses regardless of sex, along with the enrichment of relevant 

molecular functions such as ‘‘transcriptional coregulator bind

ing’’, ‘‘transcriptional corepressor binding’’, and ‘‘nuclear recep

tor activity’’ in both sexes; ‘‘photoreceptor activity’’, ‘‘nuclear 

receptor binding’’, and ‘‘FAD binding’’ in females, and ‘‘E-box 

binding’’ in males. This agrees with our visual inspection of the 

DE gene list (Figures 3A and 3B) and the GO pathway analysis 

for the entire DE gene list (Figure 3C). Additionally, in females, 

a few genes coding for immunoglobulin proteins were downre

gulated, as evidenced by enriched molecular functions ‘‘immu

noglobulin receptor binding’’, ‘‘immunoglobulin binding’’, and 

‘‘antigen binding’’. In the male samples, several genes involved 

in lipid metabolism such as fatty acid binding protein 5 

(Fabp5), sphingomyelin phosphodiesterase 3 (Smpd3), and py

ruvate dehydrogenase kinase isoenzyme 4 (Pdk4)47–49; hormone 

secretion such as G protein-coupled receptor 39 (Gpr39) and 

cholinergic receptor muscarinic receptor 3 (Chrm3)50,51; and 

glucose homeostasis were upregulated. Genes downregulated 

in males included the major urinary protein (Mup) gene family, 

the deletion of which shifts mouse metabolism to an anabolic 

state,52 the cytochrome P450 enzyme Cyp2a5 which regulates 

heme metabolism, and hydroxysteroid 17-beta dehydrogenase 

6 (Hsd17b6) which is involved in androgen catabolism53,54

(Table S6).

At the onset of the dark phase, enriched biological processes 

in females included those related to solute transport, such as so

lute carrier family 34 member 2 (Slc34a2); and genes regulating 

steroid metabolism, such as retinol dehydrogenase 9 (Rdh9) 

and cytochrome P450 gene Cyp17a1.55,56 Other important 

metabolic genes were also seen to be dysregulated, such as lipin 

2 (Lpin2) that regulates lipid metabolism genes.57 In males, a va

riety of metabolic processes were enriched. The upregulated 

genes included the arginine vasopressin receptor 1a (Avpr1a), 

which contributes to rhythmic behavior in mice,58 Dopa decar

boxylase (Ddc) that may be involved in the synthesis of the 

sleep-regulating hormone melatonin,59 melatonin receptor 1a 

(Mtnr1a) that is associated with instances of type II diabetes,60,61

forkhead box A2 (Foxa2) that is involved in glucose homeostasis 

and fat metabolism,62,63 insulin-induced gene 2 (Insig2) that reg

ulates cholesterol biosynthesis,64 genes regulating hormone 

metabolism such as arylsulfatase G (Arsg),65 and a few cyto

chrome P450 genes Cyp21a1, Cyp7b1 and Cyp2c70 that are 

involved in various metabolic and detoxification processes 

and interact with the circadian clock.66 The downregulated 

genes included nocturnin (Noct), which in humans is under 
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circadian control and regulates metabolism by dephosphorylat

ing NADPH67; lipid metabolism regulators such as peroxisome 

proliferator activated receptor gamma (Pparg), a master 

regulator of adipocyte differentiation,68 lipase G, endothelial 

type (Lipg), aldehyde dehydrogenase 3 family member A2 

(Aldh3a2), and ATP-binding cassette subfamily D member 2 

(Abcd2)69–71; glucose and glycogen homeostasis regulators 

such as phosphoenol pyruvate carboxykinase 1 (Pck1), fructose 

2,6-bisphosphatase 3 (Pfkfb3), glycogen synthase 2 (Gys2), pro

tein phosphatase 1 regulatory subunit 3G (Ppp1r3g),72–75; and 

regulators of cholesterol and sterol metabolism including phos

pholipid transfer protein (Pltp) and ATP binding cassette subfam

ily G member 5 (Abcg5).76,77 Other downregulated genes 

included coenzyme Q10b (Coq10b) which is involved in cellular 

respiration78 and Hsd17b6 (Table S7).

To summarize, RNA-seq analyses showed almost no tran

scriptomic changes in the brain. The liver, on the other hand, 

showed a strong transcriptomic response to the R263Q muta

tion. Several metabolic regulatory genes are differentially ex

pressed, often in a context-specific manner depending on the 

sex and the sampling time, which is not surprising given that 

metabolic regulation is known to be sexually dimorphic31,32

and many metabolic genes are under circadian control,79 which 

is sensitive to ZT. Nevertheless, two major trends emerge from 

this analysis: (1) the R263Q mutation exerts profound, sex-inde

pendent effects on the liver circadian oscillator itself, and (2) the 

R263Q mutation results in the misexpression of several meta

bolic genes that are under the transcriptional control of NRs.

DISCUSSION

In this study, we investigated the transcriptomic, beha

vioral, metabolic, and physiological consequences of a repeat

edly evolved mutation (R263Q) in the circadian protein 

Cryptochrome-1, or CRY1. This mutation resides in a highly 

conserved domain of the protein and is seen to recur specifically 

in animal lineages that have adapted to low-light environments 

such as caves and subterranean burrows. We developed a 

mouse model that is homozygous for the CRY1 R263Q mutation 

and carried out an in-depth metabolic phenotyping to uncover the 

potential effects of this mutation. We found a change in 24-h EE 

profiles in CRY1 R263Q mutants that are at least partially ex

plained by underlying changes in activity patterns, but no change 

to glucose metabolism capacity. Finally, RNA sequencing re

vealed disruption in expression patterns of several canonical 

circadian and metabolic genes in the liver. Through this study, 

we have demonstrated the power of a single nucleotide substitu

tion to orchestrate change not only at the level of gene expres

sion, but also at the level of the whole organism.

The CRY1 R263Q mutation dysregulates the liver 

circadian clock

RNA-seq showed virtually no transcriptomic differences in the 

brains of WT and R263Q mice. The brain contains the central 

circadian pacemaker, and other subregions of the brain also 

have their own circadian clocks, which can run with phases 

shifted relative to the master clock.80 This could explain why 

we detected no transcriptomic differences in the brain in our da

tasets, since we used entire brain hemispheres for RNA 

extraction.

However, we found significant differences between liver sam

ples collected from WT and R263Q mice. The most enriched 

class of genes was circadian rhythm genes, and indeed, we 

saw several genes that participate in the molecular circadian 

oscillator showing disrupted expression. Our data are therefore 

consistent with a dysregulated liver circadian oscillator. The 

R263Q mutation resides close to the FAD-binding domain of 

CRY1.3 FAD-binding is known to stabilize CRY1,81 while the 

ubiquitin ligase complex SCFFBXL3 competes for the same bind

ing pocket and marks CRY1 for proteasomal degradation, 

thereby destabilizing it.82 The CRY1 R263Q mutation may be 

altering this balance between FAD and SCFFBXL3 and impacting 

the stability of the CRY1 protein, which could, in turn, dysregu

late the dynamics of the molecular oscillator.

The pattern of dysregulation is also interesting – except for 

Cry1 itself, most of the circadian repressor genes (Cry2, Per2, 

Per3, Nr1d1, and Nr1d2) were upregulated at the onset of the 

light phase and downregulated at the onset of dark phase (in 

the case of males, and not DE for females). By contrast, the 

circadian activator Arntl (or Bmal1) was not DE at the onset of 

the light phase but was upregulated at the onset of the dark 

phase. All these transcripts are known to show 24-h oscillations 

in the mouse liver. Interestingly, the circadian repressor genes 

noted above have been reported to exhibit mRNA peaks a few 

hours before or at the onset of the dark phase, and troughs 

near the light phase in the WT mouse liver.83,84 In our dataset, 

these genes are unchanged/downregulated in the R263Q liver 

at the onset of the dark phase, close to the time the mRNAs 

are reported to peak in the WT liver, and they are upregulated 

in the R263Q liver at the onset of the light phase, close to the 

time the mRNAs are reported to trough in the WT liver. This is 

also true of Dbp and Tef,85 which function in an auxiliary circa

dian feedback loop. Similarly, Arntl mRNA is reported to trough 

at the onset of the light phase,83 and our dataset shows that it 

is upregulated at this time of day. These observations are consis

tent with a circadian oscillator in the liver that is either damped or 

phase-shifted (Figure S7). 24-h metabolic phenotyping showed 

a delay in energy expenditure, activity, and feeding patterns in 

the dark phase in R263Q male mice. Therefore, it is possible 

that the R263Q mutation impacts the stability of CRY1, resulting 

in a phase-shifted oscillator that causes delayed patterns of 

behavior. This hypothesis can be validated by comparing the af

finities of the CRY1 WT and R263Q proteins for FAD, as well as 

by sampling the liver transcriptomes at multiple circadian time 

points.

It is interesting to note additionally that the CRY1 R263Q mu

tation appears to impact males more than it does females. Sex- 

dependent differences in circadian rhythms, metabolism, and 

physiology, which are largely driven by underlying anatomical 

and hormonal differences, have been reported in the litera

ture.31,86 One study reported that CRY1 and its paralog CRY2 

are necessary to sustain sexual dimorphism in the mouse liver 

by regulating growth hormone (GH) cycling.87 This study found 

that several cytochrome P450 genes (Cyp2b9, Cyp2d9, 

Cyp4a12, and Cyp7b1) that show sexually dimorphic expression 

in the liver show feminized expression profiles in Cry-deficient 
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male mice. Moreover, Cry-deficient males showed other defects 

associated with sexually dimorphic GH patterns, such as 

reduced body weight and downregulation of major urinary pro

tein (Mup) genes. Our data do not show the differential regulation 

of the Cyp genes considered in this study. In fact, Elovl3, which is 

highly expressed in the male liver and is reduced in Cry-deficient 

mice as reported in,87 is upregulated in the R263Q male liver. 

Further, we compared body weights between WT and R263Q 

mice aged ∼2 months (Figure S8, n = 9 WT females, 7 R263Q fe

males, 9 WT males, and 8 R263Q males), well beyond the age of 

2–3 weeks at which growth deficits began to become apparent in 

Cry-deficient mice.87 We found no difference among genotypes 

in the female mice (p = 0.09, Wilcoxon test), and in fact, the 

R263Q males show a slight increase in body weight in compar

ison to wild-type males (p = 0.046, Wilcoxon test). These incon

sistencies with the report on Cry-deficient mice could be due to 

the CRY1 R263Q mutation not phenocopying a full loss-of-func

tion (see further in the discussion), and also because the Cry2 lo

cus is intact in our mouse model. However, we did find several 

members of the Mup gene cluster downregulated in the R263Q 

male liver (Figure 3A), consistent with the report for Cry-deficient 

mice. Additionally, our data also show that Cyp17a1 and 

Hsd17b6, which are involved in androgen biosynthesis and 

catabolism, respectively,54,56 are downregulated in the R263Q 

male liver. Cyp17a1-deficient mice are phenotypically female 

despite an XY genotype.88 Overall, our data suggest that the 

CRY1 R263Q mutation has sex-specific effects, which could 

be caused in part by the differential modulation of Mup gene 

expression, and by the downregulation of specific androgen 

metabolism-associated genes. These sex differences are likely 

attributable to physiological and metabolic differences between 

the sexes that create different contexts for the function of WT 

CRY1 and the R263Q mutated version. Future experiments de

leting the Cry1 locus in both male and female animals will serve 

to tease out the precise differential roles CRY1 plays in each sex 

and the mechanisms by which these roles are orchestrated in the 

different physiological backgrounds.

The CRY1 R263Q mutation could be a partial loss-of- 

function or a neofunctionalization

The evolutionary convergence of the CRY1 R263Q mutation sug

gests that it does not represent a complete loss of function and 

might instead be selected for. Cry1− /− mice show a shortened 

free-running period relative to WT mice,5–7 which is also re

flected in the molecular rhythms of the Per1 gene.7 CRY1 

R293H substitution leads to a shortened molecular rhythm, sug

gesting a hypomorphic phenotype.89 There are also other muta

tions in the literature that suggest a CRY1 hypermorphic pheno

type. CRY1 C414A substitution or an in-frame deletion of 24 

amino acids coded in exon 11 both lead to a period-lengthening 

phenotype.90,91

The CRY1 R263Q mutation, which we have characterized in 

this study, does not clearly phenocopy either the full loss of func

tion, the hypomorph or the hypermorph phenotype. First, we 

performed a glucose tolerance test on our CRY1 R263Q mice 

and detected no signs of hyperglycemia or glucose intolerance, 

consistent with our conclusion that the CRY1 R263Q mutation 

does not mimic a canonical loss of function.92 Second, even 

the full Cry1− /− deletion does not show any discernible alter

ations to circadian wheel-running patterns in a light/dark cycle, 

ostensibly due to the masking effect of light.5 The CRY1 

R263Q mutation, however, shows an activity pattern phenotype 

even under a light/dark cycle. It seems, therefore, that the effect 

of this mutation is strong enough not to be masked by light. 

Therefore, we believe we are at risk of only underestimating, 

rather than overestimating, the phenotypic effects of the CRY1 

R263Q mutation. To the best of our knowledge, this is unlike 

any CRY1 mutation described thus far and supports our hypoth

esis that the CRY1 R263Q mutation may be a neofunctionaliza

tion. Future studies on mice kept in constant darkness will help 

tease out the effects of the mutation on the intrinsic oscillator.

How does the CRY1 R263Q mutation contribute to 

subterranean adaptation?

It is possible that circadian clock dysregulation in low-light envi

ronments could be a consequence of relaxed selection, as has 

been argued for several cave-associated traits (reviewed in93). 

If it was indeed a case of relaxed selection, however, then it is 

extremely unlikely that the very same mutation would occur inde

pendently in multiple lineages. This supports the possibility 

that the R263Q mutation in CRY1 was selected for due to 

some adaptive advantage. Cave-dwelling species such as the 

Mexican cavefish A. mexicanus and the Somalian cavefish 

P. andruzzii are reported to have dysregulated circadian 

clocks,17,19,26,94,95 which could be a combination of drift and se

lection. A dysregulated circadian clock has been suggested to 

be adaptive for the cave ecotype of A. mexicanus in many 

ways – by conserving energy in a nutrient-limited environment 

by eliminating rhythmic metabolism,28 or by contributing to 

reduced sleep duration17 or increased wakefulness which could 

be a beneficial foraging strategy to find and consume more food 

in such food-scarce environments. Additionally, A. mexicanus 

also shows a suite of metabolic traits that resemble disease phe

notypes in the human context, such as insulin resistance and 

increased fat accumulation.15,16,27,96 Therefore, an advantage 

could also be conferred by an indirect effect of CRY1 on dysre

gulating metabolism and creating metabolic disease-like pheno

types. Our transcriptomic analysis leads to the hypothesis that 

the CRY1 R263Q mutation disrupts the normal interaction of 

CRY1 with NRs, leading to broad transcriptional changes in 

metabolic genes across the liver transcriptome. Future work 

will examine the precise mechanisms by which the CRY1 

R263Q mutation dysregulates molecular and behavioral rhythms 

and assess its adaptive value in a low-light environment.

Taken together, we have generated a knock-in mouse 

harboring a CRY1 mutation that has evolved independently mul

tiple times in fish and mammals. The availability of this mouse 

line enables a systematic investigation of the functional differ

ences, which may ultimately help shed light on the adaptive na

ture of these changes. Our study represents the first functional 

characterization of a novel, repeatedly evolved mutation in line

ages that inhabit cave and subterranean environments. Our an

alyses provide evidence for changes in metabolic and circadian 

regulation at multiple levels of organization, providing the basis 

for future studies examining the role of CRY1 in the repeated 

evolution of adaptation to low-light environments. Moreover, 
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while the phenomenon of repeated evolution of similar pheno

typic traits in response to similar environmental pressures or 

constraints is not an unfamiliar one, the underlying genetic bases 

for these shared phenotypes remain elusive. Often, different ge

netic pathways involved in producing the same phenotype are 

modified in different lineages to give rise to a nevertheless 

convergent phenotype. Our work, however, highlights the possi

bility that the very same genetic change can underlie parallel 

phenotypic changes. In a broader context, our work supports 

the notion that shared selective pressures can act by favoring 

the same genotype repeatedly in multiple lineages to drive the 

evolution of a shared phenotypic trait.

Limitations of the study

One of the limitations of this study is the lack of indirect calorim

etry data collected under conditions of total darkness. Recording 

in total darkness is used to dissect different components of the 

observed circadian clock dysregulation phenotype, such as 

changes to the period of the intrinsic oscillator or changes to 

the light response pathway. This would permit narrowing the 

cause(s) of the phenotype. However, according to the pain and 

distress classification categories (B-E) of the Institutional Animal 

Care and Use Committees of the Stowers Institute and the Uni

versity of Kansas Medical Center (IACUCs), recording animals in 

darkness constitutes a category E procedure i.e., activities that 

cause pain and distress for which pain- and distress-relieving 

measures are not implemented. For this reason, approvals for to

tal darkness experiments were not granted. However, we 

observed a subtle phenotype despite recording animals in a 

light-dark cycle – a phenomenon that is not observed even in 

the full Cry1 loss-of-function mutant due to the masking effects 

of light, as discussed. For this reason, we believe that we are 

at worst underestimating, and not overestimating, the effects 

of the mutation. Another limitation is the use of a nocturnal spe

cies, i.e., mice, as a model to study the CRY1 R263Q mutation. 

We opted to use a mouse model due to the poor efficiency of ho

mologous recombination-based gene editing in fish, as well as 

the availability of sophisticated metabolic phenotyping equip

ment for rodents. However, this leaves open the question of 

what the implications of this mutation are for a diurnal species 

such as the surface ecotype of A. mexicanus. Nocturnal and 

diurnal species use similar mechanisms to generate circadian 

rhythms in the brain, and the differences have been linked to 

the mechanism of firing of neurons in the suprachiasmatic nu

cleus (SCN) of the brain.97 Given that the CRY1 R263Q mutation 

impacts the circadian gene circuitry, therefore, we would hy

pothesize that the effects of the mutation would be largely 

conserved between nocturnal and diurnal species. However, 

further experiments are required to verify this hypothesis. A third 

limitation of the study is that we have focused on just one of the 

many mutations known to affect circadian genes in subterranean 

dwellers. We have therefore not been able to capture the suite of 

circadian and metabolic dysregulation phenotypes displayed by 

subterranean animals. However, our study has allowed us to 

isolate the effects of the CRY1 R263Q mutation alone. Further 

studies will focus on mutations in other circadian genes to func

tionally dissect the mechanisms of circadian clock disruption in 

cave and subterranean animals.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig polyclonal anti-CRY1 (diluted 1:1000) MBL International Cat#PM081

Mouse monoclonal anti-GAPDH (diluted 1:10000) Proteintech Cat#60004-1-Ig; RRID:AB_2107436

Rabbit polyclonal anti-H3 polyclonal 

antibody (diluted 1:10000)

Abcam Cat#ab1791; RRID:AB_302613

Donkey anti-Guinea Pig IgG secondary 

antibody (diluted 1:4000)

LiCOR Cat#926-68007

Donkey anti-Mouse IgG secondary antibody (1:10000) LiCOR Cat#926-32212

Donkey anti-Rabbit IgG secondary antibody (1:10000) LiCOR Cat#926-68073

Chemicals, peptides, and recombinant proteins

Alt-R S.p. HiFi Cas9 nuclease V3 Integrated DNA Technologies Cat#1081059

Pregnant mare serum gonadotropin (PMSG) Genway Biotech Cat#GWB-2AE30A

Chorionic gonadotropin human (hCG) Millipore Cat#C1063-1VL

EmbryoMax KSOM Mouse Embryo Media Millipore Cat#MR-106-D

(DMEM), high glucose, GlutaMAXTM supplement Gibco Cat#10566016

Radioimmunoprecipitation Assay (RIPA) Buffer ThermoFisher Scientific Cat#89900

0.45 μm PVDF membrane Merck Cat#IVPH00010

Precision Plus Protein Dual Color Standards Bio-Rad Cat#1610374

20% glucose solution Gibco Cat#A24940-01

TRIzol reagent ThermoFisher Scientific Cat#15596026

DNase I New England Biolabs Cat#M0303S

Critical commercial assays

ProNex Size-Selective Purification System Promega Cat#NG2002

DNeasy Blood and Tissue Kit Qiagen Cat#69504

Pierce BCA Assay ThermoFisher Scientific Cat#23227

Monarch Spin RNA Cleanup Kit (500 μg) New England Biolabs Cat#T2050L

NEBNext Ultra II Directional RNA Library 

Prep Kit for Illumina

New England Biolabs Cat#E7760L

NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs Cat#E7490L

NEBNext Multiplex Oligos for Illumina New England Biolabs Cat#E6440S

NEBNext Poly(A) mRNA Magnetic Isolation Module New England Biolabs Cat# E7490L

SPRISelect Beckman Coulter Cat#B23318

SG Library Compatibility Kit Singular Genomics Cat#700141

Cell Line Nucleofector Kit V Lonza Bioscience Cat#VCA-1003

Deposited data

Metabolic phenotyping (indirect calorimetry) dataset This paper Stowers Original Data Repository 

https://www.stowers.org/ 

research/publications/ 

libpb-2490

RNA-seq dataset This paper Raw FASTQ files: Gene 

Expression Omnibus (GEO): 

GSE277611; 

analysis code: Stowers 

Original Data Repository 

https://www.stowers.org/ 

research/publications/ 

libpb-2490

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains

All experiments were performed in strict accordance with the guidelines of the Institute Animal Care and Use Committees (IACUCs) of 

the Stowers Institute and the University of Kansas Medical Center (KUMC). CRISPR-Cas9 technology was used for engineering 

C57BL6/J mice. Potential guide RNA target sites were designed using CCTop.99 The target site was selected by evaluating the pre

dicted on-target efficiency score and the off-target potential103 in addition to the proximity of the double-stranded break to the 

desired mutation site. To generate the R263Q codon change, a single-stranded DNA oligonucleotide (ssODN) donor was designed 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

List of genomic locations occupied by 

CRY1 and nuclear receptors

Kriebs et al.46 N/A

Experimental models: Cell lines

U-2 OS BLH CRY1/2 double KO cell line Dr. Achim Kramer, 

described 

in Börding et al.98

N/A

Experimental models: Organisms/strains

CRY1 R263Q strain This paper N/A

Oligonucleotides

Alt-R HDR Donor Oligo (Sequence 5′GCCCAACTG 

GACTCAGTCCTTATCTCCGCTTTGGTTGTCTGTCC 

TGTCAGCTGTTTTATTTCAAACTAACAGAT 

CTCTACAAAAAGgtattatctgaag3′)

Integrated DNA Technologies N/A

Alt-R CRISPR-Cas9 sgRNA (Sequence 

5′GCTTTGGTTGTTTATCATGT3′)

Integrated DNA Technologies N/A

CRY1 R263Q genotyping forward primer 

(Sequence 5′AGGCCTGGGTGGC 

AAACTTTG3′)

Integrated DNA Technologies N/A

CRY1 R263Q genotyping reverse primer 

(Sequence 5′CGCCACAGGAGTT 

GCCCATAAA3′)

Integrated DNA Technologies N/A

Recombinant DNA

pMC1SG5 vector Dr. Aziz Sancar, plasmid 

described in Ye et al.4
N/A

Software and algorithms

CCTop Stemmer et al.99 N/A

CRIS.py Connelly et al.100 N/A

Macro Interpreter V24.1.0 Sable Systems N/A

One Click Macro V2.53.2-slice15min 

and V2.53.2-slice1hr

Sable Systems N/A

sgdemux 1.2.0 Bioconda https://github.com/Singular-Genomics/ 

singular-demux

Kronos package Bastiaanssen et al.29 https://github.com/thomazbastiaanssen/kronos

bcl-convert version 3.10.5 Illumina https://emea.support.illumina.com/ 

sequencing/sequencing_software/ 

bcl-convert.html

STAR aligner version 2.7.10b Dobin et al.101 https://github.com/alexdobin/STAR

RSEM version 1.3.1 Li and Dewey102 https://github.com/deweylab/RSEM

edgeR version 3.42.4 Bioconductor https://bioconductor.org/packages/ 

release/bioc/html/edgeR.html

clusterProfiler version 4.8.2 Bioconductor https://bioconductor.org/packages/ 

release/bioc/html/clusterProfiler.html

AnnotationHub version 3.8.0 Bioconductor https://bioconductor.org/packages/ 

release/bioc/html/AnnotationHub.html
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containing ∼50 nucleotides of homology from the double-stranded break site. The ssODN contained mutations for the R263Q 

change as well as silent codon changes to disrupt guide RNA binding following the repair event. The ssODN was ordered as an 

Alt-R HDR Donor Oligo from Integrated DNA Technologies (IDT). The selected guide RNA was ordered as an Alt-R CRISPR-Cas9 

sgRNA from IDT. Figure S1A provides a graphic summary of the CRISPR design.

3–4-week-old C57BL6/J females were super-ovulated using pregnant mare serum gonadotropin (PMSG) given at noon, followed 

by human chorionic gonadotropin (HCG) 46 h later at 10:00 a.m., and then paired with C57BL6/J stud males overnight. All females 

with copulation plugs the next morning were kept and used to harvest embryos. Harvested embryos were placed in potassium-sup

plemented simplex optimized medium (KSOM) and incubated until electroporation was performed.

A ribonucleoprotein (RNP) complex was formed by incubating sgRNA at 6 μM final concentration with IDT Cas9 HiFi v3 protein at 

1.2 μM final concentration at room temperature for 10 min. The ssODN was added at 200 ng/μL final concentration to the RNP. 

Eighty-four fertilized embryos were selected and electroporated with the RNP complex using the Nepa Gene electroporator. After 

electroporation, embryos were transferred into recipient females. These females carried the embryos to term and gave birth to 

pups which were screened for the expected mutations by lysing an ear clip and amplifying the specific genomic location. A second 

round of amplification was performed to incorporate sample-specific dual barcodes. All amplicons were pooled and size-selected 

using ProNex Size-Selective Purification System (NG2002, Promega). Cleaned pools were quantified on a Qubit Fluorimeter and 

then run on a Bioanalyzer (Agilent) to check sizing and purity. Purified pools were run on an Illumina MiSeq 2x250 flow cell. The re

sulting sequence data were demultiplexed, and read pairs were joined. On-target indel frequency and expected mutations were 

analyzed using CRIS.py.100

Founder males were chosen to be paired with C57BL6/J wild-type females to create the F1 generation. The pups resulting from 

these matings were weaned and sequenced as described above for the founders. Any positive pups with confirmed germline trans

mission were kept as F1s. When these mice reached breeding age (6–8 weeks) they were set up with new C57BL6/J wild-type mice to 

produce the F2 generation that contained heterozygotes. Heterozygotes were crossed with each other to produce the F3 generation 

with litters containing wild-type mice and mice homozygous for the introduced mutation. Since large numbers of animals were 

required for achieving adequately powered statistical analyses for our metabolic experiments, and due to the high usage and the 

limited availability of reservations on the indirect calorimeter, CRY1 WT mice were derived by crossing wild-type mice and the 

CRY1 R263Q mice were derived by crossing mutant mice. For experiments performed at the Stowers Institute for Medical Research, 

mice were housed in a 14:10 light/dark cycle (lights on at 5:45 a.m. and off at 7:45 p.m.) with food (Teklad 2020X, Inotiv) and water 

available ad libitum. For experiments performed at KUMC, mice were housed in a 12:12 light/dark cycle (lights on at 6:00 a.m. and off 

at 6:00 p.m.) with food (Teklad 8604, Inotiv) and water available ad libitum during quarantine periods and experiments. All experi

ments used adult mice from both genotypes (WT and CRY1 R263Q homozygote) aged between 2 and 4 months. To account for 

possible sex differences, each experiment used both male and female mice from both genotypes. Analyses of sex-based differences 

can be found in the results and discussion sections.

Cell lines

U-2 OS BLH CRY1/2 KO cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM), high glucose, GlutaMAX supplement 

(10566016, Gibco) supplemented with 10% fetal bovine serum (FBS), 25 mM HEPES, 1X PenStrep and 1X Trypsin-EDTA at 37◦C and 

5% CO2. Confluent cells were transiently transfected with the pMC1SG5 vector (see the key resources table) using the Cell Line Nu

cleofector Kit V (VCA-1003, Lonza Bioscience) according to the manufacturer’s instructions. The cell line has been tested for myco

plasma contamination, and authenticated by STR profiling (ATCC HTB-96) and as described in Börding et al.98

METHOD DETAILS

PCR genotyping

DNA was extracted from ear biopsies using the Qiagen DNeasy Blood and Tissue Kit (69504, Qiagen) following the manufacturer’s 

instructions. The site of the CRY1 R263Q mutation was amplified for 35 cycles using a forward primer sequence 

5′AGGCCTGGGTGGCAAACTTTG3′ and a reverse primer sequence 5′CGCCACAGGAGTTGCCCATAAAG3’. The primers were de

signed to amplify a 300 bp fragment flanking the mutation site and spanning the entire ssODN sequence to ensure that the amplifi

cation is from the Cry1 locus and not from elsewhere in the genome. The denaturation, annealing and extension steps were carried 

out for 30, 30 and 60 s respectively, at 95◦C, 60◦C and 72◦C respectively. PCR amplicons were Sanger sequenced to identify WT and 

R263Q mutant samples. Figure S1B shows example Sanger sequencing chromatograms comparing the site of mutation in a WT in

dividual with a CRY1 R263Q homozygote.

Tissue lysis and western blotting

3 mice per experimental group (WT female, R263Q female, WT male and R263Q male) aged between 3 and 4 months were eutha

nized with CO2 followed by cervical dislocation. Livers were harvested from each mouse, washed in 1X PBS, and fragments of the 

largest lobe of each liver were flash frozen in liquid nitrogen. Tissue harvesting was done between ZT12 and ZT13 (onset of the dark 

phase). For total protein extracts, liver fragments were thawed on ice and then homogenized in 20 μL of radioimmunoprecipitation 

assay (RIPA) buffer (89900, ThermoFisher Scientific) per mg of tissue, using a Type A Dounce homogenizer on ice. Protein 
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concentrations were determined using the BCA assay (23227, Pierce) following the manufacturer’s instructions. Samples were incu

bated at 70◦C for 10 min with 4X Laemmli buffer and then loaded on a 10% polyacrylamide/SDS gel for electrophoresis. The sepa

rated proteins were transferred to a 0.45 μm PVDF membrane (IVPH00010, Merck) at a constant voltage of 25 V for 2 h. Post-transfer, 

the membrane was washed thrice with TBS-Tw (1X TBS with 0.1% v/v Tween 20) and blocked for 1 h with a blocking buffer (5% w/v 

instant nonfat dry milk in TBS-Tw). Primary antibodies were diluted in blocking buffer and incubated with the membrane for 2 h. 

Following primary antibody incubation, the membrane was washed thrice with TBS-Tw and then incubated with secondary anti

bodies diluted in the blocking buffer for 1 h, then washed thrice. Imaging was carried out on the LiCOR Odyssey CLx system. All steps 

in the western blotting protocol after transfer were carried out at room temperature. The primary and secondary antibodies and the 

dilutions used can be found in the key resources table.

Indirect calorimetry data acquisition

Mice aged 3–4 months were transferred from the Stowers Institute to the KUMC Metabolic Core and placed under quarantine for 

14 days. Upon release from quarantine, mice were housed individually for 7 days to reduce stress prior to calorimetry. Mice were 

then placed into standard cages in an indirect calorimetry system (Promethion, Sable Systems, Las Vegas, NV) to measure whole 

body energy expenditure/metabolism, and voluntary movement/activity (see Figure 2A for a graphic summary of the procedure). 

Mice were acclimated for 3–4 days in the system prior to study data collection. After the acclimation period, data were collected 

and analyzed with Macro Interpreter (V24.1.0) in 15-min and 1-h increments using a One Click Macro provided by Sable Systems 

(V.2.53.2-slice15min and V.2.53.2-slice1hr, respectively). Measurements were obtained from 44 individuals aged 3–4 months spread 

over three experimental cohorts. Cohort 1 consisted of 16 individuals (4 WT females, 4 R263Q females, 4 WT males and 4 R263Q 

males) measured for 17 full days, Cohort 2 comprised 12 individuals (same as Cohort 1 but no R263Q females included) measured 

for 8 full days, and Cohort 3 consisted of 16 individuals (6 WT females, 6 R263Q females and 4 R263Q males) measured for 9 full days. 

Each shipment of mice and each run on the indirect calorimeter was designed to include WT and R263Q groups from each sex when

ever available to ensure that control and mutant animals were subjected to the same quarantine and experimental regimen and to 

minimize batch effects.

Glucose tolerance testing

Mice aged 2 months were fasted for about 6 h to acquire fasting blood glucose measurements. Before the start of the experiment, 

each mouse was weighed and then tail veins were pricked to draw blood that was used to measure fasting blood glucose levels using 

an Alpha Trak 3 glucometer and test strips. Mice were then injected intraperitoneally with 2 mg/g of body weight of glucose (A24940- 

01, Gibco) administered as 10 μL per g of body weight of a 20% w/v glucose solution. Postprandial blood glucose levels were then 

measured at 10, 20, 30, 60 and 120 min post glucose injection. Experiments were done using 33 mice in 3 independent cohorts, and 

then pooled for plotting and analysis, with individuals from each experimental group represented in each cohort. A graphic summary 

of the glucose tolerance testing procedure is provided in Figure S5C.

RNA extraction and sequencing

Mice aged between 3 and 4 months were euthanized with CO2 followed by cervical dislocation. Brains and livers were harvested and 

washed in 1X PBS. The left hemisphere of each brain, and fragments of the largest lobe of each liver were immediately homogenized 

in TRIzol reagent (15596026, ThermoFisher Scientific) using a tissue homogenizer (Z742682, Sigma) with 1.5 mm zirconium beads. 

Tissue harvesting was done at two ZTs – between ZT12 and ZT13 (onset of the dark phase) and between ZT22 and ZT23 (onset of the 

light phase). For samples collected at the onset of the light phase, n = 6 WT female brain samples, 5 R263Q female brain samples, 5 

WT male brain samples, 6 R263Q male brain samples, 5 WT female liver samples, 6 R263Q female liver samples, 5 WT male liver 

samples, and 5 R263Q male liver samples. For samples collected at the onset of the dark phase, n = 4 WT female brain samples, 

4 R263Q female brain samples, 6 WT male brain samples, 5 R263Q male brain samples, 5 WT female liver samples, 5 R263Q female 

liver samples, 7 WT male liver samples, and 6 R263Q male liver samples. RNA was extracted following the manufacturer’s instruc

tions. The extracted RNA samples were treated with DNase I (M0303S, New England Biolabs) and then purified using the NEB Mon

arch Spin RNA Cleanup Kit (T2050, New England Biolabs) following the manufacturer’s instructions.

mRNAseq libraries were generated from 500 ng of high-quality total RNA, as assessed using the Bioanalyzer (Agilent), according to 

the manufacturer’s directions using a 5-fold dilution of the universal adaptor and 9 cycles of PCR per the respective masses with the 

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB, E7760L), the NEBNext Poly(A) mRNA Magnetic Isolation Module 

(NEB, E7490L), and the NEBNext Multiplex Oligos for Illumina (96 Unique Dual Index Primer Pairs) (NEB, E6440S) and purified using 

the SPRIselect bead-based reagent (Beckman Coulter, B23318). The resulting short fragment libraries were checked for quality and 

quantity using the Bioanalyzer (Agilent) and Qubit Flex Fluorometer (Life Technologies). Equal molar libraries were pooled, quantified, 

and converted to process on the Singular Genomics G4 with the SG Library Compatibility Kit, following the ‘‘Adapting Libraries for the 

G4 – Retaining Original Indices’’ protocol. The converted pools were sequenced on F2 flow cells (700101) on the G4 instrument with 

the PP1 and PP2 custom index primers included in the SG Library Compatibility Kit (700141), using Instrument Control Software 

23.08.1–1 with the following read lengths: 8 bp Index1, 50 bp Read1, 8 bp Index2, and 50 bp Read2. Following sequencing, sgdemux 

1.2.0 was run to demultiplex reads for all libraries and generate FASTQ files.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Indirect calorimetry data analysis

All data processing, analysis and plotting steps were carried out in RStudio (version 4.4.0). 15-min increment measurements for en

ergy expenditure (EE) in kcal/h, locomotor activity in beam breaks per interval and respiratory exchange ratio (RER) obtained from 

Sable Systems Macro Interpreter were used to derive hourly measurements for each cohort of mice. The measurements for feeding 

counts were recorded by the calorimeter as individual occurrences for each individual. These occurrences were converted to hourly 

frequencies. The hourly data for each cohort were trimmed on both ends to include only those experiment days for which all mea

surements were available from 12:00 a.m. to 11:59 p.m. The hourly data were then averaged by ZT across all days to generate tables 

for each cohort providing hourly measurements for each ZT (0–23) that had been averaged over several experimental days. The ta

bles for the 3 cohorts were pooled into a single larger table. For each individual, hourly values were summed over the light period 

(ZT0-11), dark period (ZT12-23), or over the entire 24-h day to get average values of each parameter over a photoperiod 

(light period, dark period or 24-h day).

To compare 24-h EE profiles, the first analysis was done using the R package Kronos29 that is designed for circadian time series 

analyses, to assess the circadian rhythmicity of the data and compare rhythmicity between groups. The second analysis was per

formed by fitting an ANOVA model with covariates to compare 24-h EE profiles. The details of covariate choice are explained in 

the results section.

RNA-seq data analysis

Samples from each ZT were collected, sequenced and analyzed separately. Raw reads were demultiplexed into FASTQ files using 

Illumina’s bcl-convert (version 3.10.5) before being aligned to UCSC genome GRCm39 with STAR aligner (version 2.7.10b), using 

Ens_110 gene models. TPM values were generated using RSEM (version 1.3.1). The STAR read counts table was used for differential 

gene expression analysis using edgeR package (version 3.42.4) in RStudio (R version 4.3.1). Lowly expressed genes were filtered out 

with filterByExpr’s default settings followed by a trimmed mean of M-values (TMM) normalization. The edgeR design matrix was de

signed to account for batch effects between sequencing runs. Differential gene expression comparisons were performed between 

genotypes (WTand R263Q) but within the same sex, tissue type and ZT. Genes showing absolute values of log2 fold change > 0.585 

(or absolute values of fold change >1.5) and adjusted p-values less than 0.05 were identified as differentially expressed. Up- and 

down-regulated gene lists from each comparison were used as input for Gene Ontology (GO term) pathway enrichment analysis. 

GO term enrichment was completed using TERMS2GO, an in-house R Shiny app (versions R 4.3.1, shiny 1.7.5). Significant gene 

ontology terms were identified using clusterProfiler’s enrichGO function (version 4.8.2) with AnnotationHub’s species database 

(version 3.8.0). GO Terms with adjusted p-values less than 0.05 were considered significant (Fisher’s exact test). Figures were gener

ated using ggplot2 (version 3.4.3) and plotly (4.10.2).

Statistical analyses

All statistical analyses were carried out in RStudio (version 4.4.0). For indirect calorimetry analyses, analysis of variance (ANOVA) was 

used to determine covariates contributing to differences between WT and R263Q mutant 24-h profile datasets. Following this, an 

ANOVA model with covariates was fitted to the data to obtain p-values comparing WT and R263Q individuals at every ZT. Raw 

p-values were adjusted using the Bonferroni correction for 24 hypotheses. Adjusted p-values less than 0.05 were considered signif

icant. For glucose tolerance testing, for comparing the timing of the second peaks in EE/activity in the dark phase and for comparing 

EE/activity/feeding/RER values over a photoperiod, the non-parametric Wilcoxon test was used to obtain p-values which were 

considered significant when less than 0.05. For all statistical analyses, the statistical parameters are provided in the results section 

and in the figure legends.
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